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DESCRIPTION

[0001] The present invention relates generally to wind farms, and more particularly, to systems
and methods for estimating wind farm wake loss via measurement.

[0002] Wind power is considered one of the cleanest, most environmentally friendly energy
sources presently available, and wind turbines have gained increased attention in this regard.
A modern wind turbine typically includes a tower, a generator, a gearbox, a nacelle, and a rotor
having one or more rotor blades. The rotor blades transform wind energy into a mechanical
rotational torque that drives one or more generators via the rotor. The generators are
sometimes, but not always, rotationally coupled to the rotor through the gearbox. The gearbox
steps up the inherently low rotational speed of the rotor for the generator to efficiently convert
the rotational mechanical energy to electrical energy, which is fed into a utility grid via at least
one electrical connection. Such configurations may also include power converters that are
used to convert a frequency of generated electric power to a frequency substantially similar to
a utility grid frequency.

[0003] A plurality of wind turbines are commonly used in conjunction with one another to
generate electricity and are commonly referred to as a "wind farm.” Wind turbines on a wind
farm typically include their own meteorological monitors that perform, for example,
temperature, wind speed, wind direction, barometric pressure, and/or air density
measurements. In addition, a separate meteorological mast or tower ("met mast") having
higher quality meteorological instruments that can provide more accurate measurements at
one point in the farm is commonly provided. The correlation of meteorological data with power
output allows the empirical determination of a "power curve" for the individual wind turbines.

[0004] Traditionally, wind farms are controlled in a decentralized fashion to generate power
such that each turbine is operated to maximize local energy output and to minimize impacts of
local fatigue and extreme loads. To this end, each turbine includes a control module, which
attempts to maximize power output of the turbine in the face of varying wind and grid
conditions, while satisfying constraints like sub-system ratings and component loads. Based on
the determined maximum power output, the control module controls the operation of various
turbine components, such as the generator/power converter, the pitch system, the brakes, and
the yaw mechanism to reach the maximum power efficiency.

[0005] The publication "Meteorological Controls on Wind Turbine Wakes" by Rebecca J.
Barthelmie et al, DOI: 10.1109/JPROC.2012.2204029, deals with modeling wind farm power
losses due to wakes and to optimizing wind farm layout.

[0006] However, in practice, such independent optimization of the wind turbines ignores farm-
level performance goals, thereby leading to sub-optimal performance at the wind farm level.
For example, downwind turbines may experience large wake effects caused by one or more
upwind or upstream turbines. Because of such wake effects, downwind turbines receive wind
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at a lower speed, drastically affecting their power output (as power output increases with wind
speed). Consequently, maximum efficiency of a few wind turbines may lead to sub-optimal
power output, performance, or longevity of other wind turbines in the wind farm.

[0007] Energy capture losses in wind farms can range from about 5% up to about 15% or
higher on an annual basis and should be accounted for in project planning and/or financing.
However, accurate quantification of wind farm production losses caused by reduced wind
speeds and/or altered flow structure in the interior of the wind farm as compared to the
undisturbed freestream inflow at the upstream perimeter of the wind farm from recorded
turbine operational data can be difficult to obtain.

[0008] In addition, there are many products, features, and/or upgrades available for wind
turbines and/or wind farms configured to minimize wake effects and increase power production
of the wind farm. Once an upgrade has been installed, it would advantageous to efficiently
verify the benefit of the upgrade.

[0009] Thus, a system and method for quantifying wind farm wake loss so as to validate an
increase in energy production of a wind farm in response to one or more upgrades being
provided thereto would be advantageous.

[0010] Various aspects and advantages of the invention will be set forth in part in the following
description, or may be clear from the description, or may be learned through practice of the
invention.

[0011] In one aspect, the present disclosure is directed to a method for determining wake
losses of a wind farm. The wind farm includes a plurality of wind turbines. The method includes
operating the wind farm in a first operational mode. Another step includes collecting turbine-
level data from at least one upstream wind turbines in the wind farm during the first operational
mode. The method also includes estimating a freestream farm-level power output for the wind
farm during first operational mode based, at least in part, on the collected turbine-level data.
As used herein, the freestream farm-level power output is characterized as being wake free.
As such, a further step includes measuring an actual farm-level power output for the wind farm
for the first operational mode. Thus, the method also includes determining the wake losses of
the wind farm for the first operational mode as a function of the measured actual farm-level
power output and the estimated freestream farm-level power output.

[0012] In one embodiment, the method may also include organizing the collected turbine-level
data into a plurality of time-series and averaging the turbine-level data in each of the plurality
of time-series. More specifically, in certain embodiments, each of the time-series may be ten-
minute intervals.

[0013] In another embodiment, the step of estimating the freestream farm-level power output
for the wind farm during first operational mode may include classifying each of the wind
turbines in the wind farm as a function of wind direction and/or site layout, identifying one or
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more upstream reference wind turbines without wake losses having at least one downstream
wind turbine, determining a time-averaged reference power output for each of the upstream
reference wind turbines for a particular wind direction or wind speed range, replacing power of
underperforming downstream wind turbines with the reference power output, and summing the
power output from each of the wind turbines in the wind farm.

[0014] In further embodiments, the step of identifying one or more upstream reference wind
turbines without wake losses may include at least one of identifying at least one wind turbine
with maximum power production or identifying at least one wind turbine with median power
production. In another embodiment, the step of determining the reference power output for
each of the upstream reference wind turbines may include estimating incoming wind speed of
the wind farm and determining the reference power output based, at least in part, on the
estimated incoming wind speed.

[0015] In another embodiment, the turbine-level data may include at least one of or a
combination of the following: nacelle position, power output, torque output, pitch angle, tip
speed ratio, yaw angle, thrust, generator speed, operational states, curtailment states,
geographical information, temperature, pressure, wind turbine location, wind farm location,
weather conditions, wind gusts, wind speed, wind direction, wind acceleration, wind turbulence,
wind shear, wind veer, wake, or any other operational and/or wind condition of the wind farm.

[0016] In additional embodiments, the step of determining the wake losses of the wind farm as
a function of the measured actual farm-level power output and the estimated freestream farm-
level power output may include summing measured powers from all of the wind turbines in the
wind farm, summing estimated freestream powers from all of the wind turbines in the wind
farm, determining a ratio of the sum of the measured powers and the sum of the estimated
freestream powers, and subtracting the ratio from one.

[0017] In further embodiments, the method may include excluding certain turbine-level data
based on one or more exclusion criteria. More specifically, in certain embodiments, the
exclusion criteria may include at least one of the following conditions: wind turbines without full
or partial load, wind turbines with curtailment, wind turbines in automatic control optimization
mode, and/or wind turbines with non-nominal behavior active.

[0018] In yet another embodiment, the method may further include verifying whether a nacelle
position correction is needed for each of the wind turbines in the wind farm, providing the
nacelle position correction for each of the wind turbines in the wind farm, determining a nacelle
direction for each of the wind turbines in the wind farm in normal power production, setting a
farm-level wind direction to a median or average of the nacelle directions for one or more of
the wind turbines or a subset of wind turbines in the wind farm, and setting a farm-level wind
speed to a median or average wind speed for one or more freestream wind turbines or a
subset of freestream wind turbines in the wind farm.

[0019] In still a further embodiment, the method may also include operating the wind farm in a
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second operational mode. Further, the second operational mode is characterized by at least
one of one or more of the wind turbines being provided with an upgrade or a different time
period than the first operational period. Thus, the method further includes collecting turbine-
level data from at least one upstream wind turbines in the wind farm during the second
operational mode, estimating a freestream farm-level power output for the second operational
mode based, at least in part, on the collected turbine-level data, measuring an actual farm-
level power output for the second operational mode, and determining the wake losses of the
wind farm for the second operational mode as a function of the measured actual farm-level
power output and the estimated freestream farm-level power output.

[0020] In certain embodiments, the step of estimating the freestream farm-level power output
for the second operational mode may include classifying each of the wind turbines in the wind
farm as a function of wind direction and site layout, identifying one or more upstream reference
wind turbines without wake losses having at least one downstream wind turbine and taking into
account non-nominal operation of the second operational mode, determining a time-averaged
reference power output for each of the upstream reference wind turbines for a particular wind
direction or wind speed range, replacing power of underperforming downstream wind turbines
with the reference power output, and summing the power output from each of the wind
turbines in the wind farm.

[0021] In another embodiment, the method may further include toggling between the first and
second operational modes and collecting turbine-level data during each of the modes.
Alternatively, the method may include operating the wind turbine in the first and second
operational modes in a sequential manner, i.e. one after the other.

[0022] In additional embodiments, the upgrade(s) as described herein may include any one of
or a combination of the following: a revised pitch or yaw angle, tip speed ratio, rotor blade
chord extensions, software upgrades, controls upgrades, hardware upgrades, wake controls or
wake improvements, aerodynamic upgrades, blade tip extensions, vortex generators, or
winglets.

[0023] In another aspect, the present disclosure is directed to a system for estimating wake
losses of a wind farm. The wind farm includes a plurality of wind turbines. The system includes
a processor configured to perform one or more operations, including but not limited to
operating the wind farm in a first operational mode, receiving turbine-level data from at least
one upstream wind turbines in the wind farm during the first operational mode, estimating a
freestream farm-level power output for the wind farm during first operational mode based, at
least in part, on the collected turbine-level data, , measuring an actual farm-level power output
for the wind farm for the first operational mode, and determining the wake losses of the wind
farm for the first operational mode as a function of the measured actual farm-level power
output and the estimated freestream farm-level power output.

[0024] Various features, aspects and advantages of the present invention will become better
understood with reference the following description and appended claims. The accompanying
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drawings, which are incorporated in and constitute a part of this specification, illustrate the
embodiments of the invention and, together with the description, serve to explain the principles
of the invention.

[0025] In the drawings:
FIG. 1 illustrates a perspective view of one embodiment of a wind turbine;

FIG. 2 illustrates a schematic view of one embodiment of a controller for use with the wind
turbine shown in FIG. 1;

FIG. 3 illustrates a schematic view of one embodiment of a wind farm according to the present
disclosure;

FIG. 4 illustrates a flow diagram of one embodiment of a method for determining wake losses
of a wind farm having a plurality of wind turbines according to the present disclosure;

FIG. 5 illustrates a schematic diagram of one embodiment of a site layout of the wind farm
according to the present disclosure; and

FIG. 6 illustrates a schematic diagram of one embodiment of determining the wake loss of the
wind farm for multiple operating modes according to the present disclosure.

[0026] Reference now will be made in detail to embodiments of the invention, one or more
examples of which are illustrated in the drawings. Each example is provided by way of
explanation of the invention, not limitation of the invention. In fact, it will be apparent to those
skilled in the art that various modifications and variations can be made in the present invention
without departing from the scope of the invention. For instance, features illustrated or
described as part of one embodiment can be used with another embodiment to yield a still
further embodiment. Thus, it is intended that the present invention covers such modifications
and variations as come within the scope of the appended claims.

[0027] Generally, the present disclosure is directed to a system and method for determining or
quantifying wake losses of a wind farm having a plurality of wind turbines from wind farm data
that can be compared to model predictions. More specifically, the method includes operating
the wind farm in at least a first operational mode. Another step includes collecting turbine-level
data from at least one upstream wind turbines in the wind farm during the first operational
mode. The method also includes estimating a freestream or wake free power output for the
first operational mode based, at least in part, on the collected turbine-level data. Further, the
method includes measuring an actual farm-level power output for the wind farm for the first
operational mode. Thus, the method includes determining the wake losses of the wind farm for
the first operational mode as a function of the measured actual farm-level power output and
the estimated freestream farm-level power output.
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[0028] As used herein, a "freestream” wind turbine generally refers to a wind turbine having no
other wind turbines upstream thereof with respect to an incoming wind direction. Further, as
used herein, a "reference" wind turbine generally refers to a freestream wind turbine having
with one or more wind turbines downstream thereof with respect to the incoming wind
direction. A reference turbine may also include a freestream wind turbine without any
downstream wind turbines with respect to the incoming wind direction.

[0029] The various embodiments of the system and method of the present disclosure provide
numerous advantages not present in the prior art. For example, the present disclosure
provides an accurate system and method for determining or quantifying wake losses of a wind
farm that can be used for preconstruction estimation of expected wind farm production, site
planning, and/or financing. Further, the present disclosure can transform the large amount of
historical wind farm production data in the wind farm database into accurate training data to
improve/validate wake loss models. As such, reducing the uncertainty of energy capture
predictions directly impacts financing cost due to reduced risk. In addition, the present
disclosure accurately quantifies the benefit quantification of various wind farm upgrades or the
impact that other control, software, or hardware changes, and/or seasonal or other
climatological differences may have on the overall wake loss of the wind farm. Further, the
system of the present disclosure relies on the turbine data channels typically logged by the
SCADA (Supervisory Control and Data Acquisition) system and does not require additional
measurements using remote sensors and/or wind speed measurements on a meteorological
tower, though these complimentary data sources may be integrated into the analysis.

[0030] Referring now to the drawings, FIG. 1 illustrates a perspective view of one embodiment
of a wind turbine 10 configured to implement the control technology according to the present
disclosure. As shown, the wind turbine 10 generally includes a tower 12 extending from a
support surface 14, a nacelle 16 mounted on the tower 12, and a rotor 18 coupled to the
nacelle 16. The rotor 18 includes a rotatable hub 20 and at least one rotor blade 22 coupled to
and extending outwardly from the hub 20. For example, in the illustrated embodiment, the rotor
18 includes three rotor blades 22. However, in an alternative embodiment, the rotor 18 may
include more or less than three rotor blades 22. Each rotor blade 22 may be spaced about the
hub 20 to facilitate rotating the rotor 18 to enable kinetic energy to be transferred from the wind
into usable mechanical energy, and subsequently, electrical energy. For instance, the hub 20
may be rotatably coupled to an electric generator (not shown) positioned within the nacelle 16
to permit electrical energy to be produced.

[0031] The wind turbine 10 may also include a wind turbine controller 26 centralized within the
nacelle 16. However, in other embodiments, the controller 26 may be located within any other
component of the wind turbine 10 or at a location outside the wind turbine. Further, the
controller 26 may be communicatively coupled to any number of the components of the wind
turbine 10 in order to control the operation of such components and/or to implement a control
action. As such, the controller 26 may include a computer or other suitable processing unit.
Thus, in several embodiments, the controller 26 may include suitable computer-readable
instructions that, when implemented, configure the controller 26 to perform various different
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functions, such as receiving, transmitting and/or executing wind turbine control signals.
Accordingly, the controller 26 may generally be configured to control the various operating
modes of the wind turbine 10 (e.g., start-up or shut-down sequences), de-rate or up-rate the
wind turbine 10, and/or control various components of the wind turbine 10. For example, the
controller 26 may be configured to control the blade pitch or pitch angle of each of the rotor
blades 22 (i.e., an angle that determines a perspective of the rotor blades 22 with respect to
the direction of the wind) to control the power output generated by the wind turbine 10 by
adjusting an angular position of at least one rotor blade 22 relative to the wind. For instance,
the controller 26 may control the pitch angle of the rotor blades 22 by rotating the rotor blades
22 about a pitch axis 28, either individually or simultaneously, by transmitting suitable control
signals to a pitch drive or pitch adjustment mechanism (not shown) of the wind turbine 10.

[0032] Referring now to FIG. 2, a block diagram of one embodiment of suitable components
that may be included within the controller 26 is illustrated in accordance with aspects of the
present disclosure. As shown, the controller 26 may include one or more processor(s) 58 and
associated memory device(s) 60 configured to perform a variety of computer-implemented
functions (e.g., performing the methods, steps, calculations and the like disclosed herein). As
used herein, the term "processor"” refers not only to integrated circuits referred to in the art as
being included in a computer, but also refers to a controller, a microcontroller, a
microcomputer, a programmable logic controller (PLC), an application specific integrated
circuit, application-specific processors, digital signal processors (DSPs), Application Specific
Integrated Circuits (ASICs), Field Programmable Gate Arrays (FPGAs), and/or any other
programmable circuits. Further, the memory device(s) 60 may generally include memory
element(s) including, but are not limited to, computer readable medium (e.g., random access
memory (RAM)), computer readable non-volatile medium (e.g., a flash memory), one or more
hard disk drives, a floppy disk, a compact disc-read only memory (CD-ROM), compact disk-
read/write (CD-R/W) drives, a magneto-optical disk (MOD), a digital versatile disc (DVD), flash
drives, optical drives, solid-state storage devices, and/or other suitable memory elements.

[0033] Additionally, the controller 26 may also include a communications module 62 to facilitate
communications between the controller 26 and the various components of the wind turbine 10.
For instance, the communications module 62 may include a sensor interface 64 (e.g., one or
more analog-to-digital converters) to permit the signals transmitted by one or more sensors 65,
66, 68 to be converted into signals that can be understood and processed by the controller 26.
Furthermore, it should be appreciated that the sensors 65, 66, 68 may be communicatively
coupled to the communications module 62 using any suitable means. For example, as shown
in FIG. 2, the sensors 65, 66, 68 are coupled to the sensor interface 64 via a wired connection.
However, in alternative embodiments, the sensors 65, 66, 68 may be coupled to the sensor
interface 64 via a wireless connection, such as by using any suitable wireless communications
protocol known in the art. For example, the communications module 62 may include the
Internet, a local area network (LAN), wireless local area networks (WLAN), wide area networks
(WAN) such as Worldwide Interoperability for Microwave Access (WiMax) networks, satellite
networks, cellular networks, sensor networks, ad hoc networks, and/or short-range networks.
As such, the processor 58 may be configured to receive one or more signals from the sensors
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65, 66, 68.

[0034] The sensors 65, 66, 68 may be any suitable sensors configured to measure any
operational data of the wind turbine 10 and/or wind parameters of the wind farm 200. For
example, the sensors 65, 66, 68 may include blade sensors for measuring a pitch angle of one
of the rotor blades 22 or for measuring a loading acting on one of the rotor blades 22;
generator sensors for monitoring the generator (e.g. torque, rotational speed, acceleration
and/or the power output); and/or various wind sensors for measuring various wind parameters
(e.g. wind speed, wind direction, etc.). Further, the sensors 65, 66, 68 may be located near the
ground of the wind turbine 10, on the nacelle 16, on a meteorological mast of the wind turbine
10, or any other location in the wind farm.

[0035] It should also be understood that any other number or type of sensors may be
employed and at any location. For example, the sensors may be accelerometers, pressure
sensors, strain gauges, angle of attack sensors, vibration sensors, MIMU sensors, camera
systems, fiber optic systems, anemometers, wind vanes, Sonic Detection and Ranging
(SODAR) sensors, infra lasers, Light Detecting and Ranging (LIDAR) sensors, radiometers,
pitot tubes, rawinsondes, other optical sensors, and/or any other suitable sensors. It should be
appreciated that, as used herein, the term "monitor" and variations thereof indicates that the
various sensors of the wind turbine 10 may be configured to provide a direct measurement of
the parameters being monitored or an indirect measurement of such parameters. Thus, the
sensors 65, 66, 68 may, for example, be used to generate signals relating to the parameter
being monitored, which can then be utilized by the controller 26 to determine the actual
condition.

[0036] Referring now to FIG. 3, a wind farm 200 that is controlled according to the system and
method of the present disclosure is illustrated. As shown, the wind farm 200 may include a
plurality of wind turbines 202, including the wind turbine 10 described above, and a farm
controller 220. For example, as shown in the illustrated embodiment, the wind farm 200
includes twelve wind turbines, including wind turbine 10. However, in other embodiments, the
wind farm 200 may include any other number of wind turbines, such as less than twelve wind
turbines or greater than twelve wind turbines. In one embodiment, the controller 26 of the wind
turbine 10 may be communicatively coupled to the farm controller 220 through a wired
connection, such as by connecting the controller 26 through suitable communicative links 222
(e.g., a suitable cable). Alternatively, the controller 26 may be communicatively coupled to the
farm controller 220 through a wireless connection, such as by using any suitable wireless
communications protocol known in the art. In addition, the farm controller 220 may be
generally configured similar to the controllers 26 for each of the individual wind turbines 202
within the wind farm 200.

[0037] In several embodiments, one or more of the wind turbines 202 in the wind farm 200
may include a plurality of sensors for monitoring various operational data of the individual wind
turbines 202 and/or one or more wind parameters of the wind farm 200. For example, as
shown, each of the wind turbines 202 includes a wind sensor 216, such as an anemometer or
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any other suitable device, configured for measuring wind speeds or any other wind parameter.
For example, in one embodiment, the wind parameters include information regarding at least
one of or a combination of the following: a wind gust, a wind speed, a wind direction, a wind
acceleration, a wind turbulence, a wind shear, a wind veer, a wake, SCADA information, or
similar.

[0038] As is generally understood, wind speeds may vary significantly across a wind farm 200.
Thus, the wind sensor(s) 216 may allow for the local wind speed at each wind turbine 202 to
be monitored. In addition, the wind turbine 202 may also include one or more additional
sensors 218. For instance, the sensors 218 may be configured to monitor electrical properties
of the output of the generator of each wind turbine 202, such as current sensors, voltage
sensors, temperature sensors, or power sensors that monitor power output directly based on
current and voltage measurements. Alternatively, the sensors 218 may include any other
sensors that may be utilized to monitor the power output of a wind turbine 202. It should also
be understood that the wind turbines 202 in the wind farm 200 may include any other suitable
sensor known in the art for measuring and/or monitoring wind parameters and/or wind turbine
operational data.

[0039] Referring now to FIG. 4, a flow diagram of one embodiment of a method 100 for
estimating wake losses of a wind farm 200 is illustrated. For example, in one embodiment, the
farm controller 220 or the individual wind turbine controllers 26 may be configured to perform
any of the steps of the method 100 as described herein. Further, in additional embodiments,
the method 100 of the present disclosure may be performed manually via a separate computer
not associated with the wind farm 200. As independent optimization of the wind turbines 202
may further actually decrease overall energy production of the wind farm 200, it is desirable to
configure operation of the wind turbines 202 such that the farm-level energy output is
increased.

[0040] Thus, as shown at 102, the method 100 includes operating the wind farm 200 in a first
operational mode. As shown at 104, the method 100 includes collecting turbine-level data from
at least one upstream wind turbines 202 in the wind farm 200 during the first operational mode.
For example, in certain embodiments, the wind farm 200 may be operated in the first
operational mode for days, weeks, months, or longer and the data may be stored. Thus, in
certain embodiments, the controllers 26, 220 (or a separate computer) may be configured to
collect operational data from each of the wind turbines 202 in the wind farm 200 during the first
operational mode. More specifically, in certain embodiments, the data may be part of the
SCADA system for remote monitoring and control of the wind farm 200 that operates with
coded signals over communication channels. In one embodiment, the wind parameters and/or
the operational data may be generated via one or more of the sensors (e.g. via sensors 65,
66, 68, 216, 218, or any other suitable sensor). In addition, the wind parameters and/or the
operational data may be determined via a computer model within the one of the controllers 26,
220 to reflect the real-time conditions of the wind farm 200.

[0041] Thus, the turbine-level data is collected during each of the operational modes for
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further analysis. Further, the turbine-level data as described herein may include information
regarding at least one of or a combination of the following: nacelle position, power output,
torque output, pitch angle, tip speed ratio, yaw angle, thrust, generator speed, operational
states, curtailment states, geographical information, temperature, pressure, wind turbine
location, wind farm location, weather conditions, wind gusts, wind speed, wind direction, wind
acceleration, wind turbulence, wind shear, wind veer, wake, or any other operational and/or
wind conditions of the wind farm 200.

[0042] In additional embodiments, the controllers 26, 220 (or a separate computer) may be
configured to filter, average, sum, and/or adjust the turbine-level data. In one embodiment, for
example, the method 100 may include organizing the collected turbine-level data into a
plurality of time-series and averaging the turbine-level data in each of the time-series. More
specifically, in certain embodiments, each of the time-series may be ten-minute intervals. In
further embodiments, the data may be organized into any suitable time intervals including less
than ten minutes and more than ten minutes.

[0043] In addition, in certain embodiments, data quality algorithms stored in the controllers 26,
220 (or a separate computer) may be configured so as to filter one or more outliers, account
for missing data points, and/or complete any other suitable processing steps. More specifically,
the controllers 26, 220 may have a data filtering algorithm stored therein that iterates through
each data point and flags various data points based on certain selection criteria. For example,
in certain embodiments, the selection criteria for a particular time period may include a turbine
identification number, date/time, average power, average wind speed, operational state, noise,
grid coupling, turbine faults, turbine stops, and/or any other suitable selection criteria.

[0044] In further embodiments, the controllers 26, 220 (or a separate computer) may be
configured to exclude certain collected turbine-level data of the wind turbines 202 based on
one or more exclusion criteria. More specifically, in certain embodiments, the exclusion criteria
may include at least one of the following conditions: wind turbines without full or partial load,
wind turbines with curtailment, atypical events such as icing, wind turbines in automatic control
optimization mode, or wind turbines with non-nominal behavior active. In other words, if any
one turbine 202 meets one or more of the exclusion criteria at a given time, the timestamp is
thrown out for that turbine 202. In another embodiment, the controllers 26, 220 may require a
certain threshold (e.g. greater than 95%) of wind turbines 202 to be operating in a valid
operating state (i.e. uncurtailed) before estimating the wind farm wake losses.

[0045] Referring still to FIG. 4, as shown at 106, the method 100 also includes estimating a
freestream farm-level power output for the wind farm during first operational mode based, at
least in part, on the collected turbine-level data. As mentioned, the freestream farm-level
power output is characterized as being wake free or representative of a wind farm having no
wake effects. Further, in one embodiment, the step of estimating the freestream farm-level
power output for the wind farm during first operational mode may include classifying each of
the wind turbines 202 in the wind farm 200 as a function of wind direction and site layout. More
specifically, as shown in FIG. 5, a schematic diagram of one embodiment of a layout of the
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wind farm 200 is illustrated. Thus, as shown in the illustrated embodiment, the wind turbines
202 may be classified as freestream wind turbines 204 having at least one downstream turbine
208 with respect to the wind direction 210, freestream wind turbines 206 without downstream
turbines 208 with respect to the wind direction 210, and/or downstream wind turbines 208 with
respect to the wind direction 210. Further, the controllers 26, 220 (or a separate computer)
may be configured to identify one or more upstream reference wind turbines 212 without wake
losses having at least one downstream wind turbine that can be used to estimate the
freestream farm-level power output for the wind farm during first operational mode. In other
words, the upstream reference wind turbine(s) 212 may be chosen from the group of
freestream wind turbines 204 having at least one downstream turbine 208 with respect to the
wind direction 210.

[0046] In addition, the method 100 may include estimating the freestream farm-level power
output for the wind farm during first operational mode by determining a time-averaged
reference power output for each of the upstream reference wind turbines 212 for the wind
direction (and/or wind speed range). Further, the reference power output of the reference
turbine(s) may be directly measured or estimated via the controllers 26, 220. Thus, the method
100 may also include replacing power of downstream wind turbines 208 with the reference
power output. More specifically, in a preferred embodiment, the method 100 only replaces the
power of underperforming downstream wind turbines 208, relative to the freestream reference
power. In addition, the method 100 includes summing the power output from each of the wind
turbines in the wind farm 200.

[0047] More specifically, in particular embodiments, the method 100 may include binning
observed wind conditions into wind direction sectors (e.g. with centers at 0°, 10°,...350° and a
bin width of 10°). For each wind direction bin, the method 100 may include identifying a set of
potential reference turbines and determining an average power for each turbine in the
identified wind direction sector. The reference turbines(s) 212 may be chosen using a variety
of methods, including for example identifying one or more upstream wind turbines 204 having
the maximum or highest power production or identifying one or more upstream wind turbines
204 with a median power production. In addition, the method 100 may include identifying a set
of potentially wake-affected wind turbines and determining an average power of each individual
turbine over the entire data captured in this wind direction sector. Such wake-affected turbines
may be identified by determining whether such turbines perform worse than either the best
performing reference turbine or the reference turbine with the median performance. It should
be understood that the identification of the reference turbine(s) 212 and the selection of
downstream turbines 208 flagged for replacement can occur either in bulk on the time-
aggregated dataset or separately at each time interval. For example, in one embodiment, the
reference power output Pryakefree fOr a time interval t may be calculated using Equation (1)

below:

ngalcefree — E?i‘;ee Pi’];ree + Z?gfwn Pﬂ?wn + Noyared * Ptref Equation (l)

Where Py is the power output for the reference turbine(s),
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Pit free Is the power output of the freestream wind turbine(s),

Pit down is the power output of the downstream turbine(s),

Nwaked iS the number of wake-affected wind turbines,

Nfree i the number of free stream wind turbines for time interval t, and

Ngown IS the number of downstream wind turbines for time interval t.

[0048] In further embodiments, the step of determining the time-averaged reference power
output for each of the upstream reference wind turbines 212 may include estimating the
incoming wind speed of the wind farm 200 and determining the reference power output based,
at least in part, on the estimated incoming wind speed.

[0049] Referring back to FIG. 4, as shown at 108, the method 100 also includes measuring an
actual farm-level power output for the wind farm for the first operational mode. For example, in
certain embodiments, the actual farm-level power output may be measured via sensors and/or
estimated via the controller(s) 26, 220 (or separate computer). Further, as shown at 110, the
method 100 includes determining the wake losses of the wind farm 200 for the first operational
mode as a function of the measured actual farm-level power output and the estimated
freestream farm-level power output. More specifically, in one embodiment, the step of
determining the wake losses of the wind farm 200 as a function of the measured actual farm-
level power output and the estimated freestream farm-level power output may include
summing measured powers from all of the wind turbines 202 in the wind farm 200, summing
estimated freestream powers from all of the wind turbines 202 in the wind farm 200,
determining a ratio of the sum of the measured powers and the sum of the estimated
freestream powers, and subtracting the ratio from one. For example, in certain embodiments,
the wake losses L may be calculated using Equation (2) below:

L=1-Y7 preas jyn  pwekefree Equation (2)

Where Pt-meas is the measured power of all wind turbines 202 in the wind farm 202 in normal
power production for a time interval t, and

Pt-wakefree is the estimated total freestream farm-level power output for of all wind turbines
202 in the wind farm 202 in normal power production for time interval t.

[0050] Referring now to FIG. 6, a schematic diagram of one embodiment of estimating wake
loss of the wind farm 200 by operating the wind farm 200 in multiple operating modes is
illustrated. By operating the wind farm in different modes, a benefit of an upgrade, e.g. a wake
management upgrade, can be realized. Thus, as shown, the method 100 may also include
operating the wind farm 200 in first and second operational modes. More specifically, in certain
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embodiments, at least one of the modes, e.g. the second operational mode, may be
characterized by one or more of the wind turbines 202 being provided with an upgrade. Such
upgrades, for example, may include a wake improvement upgrade. In addition, the upgrade(s)
any one of or a combination of the following: a revised pitch or yaw angle, tip speed ratio, rotor
blade chord extensions, software upgrades, controls upgrades, hardware upgrades, wake
controls, aerodynamic upgrades, blade tip extensions, vortex generators, winglets, or any
other modification. Alternatively, the first and second operational modes may simply be
distinguished by different periods of time.

[0051] Thus, the method 100 may include collecting turbine-level data from two or more
upstream wind turbines 202 in the wind farm 200 during the first and second operational
modes 214, 215 and estimating a freestream farm-level power output for the first and second
operational modes based, at least in part, on the collected turbine-level data. It should be
understood that the estimated freestream farm-level power output for each mode may be
estimated using any suitable methods as described herein. Further, the method 100 may
include measuring the actual farm-level power output for the first and second operational
modes and determining the wake losses (e.g. 217, 219) for the wind farm 200 for each of the
modes as a function of the measured actual farm-level power output and the estimated
freestream farm-level power output. As such, the method 100 may further include determining
a difference or a performance delta 221 between the wake losses 217, 219 of the first and
second operational modes such that a benefit of the upgrade(s) may be realized.

[0052] Similar to the first operational mode, the controllers 26, 220 (or a separate computer)
may estimate the freestream farm-level power output for the second operational mode by
classifying each of the wind turbines 202 in the wind farm 200 as a function of wind direction
and/or site layout, identifying one or more upstream reference wind turbines 212 without wake
losses having at least one downstream wind turbine and taking into account non-nominal
operation of the second operational mode, determining a time-averaged reference power
output for each of the upstream reference wind turbines for a particular wind direction or wind
speed range, replacing power of underperforming downstream wind turbines with the
reference power output, and summing the power output from each of the wind turbines 202 in
the wind farm 200.

[0053] In another embodiment, the method 100 may further include toggling between the first
and second operational modes and collecting turbine-level data during each of the modes.
Alternatively, the controllers 26, 220 (or a separate computer) may include operating the wind
farm 200 in the first and second operational modes in a sequential manner, i.e. before/after
modifying the wind turbines 202 in the wind farm 200.

[0054] In yet another embodiment, the method 100 may further include verifying the nacelle
position data for each of the wind turbines 202 in the wind farm 200 and correcting the signal if
required in order to use the signal to determine a nacelle direction for each of the wind turbines
202 in the wind farm 200. A reference farm-level wind direction may be set by the median of
the nacelle directions from all wind turbines 202 or any other suitable methods. Further, a
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reference farm-level inflow wind speed may be set based on the nacelle wind speed median of
the reference turbines 212 or any other suitable means.

[0055] Exemplary embodiments of a wind farm, a controller for a wind farm, and a method for
controlling a wind farm are described above in detail. The method, wind farm, and controller
are not limited to the specific embodiments described herein, but rather, components of the
wind turbines and/or the controller and/or steps of the method may be utilized independently
and separately from other components and/or steps described herein. For example, the
controller and method may also be used in combination with other power systems and
methods, and are not limited to practice with only the wind turbine controller as described
herein. Rather, the exemplary embodiment can be implemented and utilized in connection with
many other wind turbine or power system applications.

[0056] Although specific features of various embodiments of the invention may be shown in
some drawings and not in others, this is for convenience only. In accordance with the principles
of the invention, any feature of a drawing may be referenced and/or claimed in combination
with any feature of any other drawing.

[0057] 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 (100) til bestemmelse slipstrgmstab (eng: wake loss) for en vindmgllepark
(200), hvor vindmglleparken (200) har en flerhed af vindmgller (202), hvilken
fremgangsmade omfatter:

drift af vindmglleparken (200) i en fgrste driftstilstand (102);

indsamling (104) af data pa vindmglleniveau fra mindst én opstrems vindmglle (202)
i vindmglleparken (200) under den farste driftstilstand;

estimering (106) af en fristramsudgangseffekt pa vindmelleparkniveau (eng:
freestream farm-level power output) for vindmglleparken (200) under fgrste
driftstilstand baseret, i det mindste delvist, p& de indsamlede vindmglleniveaudata;
maling (108) af en faktisk udgangseffekt pd vindmglleparkniveau for vindmglleparken
(200) for den farste driftstilstand; og,

bestemmelse (110) af vindmglleparkens (200) slipstromstab for den farste
driftstilstand som en funktion af den malte faktiske udgangseffekt pd vindmgllepark-
niveau og den estimerede fristramsudgangseffekt pd vindmgllepark-niveau;

drift af vindmglleparken (200) i en anden driftstilstand, hvor den anden driftstilstand
er kendetegnet ved at mindst én af en eller flere af vindmgllerne (202) er forsynet
med en opgradering der omfatter mindst én af: en revideret pitch, krgjningsvinkel
eller tiphastighedsforhold, en softwareopgradering og en styringsopgradering,
indsamling af data pa vindmglleniveau fra to eller flere opstrems vindmgller (202) i
vindmglleparken (200) under den anden driftstilstand,

estimering af en fristramsudgangseffekt pd vindmglleparkniveau for vindmelleparken
(200) under den fgrste driftstilstand baseret, i det mindste delvist, pa de indsamlede
vindmglleniveaudata,

maling af en faktisk udgangseffekt pd vindmglleparkniveau for den anden
driftstilstand, og

bestemmelse af vindmglleparkens (200) slipstromstab for den anden driftstilstand
som en funktion af den malte faktiske udgangseffekt pd vindmglleparkniveau og den
estimerede fristremsudgangseffekt pd vindmglleparkniveau.

2. Fremgangsmade (100) ifglge krav 1, yderligere omfattende organisering af de indsamlede
vindmglleniveaudata i en flerhed af tidsserier, og midling af vindmglleniveaudataene i hver
af flerheden af tidsserier.
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3. Fremgangsmade (100) ifglge et hvilket som helst af de foregdende krav, hvor estimering af

fristramsudgangseffekten pd vindmglleparkniveau for vindmglleparken (200) under den
farste driftstilstand yderligere omfatter:
klassificering af hver af vindmgllerne (202) i vindmgalleparken (200) som en funktion
af vindretning (210) og driftsstedsindretning (eng: site layout),
identifikation af én eller flere opstrems referencevindmgller (202) uden slipstrgmstab
med mindst én nedstrgms vindmglle (208),
bestemmelse af en tidsmidlet referenceudgangseffekt for hver af de opstrems
referencevindmgller (202) for en bestemt vindretning (210) eller vindhastigheds-
omrade,
udskiftning af effekt fra en eller flere nedstrams vindmgller (208) med
referenceudgangseffekten, og
summering af udgangseffekten fra hver af vindmgllerne (202) i vindmglleparken
(200).

Fremgangsmade (100) ifglge et hvilket som helst af de foregdende krav, hvor udskiftning af
effekt fra en eller flere nedstrgms vindmaller (208) med referenceudgangseffekten
yderligere omfatter udskiftning af effekt fra underpraesterende nedstrgms vindmgller (208)
med referenceudgangseffekten.

Fremgangsmade (100) ifelge et hvilket som helst af de foregdende krav, hvor identifikation
af en eller flere opstrems referencevindmgller (202) uden slipstrgmstab yderligere omfatter
mindst én af: identifikation af mindst én vindmglle (202) med maksimal effektproduktion,
identifikation af mindst én vindmglle (202) med medianeffektproduktion, eller identifikation
af mindst én vindmglle (202) med en gennemsnitlig effektproduktion for alle
referencevindmgller (202).

Fremgangsmade (100) ifglge et hvilket som helst af de foregdende krav, hvor bestemmelsen
af referenceudgangseffekten for hver af opstrgms referencevindmgllerne (202) yderligere
omfatter estimering af vindmglleparkens (200) indkommende vindhastighed og
bestemmelse af referenceudgangseffekten baseret, i det mindste delvist, pd den estimerede
indkommende vindhastighed.

Fremgangsmdde (100) ifglge et hvilket som helst af de foregdende krav, hvor
vindmglleniveaudataene omfatter mindst én af eller en kombination af fglgende:
nacelleposition, udgangseffekt, udgangsdrejningsmoment, pitchvinkel, tiphastigheds-
forhold, krgjningsvinkel, reaktionstryk (eng: thrust), driftstilstand, begreensningstilstand
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(eng: curtailment state), generatorhastighed, geografisk information, temperatur, tryk,
vindmglleplacering, placering af vindmgllepark (200), vejrforhold, vindstad, vindhastighed,
vindretning (210), vindacceleration, vindturbulens, vindforskydning, vinddrejning, eller
slipstram (eng: wake).

Fremgangsmdade (100) ifglge et hvilket som helst af de foregdende krav, hvor bestemmelse
af vindmglleparkens (200) slipstramstab som funktion af den mélte faktiske udgangseffekt
pa vindmglleparkniveau og den estimerede fristramsudgangseffekt pd vindmelleparkniveau
yderligere omfatter:
summering af mélte effekter fra alle vindmgllerne (202) i vindmglleparken (200),
summering af estimerede fristrgmseffekter fra alle vindmgllerne (202) i
vindmglleparken (200),
bestemmelse af et forhold mellem summen af de malte effekter og summen af de
estimerede fristromseffekter, og
fratreekning af forholdet fra 1.

Fremgangsmdde (100) ifglge et hvilket som helst af de foregdende krav, yderligere
omfattende at udelade visse data pd vindmglleniveau for vindmgller (202) baseret pa et eller
flere udeladelseskriterier, hvor udeladelseskriterierne omfatter mindst én af fglgende
betingelser: vindmgller (202) uden fuld eller delvis belastning, vindmgller (202) med
begreensning (eng: curtailment), vindmgller (202) der oplever atypiske heendelser,
vindmgiller (202) i automatisk styringsoptimeringstilstand, eller vindmgller (202) med ikke-

nominel adfeerd aktiveret (eng: non-nominal behavior active).

Fremgangsmdde (100) ifglge et hvilket som helst af de foregdende krav, yderligere
omfattende:
verificering af om en nacellepositionskorrektion er ngdvendig for hver af vindmgllerne
(202) i vindmglleparken (200),
tilvejebringelse af nacellepositionskorrektion for hver af vindmgllerne (202) i
vindmgilleparken (200), hvis ngdvendig,
bestemmelse af en nacelleretning for hver af vindmgllerne (202) i vindmglleparken
(200) ved normal effektproduktion,
indstilling af en vindretning pa vindmglleparkniveau til en median eller et gennemsnit
af nacelleretningerne for en eller flere af vindmgllerne (202) eller en delmaengde af
vindmgller (202) i vindmglleparken (200), og
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indstilling af en vindhastighed pd vindmglleparkniveau til en median eller en
gennemsnitlig vindhastighed for en eller flere opstrams vindmgaller (202) eller en
delmaangde af fristramsvindmgller (202) i vindmglleparken (200).

Fremgangsmdade (100) ifglge et hvilket som helst af de foregdende krav, hvor estimering af
fristramsudgangseffekten pd vindmglleparkniveau for den anden driftstilstand yderligere
omfatter:
klassificering af hver af vindmgllerne (202) i vindmglleparken (200) som en funktion
af vindretning (210) og driftsstedsindretning,
identifikation af én eller flere opstrems referencevindmgller (202) uden slipstrgmstab
med mindst én nedstrgms vindmglle og under hensyntagen til ikke-nominel drift af
den anden driftstilstand,
bestemmelse af en tidsmidlet referenceudgangseffekt for hver af de opstroms
referencevindmgller (202) for en bestemt vindretning (210) eller vindhastigheds-
omrade,
udskiftning af effekt fra underpreesterende nedstroms vindmgller (208) med
referenceudgangseffekten, og
summering af udgangseffekten fra hver af vindmgllerne (202) i vindmglleparken
(200).

Fremgangsmdde (100) ifglge et hvilket som helst af de foregdende krav, yderligere
omfattende at skifte mellem den fgrste og anden driftstilstand og indsamling af

vindmglleniveaudata under hver af tilstandene.

Fremgangsmade (100) ifglge et hvilket som helst af de foregdende krav, hvor opgraderingen
omfatter én af eller en kombination af fglgende: en revideret pitch eller krgjningsvinkel,
tiphastighedsforhold, rotorbladskordeudvidelser (eng: rotor balde chord extensions),
softwareopgraderinger, styringsopgraderinger, hardwareopgraderinger, slipstrgmsstyringer
(eng: wake controls), aerodynamiske opgraderinger, bladtipudvidelser, hvirvelgeneratorer

eller winglets.

System til bestemmelse af slipstrgmstab for en vindmgllepark (200), hvor vindmglleparken
(200) har en flerhed af vindmgller (202), hvor systemet omfatter:
en processor konfigureret til at udfgre en eller flere operationer, idet den ene eller
flere operationer omfatter:
drift af vindmglleparken (200) i en fgrste driftstilstand,
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modtagelse af data pd vindmglleniveau fra mindst én opstrgms vindmglle (202) i
vindmglleparken (200) under den fgrste driftstilstand,

estimering af en fristramsudgangseffekt pd vindmglleparkniveau for vindmglleparken
(200) under den fgrste driftstilstand baseret, i det mindste delvist, pd de indsamlede
vindmglleniveaudata,

maling af en faktisk udgangseffekt pd vindmglleparkniveau for vindmglleparken (200)
for den farste driftstilstand, og

bestemmelse af vindmglleparkens (200) slipstrgmstab for den farste driftstilstand som
en funktion af den malte faktiske effektproduktion pd vindmglleparksniveau og den
estimerede fristremsudgangseffekt pd vindmglleparkniveau,

drift af vindmglleparken (200) i en anden driftstilstand, hvor den anden driftstilstand
er kendetegnet ved at mindst én af en eller flere af vindmgllerne (202) er forsynet
med en opgradering der omfatter mindst én af: en revideret pitch, krgjningsvinkel
eller tiphastighedsforhold, en softwareopgradering og en styringsopgradering,
indsamling af data pa vindmglleniveau fra to eller flere opstrgms vindmgller (202) i
vindmglleparken (200) under den anden driftstilstand,

estimering af en fristramsudgangseffekt pd vindmglleparkniveau for vindmglleparken
(200) under den fgrste driftstilstand baseret, i det mindste delvist, pa de indsamlede
vindmglleniveaudata,

maling af en faktisk udgangseffekt pd vindmglleparkniveau for den anden
driftstilstand, og

bestemmelse af vindmglleparkens (200) slipstromstab for den anden driftstilstand
som en funktion af den malte faktiske udgangseffekt pd vindmglleparkniveau og den
estimerede fristremsudgangseffekt pd vindmglleparkniveau.
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