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(57) Abstract: The present disclosure is directed to systems and methods for optimizing power output of a wind farm. The method
includes determining baseline loading condition(s) for wind turbines of the wind farm and defining a baseline threshold value for the
load sensors. Another step includes identifying at least one wind turbine having at least one load sensor operating below the baseline
threshold value. An upgrade is then provided to the identified wind turbine. In response to the upgrade, the method includes determ -
ining whether the load sensor of the identified wind turbine continues to operate below the baseline threshold value. The method
also includes classifying an additional load sensor(s) of an additional wind turbine with respect to the load sensor of the identitied
wind turbine to determine whether to provide the additional wind turbine with the upgrade.
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SYSTEM AND METHOD FOR OPTIMIZING WIND FARM PERFORMANCE

FIELD OF THE INVENTION
[0001] The present disclosure relates generally to wind farms and, more

particularly, to systems and methods for optimizing wind farm performance.

BACKGROUND OF THE INVENTION
[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, generator,
gearbox, nacelle, and one or more rotor blades. The rotor blades capture kinetic
energy of wind using known airfoil principles. For example, rotor blades typically
have the cross-sectional profile of an airfoil such that, during operation, air flows over
the blade producing a pressure difference between the sides. Consequently, a lift
force, which is directed from a pressure side towards a suction side, acts on the blade.
The lift force generates torque on the main rotor shaft, which is geared to a generator
for producing electricity.
[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] Typically, in a wind farm, each wind turbine attempts to maximize its own
power output while maintaining its fatigue loads within desirable limits. To this end,
cach 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
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components, such as the generator/power converter, the pitch system, the brakes, and
the yaw mechanism to reach the maximum power efficiency.

[0005] Often, while maximizing the power output of a single wind turbine,
neighboring turbines may be negatively impacted. For example, downwind turbines
may experience large wake effects caused by an upwind turbine. Wake effects
include reduction in wind speed and increased wind turbulence downwind from a
wind turbine typically caused by the conventional operation of upwind turbines (for
maximum power output). Because of these wake effects, downwind turbines receive
wind at a lower speed, drastically affecting their power output (as power output is
proportional to wind speed). Moreover, wind turbulence negatively affects the fatigue
loads placed on the downwind turbines, and thereby affects their life (as life is
proportional to fatigue loads). 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. Thus, modern control technologies attempt to
optimize the wind farm power output rather than the power outputs of each individual
wind turbine.

[0006] In addition, there are many products, features, and/or upgrades available
for wind turbines and/or wind farms so as to increase power output, ¢.g. annual
energy production (AEP), of the wind farm. As new and improved upgrades become
available, it is advantageous to quickly and efficiently determine whether a specific
wind turbine of the wind farm can receive the upgrade without, for example,
exceeding operating load limits.

[0007] For example, some wind farms employ a plurality of load sensors for each
wind turbine. Each sensor has an associated margin that indicates whether a
particular wind turbine component is operating safely. A farm controller receives
data from the load sensors and performs a load analysis for each wind turbine within
the wind farm. If the wind turbine passes the load analysis (i.e. each sensor is
operating within its margin), then the turbine may receive an upgrade. Such control
technologies, however, are very time-consuming, as the load analysis has to be
performed for each wind turbine in the wind farm.

[0008] Additional wind farm controllers determine whether individual wind

turbines can receive an upgrade by approximating loads for each wind turbine using
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pre-existing wind turbine data, e.g. data stored in one or more look-up tables. Based
on the approximation, the farm controller can perform a loads analysis for the most-
loaded turbines, rather than all of the wind turbines, so as to reduce the amount of
time required to perform the analysis. Such a loads analysis, however, may not be as
accurate as performing the loads analysis on each turbine using one more load sensors
as described above. In addition, using the most-loaded turbine may be too
conservative of an estimate, thereby sacrificing potential gains.

[0009] Accordingly, there is a need for improved systems and methods for

optimizing wind farm performance that addresses the aforementioned issues.

BRIEF DESCRIPTION OF THE INVENTION
[0010] Aspects and advantages of the invention will be set forth in part in the
following description, or may be obvious 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 optimizing
power output of a wind farm. The method includes determining one or more baseline
loading conditions for one or more wind turbines of the wind farm, e.g. using pre-
existing wind turbine data. Another step includes defining a baseline threshold value
for a plurality of load sensors for each of the wind turbines based on the baseline
loading conditions. A further step includes identifying at least one wind turbine
having at least one load sensor operating below the baseline threshold value and
providing an upgrade to the identified wind turbine. In response to the upgrade, the
method includes determining whether the load sensor(s) of the identified wind turbine
continues to operate below the baseline threshold value. Thus, the method includes
classifying at least one additional load sensor of at least one additional wind turbine in
the wind farm with respect to the load sensor of the identified wind turbine so as to
determine whether to provide the additional wind turbine with the upgrade.
[0012] In another aspect, the present disclosure is directed to a method for
optimizing power output of a wind farm. The method includes identifying a test wind
turbine in the wind farm. Another step includes defining a baseline threshold value
for at least one load sensor of the test wind turbine. Still another step includes

providing an upgrade to the test wind turbine. The method may also include
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determining, via the load sensor, whether one or more loading conditions of the test
wind turbine are below the baseline threshold value. Additional steps may include
assigning a primary ranking to the load sensor of the test wind turbine and assigning a
secondary ranking to at least one additional load sensor of an additional wind turbine
in the wind farm. Thus, the method also includes comparing the primary and second
rankings and determining whether to provide the upgrade to the additional wind
turbine based on the comparison.

[0013] In yet a further aspect, the present disclosure is directed to a system for
optimizing power output of a wind farm. The system includes a plurality of load
sensors configured to monitor one or more loading conditions of one or more wind
turbines in a wind farm and a farm controller configured to perform one or more
operations. The operations include, at least, defining a baseline threshold value for
each of the load sensors based on one or more baseline loading conditions, identifying
at least one wind turbine having at least one load sensor operating below the baseline
threshold value, providing an upgrade to the identified wind turbine, determining
whether the at least one load sensor of the identified wind turbine continues to operate
below the baseline threshold value in response to the upgrade, and classifying at least
one additional load sensor of an additional wind turbine in the wind farm with respect
to the load sensor of the identified wind turbine to determine whether to provide the
additional wind turbine with the upgrade.

[0014] These and other features, aspects and advantages of the present invention
will become better understood with reference to the following description and
appended claims. The accompanying drawings, which are incorporated in and
constitute a part of this specification, illustrate embodiments of the invention and,

together with the description, serve to explain the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[0015] A full and enabling disclosure of the present invention, including the best
mode thereof, directed to one of ordinary skill in the art, is set forth in the
specification, which makes reference to the appended figures, in which:
[0016] FIG. 1 illustrates a perspective view of one embodiment of a wind farm

according to the present disclosure;
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[0017] FIG. 2 illustrates a perspective view of one embodiment of a wind turbine
according to the present disclosure;

[0018] FIG. 3 illustrates a detailed, internal view of one embodiment of a nacelle
of a wind turbine according to the present disclosure;

[0019] FIG. 4 illustrates a block diagram of one embodiment of a controller of a
wind turbine and/or or wind farm according to the present disclosure;

[0020] FIG. 5 illustrates a perspective view of one embodiment of a wind farm
according to the present disclosure, particularly illustrating an identified test wind
turbine;

[0021] FIG. 6 illustrates one embodiment of a quadrant diagram according to the
present disclosure, particularly illustrating wind turbines that are suitable for receiving
an upgrade; and

[0022] FIG. 7 illustrates a flow diagram of one embodiment of a method of

optimizing power output of a wind farm according to the present disclosure.

DETAILED DESCRIPTION OF THE INVENTION
[0023] 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 or
spirit 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 and their equivalents.
[0024] Generally, the present disclosure is directed to improved systems and
methods for optimizing power output of a wind farm. More specifically, the present
disclosure is directed to a system and method for optimizing wind turbine
configurations in a wind farm by selecting candidate upgrade configurations which
contain a plurality of wind turbines potentially suitable for an upgrade and rapidly
assessing mechanical loads of the selected wind turbines to determine eligible

turbines for such upgrades. In other words, the present disclosure includes
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performing a mechanical loads analysis on a plurality of wind turbines to rapidly
determine which turbines in the farm are eligible for a particular upgrade, and
assigning the upgrades to individual wind turbines.

[0025] A wind farm according to the present disclosure generally includes a
plurality of wind turbines each having one or more load sensors. Therefore, in one
embodiment, the system for optimizing power output of the wind farm is capable of
determining one or more baseline loading conditions for the plurality of wind turbines
using a data-driven model. Next, the system defines a baseline threshold value for
each of the load sensors for each wind turbine in the wind farm based on the baseline
loading conditions. Thus, the system can select a test wind turbine having at least one
load sensor operating below the baseline threshold value and provide the test wind
turbine with an upgrade. In response to providing the upgrade, the system is
configured to determine whether the load sensor of the test wind turbine continues to
operate below the baseline threshold value via a physics-based model. If so, the
system classifies at least one additional load sensor of an additional wind turbine(s) in
the wind farm with respect to the load sensor of the test wind turbine to determine
whether to provide the additional wind turbine(s) with the upgrade.

[0026] For example, in one embodiment, the system may assign a primary
ranking to the load sensor of the test wind turbine and secondary rankings to
additional load sensors of additional wind turbines in the wind farm. If the secondary
ranking of a particular wind turbine is greater than or equal to the primary ranking of
the test wind turbine, then the system may provide the upgrade to the particular wind
turbine so as to optimize power output of the wind farm. Similar, if the secondary
ranking of the particular wind turbine is less than the primary ranking of the test wind
turbine, then the system may withhold the upgrade from the particular wind turbine
such that maximum allowable loads of the particular wind turbine is not exceeded.
[0027] The present disclosure has many advantages not present in the prior art.
For example, the present disclosure utilizes approximate loads information of a data-
driven model to accelerate a more accurate albeit more time consuming physics-based
model. Such a time reduction provides immediate commercial advantages by
reducing the duration of a mechanical loads analysis on the wind farm, e.g. potentially

from several days to several hours. Moreover, the time reduction allows more
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aggressive testing of multiple configurations in the wind farm and provides additional
benefit over conservative current-day practices. In addition, the present disclosure
optimizes the power output of the wind farm, while maintaining fatigue and extreme
loads within safe limits.

[0028] Referring now to the drawings, FIG. 1 illustrates an exemplary
embodiment of a wind farm 100 containing a plurality of wind turbines 102 according
to aspects of the present disclosure. The wind turbines 102 may be arranged in any
suitable fashion. By way of example, the wind turbines 102 may be arranged in an
array of rows and columns, in a single row, or in a random arrangement. Typically,
wind turbine arrangement in a wind farm is determined based on numerous
optimization algorithms such that AEP is maximized for corresponding site wind
climate. It will be understood that any wind turbine arrangement may be
implemented, such as on uneven land, without departing from the scope of the present
disclosure.

[0029] In addition, it will be understood that the wind turbines 102 of the wind
farm 100 may have any suitable configuration, such as for example, as shown in FIG.
2. As shown, FIG. 2 illustrates perspective view of one embodiment of the wind
turbine 102 according to the present disclosure. The wind turbine 102 includes a
tower 114 with a nacelle 116 mounted thereon. A rotor 118 includes a rotatable hub
120 having a plurality of rotor blades 112 mounted thereon, which is, in turn,
connected to a main flange that turns a main rotor shaft 134 (FIG. 3). The wind
turbine power generation and control components may also be housed within the
nacelle 116 as shown in FIG. 3 and discussed herein. It should be appreciated that the
wind turbine 102 of FIG. 1 is provided for illustrative purposes only. Thus, one of
ordinary skill in the art should understand that the invention is not limited to any
particular type of wind turbine configuration.

[0030] Referring now to FIG. 3, a detailed, internal view of one embodiment of
the nacelle 116 of the wind turbine 102 shown in FIG. 2 is illustrated. As shown, a
generator 124 may be disposed within the nacelle 116. In general, the generator 124
may be coupled to the rotor 118 for producing electrical power from the rotational
energy generated by the rotor 118. For example, as shown in the illustrated

embodiment, the rotor 118 may include a rotor shaft 134 coupled to the hub 120 for
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rotation therewith. The rotor shaft 134 may, in turn, be rotatably coupled to a
generator shaft 136 of the generator 124 through a gearbox 138. As is generally
understood, the rotor shaft 134 may provide a low speed, high torque input to the
gearbox 138 in response to rotation of the rotor blades 112 and the hub 120. The
gearbox 138 may then be configured to convert the low speed, high torque input to a
high speed, low torque output to drive the generator shaft 136 and, thus, the generator
124,

[0031] Each rotor blade 112 may also include a pitch adjustment mechanism 132
configured to rotate each rotor blade 112 about its pitch axis 128, a yaw mechanism
166, and a wind sensor 106 that work cohesively to swivel and align the rotor

blades 112 in line with the wind direction. Thus, during operation, the rotor

blades 112 may face in a substantially similar direction, such as the incoming wind
direction. Further, each pitch adjustment mechanism 132 may include a pitch drive
motor 140 (e.g., any suitable electric motor), a pitch drive gearbox 142, and a pitch
drive pinion 144. In such embodiments, the pitch drive motor 140 may be coupled to
the pitch drive gearbox 142 so that the pitch drive motor 140 imparts mechanical
force to the pitch drive gearbox 142. Similarly, the pitch drive gearbox 142 may be
coupled to the pitch drive pinion 144 for rotation therewith. The pitch drive pinion
144 may, in turn, be in rotational engagement with a pitch bearing 146 coupled
between the hub 120 and a corresponding rotor blade 112 such that rotation of the
pitch drive pinion 144 causes rotation of the pitch bearing 146. Thus, in such
embodiments, rotation of the pitch drive motor 140 drives the pitch drive gearbox 142
and the pitch drive pinion 144, thereby rotating the pitch bearing 146 and the rotor
blade 112 about the pitch axis 128. Similarly, the yaw drive mechanism(s) 166 may
be communicatively coupled to the controller 26, with each yaw drive mechanism(s)
166 being configured to change the angle of the nacelle 116 relative to the wind (e.g.,
by engaging a yaw bearing 168 of the wind turbine 102).

[0032] In addition, the wind turbine 102 may also include one or more sensors
103, 105, 106, 107, 109 configured to monitor various operating, wind, and/or loading
conditions of the wind turbine 102. The term “loading condition” as used herein may
refer to any load acting on any wind turbine component. For instance, the one or

more sensors may include blade sensors 103 for monitoring loads acting on the rotor
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blades 112; generator sensors 109 for monitoring loads acting on the generator 124,
the torque, the rotational speed, the acceleration and/or the power output of the
generator 124; wind sensors 106 for monitoring the one or more wind conditions;
and/or shaft sensors 107 for measuring the loads acting on the rotor shaft 134 and/or
the rotational speed of the rotor shaft 134. Additionally, the wind turbine 102 may
include one or more tower sensors 111 for measuring the loads transmitted through
the tower 114 and/or the acceleration of the tower 114. In various embodiments, the
sensors 103, 105, 106, 107, 109 may be any one of or combination of the following:
an accelerometer, a strain gauge, a pressure sensor, a vibration sensor, a Miniature
Inertial Measurement Unit (MIMU), a camera system, a Sonic Detection and Ranging
(SODAR) sensor, a Light Detecting and Ranging (LIDAR) sensor, or similar. Of
course, the wind turbine 102 may further include various other suitable sensors for
measuring any other suitable loading and/or operating conditions of the wind turbine
102.

[0033] As shown generally in the figures, each wind turbine 102 of the wind farm
may also include a turbine controller 104 communicatively coupled to a farm
controller 108. Moreover, in one embodiment, the farm controller 108 may be
coupled to the turbine controllers 104 through a network 110 to facilitate
communication between the various wind farm components. Further, each turbine
controller 104 is configured to control the operation of an individual wind

turbine 102 such that the AEP of the wind farm 100 is optimized.

[0034] Referring particularly to FIG. 4, there is illustrated a block diagram of one
embodiment of suitable components that may be included within the turbine
controller 104 and/or the farm controller 108 in accordance with aspects of the present
disclosure. As shown, the controller 104 may include one or more processor(s) 150
and associated memory device(s) 152 configured to perform a variety of computer-
implemented functions (e.g., performing the methods, steps, calculations and the like
and storing relevant data as disclosed herein). Additionally, the controller 104 may
also include a communications module 154 to facilitate communications between the
controller 104 and the various components of the wind turbine 102. Further, the
communications module 154 may include a sensor interface 156 (e.g., one or more

analog-to-digital converters) to permit signals transmitted from the sensors 103, 105,
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106, 107, 109 (such as loading and/or operating conditions) to be converted into
signals that can be understood and processed by the processors 150. It should be
appreciated that the sensors 103, 105, 106, 107, 109 may be communicatively coupled
to the communications module 154 using any suitable means. For example, as shown,
the sensors 103, 105, 106, 107, 109 are coupled to the sensor interface 156 via a wired
connection. However, in other embodiments, the sensors 103, 105, 106, 107, 109
may be coupled to the sensor interface 156 via a wireless connection, such as by using
any suitable wireless communications protocol known in the art.

[0035] 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, and other programmable circuits. Additionally,
the memory device(s) 152 may generally comprise memory element(s) including, but
not limited to, computer readable medium (e.g., random access memory (RAM)),
computer readable non-volatile medium (e.g., a flash memory), a floppy disk, a
compact disc-read only memory (CD-ROM), a magneto-optical disk (MOD), a digital
versatile disc (DVD) and/or other suitable memory elements. Such memory device(s)
152 may generally be configured to store suitable computer-readable instructions that,
when implemented by the processor(s) 150, configure the controller 104 to perform
various functions as described herein. Moreover, the network 110 that couples the
farm controller 108, the turbine controllers 104, and the wind sensors 106 in the wind
farm 100 may include any known communication network such as a wired or wireless
network, optical networks, and the like. In addition, the network 110 may be
connected in any known topology, such as a ring, a bus, or hub, and may have any
known contention resolution protocol without departing from the art. Thus, the
network 110 is configured to provide data communication between the wind

turbines 102 and the farm controller 108 in near real time.

[0036] In addition, the farm controller 108 is configured to obtain data from the
wind turbines 102, the sensors 103, 105, 106, 107, 109, and/or other data sources such
as turbine empirical models. Employing these inputs, the farm controller 108 may
perform numerical optimization and optimize farm-level power output for the wind

farm 100. For example, a typical farm controller of a wind farm may be configured to
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perform a detailed loads analysis for a single wind turbine using a physics-based
simulation or an approximate loads analysis via a data-driven model. The
computational burden of the physics-based simulation, however, makes it impractical
to run for the entire farm and the data-driven model fails to provide the desired
accuracy. As such, the farm controller 108 of the present disclosure is configured to
perform an improved mechanical loads analysis of the wind turbines 102 that utilizes
a data-driven model to guide selection of one or more wind turbines 102 to test with
the physics-based model. Further, the wind turbines 102 not tested with the physics-
based model are compared against those which have been tested using ranking
information provided by the data-driven model. Moreover, the farm controller 108
can utilize the method of the present disclosure to select a set of upgrades for the wind
farm 100.

[0037] More specifically, the farm controller 108 develops a baseline load
estimate for all of the wind turbines 102 in the wind farm 100. For example, in
certain embodiments, the farm controller 108 estimates one or more baseline loading
conditions for each of the wind turbines 102 of the wind farm 100 using a data-driven
model prior to any upgrade being provided to the wind turbines 102. For example, in
a particular embodiment, the farm controller 108 estimates the baseline loading
condition(s) by utilizing one or more look-up tables that contain pre-existing wind
turbine data. Alternatively, the farm controller 108 may determine the baseline
loading condition(s) using a computer model. In such an embodiment, the computer
model may calculate the baseline loading conditions by inputting a plurality of wind
turbine data into a series of equations and determining the loading conditions using
aerodynamic performance maps and look-up tables.

[0038] It should be understood that the pre-existing wind turbine data may include
any relevant operating data concerning the wind turbines 102 including but not
limited to a pitch angle, generator speed, power output, torque output, air density,
temperature, pressure, wind speed, wind peaks, wind turbulence, wind shear, wind
direction, or similar. In addition, it should be understood that the baseline loading
conditions may be reflective of any load acting on any wind turbine component,
including but not limited to one or more of the rotor blades 112, the rotor 118, the hub

120, the nacelle 116, the main shaft 134, the generator 124, the tower 114, the
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bedplate, the main frame, the generator frame, one or more pitch bearings 146, the
yaw bearing 168, the gearbox 138, or any other wind turbine component.

[0039] Referring to FIG. 5, each of the wind turbines 102 includes at least one
load sensor 105 configured to monitor one or more loads acting on the wind turbine.
Thus, once the baseline loading conditions are estimated, the farm controller 108
defines a baseline threshold value for each of the load sensors 105 for each wind
turbine 102. Next, the farm controller 108 selects a test wind turbine (e.g. T) based on
the load sensors 105 of the test wind turbine T operating below the baseline threshold
value and runs a physics-based model thereon to estimate a detailed loads analysis for
the test wind turbine T. Thus, the test wind turbine T may be selected based on an
initial prediction from the data-driven model that its load sensor 105 is operating
below the baseline threshold value for that particular sensor, which is verified by the
physics-based model. For example, in certain embodiments, the identification of the
test turbine T may be achieved by integer programming. As used herein, “integer
programming” refers generally to a mathematical optimization or feasibility program
in which some or all of the variables are restricted to be integers. For example, for
each untested wind turbine, that farm controller 108 may include an integer program
that uses known bound and ranking information to determine the minimum
guaranteed number of wind turbines that can be evaluated by testing (i.e. either
determined eligible or ineligible). Thus, the test wind turbine T may be determined
by choosing the number of wind turbines that provides the maximum guarantee.
[0040] In addition, in certain embodiments, identification of the test wind turbine
T can be enhanced using regression techniques. For example, previously tested
turbines may include a sample (e.g. upper and lower bounds X,Y), where samples are
defined by baseline sensor estimates (e.g. from the data-driven model) and their
response values (from the physics-based model). This information can be used to
predict the outcome of a new physics-based run and improve the guarantee of the test
wind turbine T.

[0041] After selection of the test wind turbine T, the farm controller 108 provides
an upgrade to the test wind turbine T. In certain embodiments, the upgrade(s) may
include any suitable upgrade, including but not limited to a software update, a

hardware update, one or more rotor-blade add-ons, or similar. In response to the

12
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upgrade, the farm controller 108 then determines whether the load sensor(s) 105 of
the identified wind turbine continues to operate below the baseline threshold value. If
so, the one or more additional load sensor(s) 105 of the remaining wind turbines 102
of the wind farm 100 are classified with respect to the load sensor 105 of the test wind
turbine T to determine whether to provide the additional wind turbine with the
upgrade.

[0042] For example, in various embodiments, the farm controller 108 may
provide or assign a primary ranking to the load sensor 105 of the test wind turbine T
and a secondary ranking to the additional load sensor(s) 105 of the remaining wind
turbines 102 such that each of the secondary rankings may be compared to the
primary ranking of the test wind turbine to determine upgrade eligibility. More
specifically, if the load sensor 105 of the test wind turbine T fails to operate below the
baseline threshold value, then any remaining wind turbine 102 assigned a secondary
ranking that is less than or equal to the primary ranking will also fail. Otherwise, if
the load sensor 105 of the test wind turbine T passes (i.e. operates below the baseline
threshold value), then any remaining wind turbine 102 assigned a secondary ranking
that is greater than or equal to the primary ranking will also pass.

[0043] For example, FIG. 6 illustrates a plurality of wind turbines 102 plotted on
a quadrant diagram that indicates whether each of the wind turbines 102 of the wind
farm 100 is suitable for an upgrade. More specifically, all of the wind turbines 102 in
quadrant one (i.e. Q1) have sensors that “pass” (i.e. have a ranking that is higher than
that of a load sensor of a particular test wind turbine). In particular embodiments,
“passing” wind turbines 102 may be identified by maintaining lower and upper
bounds for each sensor 105 and updating the baseline threshold value as more tests
are run. Such bounds indicate the maximum rank for each failing sensor/load case
and the minimum rank of any passing sensor/load case. Similarly, the wind turbines
102 in quadrants two, three, and four one (i.e. Q2, Q3, Q4) “fail” or have load sensors
105 with a ranking that is less than that of a particular test wind turbine. Thus, each
of the wind turbines 102 in the wind farm 100 are classified for a particular upgrade
until each turbine 102 is known to either fail on some sensor or pass across all
sensors. Accordingly, the farm controller 108 is configured to provide an upgrade to

any of the remaining wind turbines 102 that have “passing” sensors and withhold the
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upgrade from those wind turbines 102 which have at least one “failing” sensor in
comparison to the load sensor 105 of the test wind turbine T.

[0044] In additional embodiments, the farm controller 108 may identify an
additional test wind turbine and provide an upgrade to such a wind turbine if the load
sensors 105 of the initial test wind turbine T are not operating below the baseline
threshold value after receiving the upgrade. The different test wind turbine may then
be provided a primary ranking to compare to secondary rankings of the remaining
wind turbines 102.

[0045] Once the farm controller 108 has determined which of the wind turbines
102 may receive a particular upgrade, the controller 108 may repeat the process to
determine a plurality of upgrade configurations for the wind farm 100. As used
herein, an “upgrade configuration” includes a selection of wind turbines 102 within
the wind farm 100 that are capable of receiving the upgrade. Thus, after determining
a plurality of potential upgrade configurations, the farm controller 108 is configured
to rank each of the configurations based on power output, e.g. AEP gains. In one
embodiment, for example, upgrade configurations are sorted in decreasing order of
AEP gains. Thus, in one embodiment, the farm controller 108 can operate the wind
farm 100 based on the upgrade configuration with the highest AEP gain. Further,
using the method of the present disclosure, each upgrade configuration can be tested
and assigned to passing turbines until all turbines have maximized their AEP gains.
Such an approach can be parallelized and run on multiple upgrade configurations.
[0046] Referring now to FIG. 7, a flow diagram of one embodiment of a method
200 for identifying a test wind turbine in the wind farm is illustrated. As shown, the
method 200 includes a step 202 of identifying a test wind turbine in the wind farm.
Another step 204 includes defining a baseline threshold value for at least one load
sensor of the test wind turbine. In several embodiments, the baseline threshold value
may be based on a baseline loads assessment of the wind turbines 102 in the wind
farm as determined from pre-existing wind turbine data. At 206, the method 200
includes providing an upgrade to the test wind turbine. At 208, the method 200
includes determining, via the load sensor, whether one or more loading conditions of
the test wind turbine are below the baseline threshold value. The method 200

includes assigning a primary ranking to the load sensor of the test wind turbine (step
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210) and assigning a secondary ranking to at least one additional load sensor of an
additional wind turbine in the wind farm (step 212). Thus, at 214, the method 200
includes comparing the primary and secondary rankings to determine whether to
provide the upgrade to the additional wind turbine.

[0047] This written description uses examples to disclose the invention, including
the best 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,
and may include other examples that occur to those skilled in the art. Such other
examples are intended to be within the scope of the claims if they include structural
elements that do not differ from the literal language of the claims, or if they include
equivalent structural elements with insubstantial differences from the literal languages

of the claims.
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WHAT IS CLAIMED IS:

L. A method for optimizing power output of a wind farm, the method
comprising:

determining one or more baseline loading conditions for one or more wind
turbines of the wind farm;

defining a baseline threshold value for a plurality of load sensors for each of
the wind turbines based on the baseline loading conditions;

identifying at least one wind turbine having at least one load sensor operating
below the baseline threshold value;

providing an upgrade to the identified wind turbine;

in response to the upgrade, determining whether the at least one load sensor of
the identified wind turbine continues to operate below the baseline threshold value;
and

classifying at least one additional load sensor of at least one additional wind
turbine in the wind farm with respect to the load sensor of the identified wind turbine
to determine whether to provide the additional wind turbine with the upgrade.

2. The method of claim 1, wherein classifying the at least one additional
load sensor of the at least one additional wind turbine in the wind farm with respect to
the load sensor of the identified wind turbine further comprises:

providing a primary ranking for the load sensor of the identified wind turbine,

providing a secondary ranking for the at least one additional load sensor of the
at least one additional wind turbine, and

comparing the primary and secondary rankings.

3. The method of claim 2, further comprising providing the upgrade to
the additional wind turbine if the secondary ranking is greater than or equal to the
primary ranking and the load sensor of the identified wind turbine continues to
operate below the baseline threshold value after receiving the upgrade.

4. The method of claim 3, further comprising withholding the upgrade
from the additional wind turbine if the secondary ranking is less than the primary
ranking and the load sensor of the identified wind turbine continues to operate below

the baseline threshold value after receiving the upgrade.
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5. The method of claim 4, further comprising providing the upgrade to
one or more remaining wind turbines in the wind farm if the load sensor of the
identified wind turbine does not operate below the baseline threshold value after
receiving the upgrade so as to provide an additional identified wind turbine.

6. The method of claim 5, further comprising determining a plurality of
upgrade configurations for the wind farm based on a comparison between the primary
ranking and one or more secondary rankings, wherein each of the upgrade
configurations comprises a different selection of wind turbines within the wind farm
that are capable of receiving the upgrade.

7. The method of claim 6, further comprising ranking the plurality of
upgrade configurations by Annual Energy Production (AEP) gains and operating the
wind farm based on the upgrade configuration with the highest AEP gain.

8. The method of claim 1, wherein the upgrade further comprises any one
of or a combination of the following: a software update, a hardware update, or one or
more rotor-blade add-ons.

9. The method of claim 1, further comprising defining upper and lower
limits around an allowable design load for one or more of the plurality of load
Sensors.

10. The method of claim 9, further comprising updating the upper and
lower limits for one or more of the plurality of load sensors of the identified wind
turbine after providing the upgrade to the identified wind turbine.

11. The method of claim 1, wherein determining the one or more baseline
loading conditions further comprises at least one of utilizing one or more look-up
tables containing pre-existing wind turbine data or calculating the baseline loading
conditions via a computer model, wherein the computer model calculates the baseline
loading conditions by utilizing one or more of the following: a plurality of equations,
one or more acrodynamic performance maps, or one or more look-up tables, wherein
the pre-existing wind turbine data further comprises: a pitch angle, generator speed,
power output, torque output, air density, temperature, pressure, wind speed, wind
peaks, wind turbulence, wind shear, or wind direction.

12. The method of claim 1, wherein the at least one load sensor and the at

least one additional load sensor comprise any one of or a combination of the
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following: an accelerometer, a strain gauge, a pressure sensor, a vibration sensor, a
Miniature Inertial Measurement Unit (MIMU), a camera system, a Sonic Detection
and Ranging (SODAR) sensor, or a Light Detecting and Ranging (LIDAR) sensor.

13. The method of claim 1, wherein the bascline loading conditions reflect
a loading acting on one of or a combination of a rotor blade, a rotor, a hub, a bed
plate, a main frame, a generator frame, a pitch bearing, a yaw bearing, a gearbox, a
nacelle, a main shaft, a generator, or a tower of the wind turbine.

14. A method for optimizing power output of a wind farm, the method
comprising:

identifying a test wind turbine in the wind farm;

defining a baseline threshold value for at least one load sensor of the test wind
turbine;

providing an upgrade to the test wind turbine;

determining, via the load sensor, whether one or more loading conditions of
the test wind turbine are below the baseline threshold value;

assigning a primary ranking to the load sensor of the test wind turbine;

assigning a secondary ranking to at least one additional load sensor of an
additional wind turbine in the wind farm; and,

comparing the primary and second rankings to determine whether to provide
the upgrade to the additional wind turbine.

15. The method of claim 14, further comprising providing the upgrade to
the additional wind turbine if the secondary ranking is greater than or equal to the
primary ranking and the load sensor of the test wind turbine continues to operate
below the baseline threshold value after receiving the upgrade.

16. The method of claim 15, further comprising withholding the upgrade
from the additional wind turbine if the secondary ranking is less than the primary
ranking and the load sensor of the test wind turbine continues to operate below the
baseline threshold value after receiving the upgrade.

17. The method of claim 16, further comprising providing the upgrade to
one or more remaining wind turbines in the wind farm if the load sensor of the test
wind turbine does not operate below the baseline threshold value after receiving the

upgrade so as to provide an additional test wind turbine.
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18. The method of claim 14, further comprising defining upper and lower
limits around an allowable design load for one or more of the plurality of load
Sensors.

19. The method of claim 14, further comprising:

determining a plurality of upgrade configurations for the wind farm based on
comparing a plurality of secondary rankings to the primary ranking, wherein each of
the upgrade configurations comprises a different selection of wind turbines below the
wind farm that are capable of receiving the upgrade,

ordering the plurality of upgrade configurations by Annual Energy Production
(AEP) gains, and

operating the wind farm based on the upgrade configuration with the highest
AEP gain.

20. A system for optimizing power output of a wind farm, the system
comprising:

a plurality of load sensors configured to monitor one or more loading
conditions of one or more wind turbines in a wind farm;

a farm controller configured to perform one or more operations, the operations
comprising:

defining a baseline threshold value for each of the load sensors based
on baseline loading conditions;

identifying at least one wind turbine having at least one load sensor
operating below the baseline threshold value;

providing an upgrade to the identified wind turbine;

in response to the upgrade, determining whether the at least one load
sensor of the identified wind turbine continues to operate below the baseline
threshold value; and

classifying at least one additional load sensor of an additional wind
turbine in the wind farm with respect to the load sensor of the identified wind
turbine to determine whether to provide the additional wind turbine with the

upgrade.
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