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(54) System and method for reducing loads acting on a wind turbine in response to transient wind 
conditions by means of  pitch control

(57) A method 200 for reducing loads acting on a
wind turbine 10 in response to transient wind conditions
is disclosed. The method 200 may generally include de-
termining 202 an actual value for a blade parameter of a
rotor blade of the wind turbine using a first sensor asso-
ciated with the rotor blade, monitoring 204 a secondary
operating parameter of the wind turbine using a second

sensor, determining 206 a predicted value for the blade
parameter based on the secondary operating parameter,
comparing 208 the actual value to the predicted value
and performing 210 a corrective action to reduce the
loads acting on the wind turbine 10 if the actual value
differs from the predicted value by at least a differential
threshold.
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Description

[0001] The present subject matter relates generally to
wind turbines and, more particularly, to systems and
methods for reducing the loads on wind turbine compo-
nents in response to transient wind conditions.
[0002] Generally, a wind turbine includes a tower, a
nacelle mounted on the tower, and a rotor coupled to the
nacelle. The rotor typically includes a rotatable hub and
a plurality of rotor blades coupled to and extending out-
wardly from the hub. Each rotor blade may be spaced
about the hub so as to facilitate rotating the rotor to enable
kinetic energy to be transferred from the wind into usable
mechanical energy, and subsequently, electrical energy.
[0003] Transient wind conditions often present chal-
lenges for implementing control strategies to maintain
the loads acting on wind turbine rotor blades and other
wind turbine components at relatively low levels. For ex-
ample, during extreme wind gusts, the wind speed may
increase significantly in a relatively short period of time,
leading to a rapid increase in blade loading. This rapid
increase initially impacts the outboard portions of the ro-
tor blades (e.g., at the tip) where the blades are more
susceptible to increased deflection due to loading, which
can result in an increased risk of a tower strike due to
excessive tip deflection.
[0004] Current control strategies identify transient wind
conditions by detecting changes in the rotational speed
of the generator. However, due to rotor inertia, changes
in generator speed lag behind changes in blade loading.
As a result, current control strategies may not be suffi-
ciently responsive in reducing blade loading during ex-
treme transient events.
[0005] Accordingly, a system and method for reducing
the loads on rotor blades and/or other wind turbine com-
ponents with improved responsiveness to transient wind
conditions would be welcomed in the technology.
[0006] Various aspects and advantages of the inven-
tion 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.
[0007] In one aspect, the present subject matter is di-
rected to a method for reducing loads acting on a wind
turbine in response to transient wind conditions. The
method may generally include determining an actual val-
ue for a blade parameter of a rotor blade of the wind
turbine using a first sensor associated with the rotor
blade, monitoring a secondary operating parameter of
the wind turbine using a second sensor, determining a
predicted value for the blade parameter based on the
secondary operating parameter, comparing the actual
value to the predicted value and performing a corrective
action to reduce the loads acting on the wind turbine if
the actual value differs from the predicted value by at
least a differential threshold.
[0008] In another aspect, the present subject matter is
directed to a method for reducing loads acting on a wind
turbine in response to transient wind conditions. The

method may generally include determining an actual
blade deflection value for a rotor blade of the wind turbine
using a MIMU sensor associated with the rotor blade,
monitoring a secondary operating parameter of the wind
turbine using a second sensor, determining a predicted
blade deflection value based on the secondary operating
parameter, comparing the actual blade deflection value
to the reference blade deflection value and performing a
corrective action to reduce the loads acting on the wind
turbine if the actual blade deflection value differs from
the reference blade deflection value by at least a differ-
ential threshold.
[0009] In a further aspect, the present subject matter
is directed to a system for reducing loads acting on a
wind turbine in response to transient wind conditions. The
system may include a first sensor configured to monitor
a blade parameter of a rotor blade of the wind turbine
and a second sensor configured to monitor a secondary
operating parameter of the wind turbine. The secondary
operating parameter may differ from the blade parame-
ter. In addition, the system may include a controller com-
municatively coupled to the first and second sensors. The
controller may be configured to determine an actual value
for the blade parameter based on at least one signal re-
ceived from the first sensor and a predicted value for the
blade parameter based on at least one signal received
from the second sensor. The controller may also be con-
figured to compare the actual and predicted values and,
in the event that the actual value differs from the predicted
value by at least a differential threshold, perform a cor-
rective action to reduce the loads acting on the wind tur-
bine.
[0010] Various 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 incorpo-
rated in and constitute a part of this specification, illustrate
embodiments of the invention and, together with the de-
scription, serve to explain the principles of the invention.
In the drawings:

FIG. 1 illustrates a perspective view of one embod-
iment of a wind turbine;

FIG. 2 illustrates a simplified, internal view of one
embodiment of a nacelle of a wind turbine;

FIG. 3 illustrates a schematic diagram of one em-
bodiment of suitable components that may be includ-
ed within a controller of a wind turbine;

FIG. 4 illustrates a flow diagram of one embodiment
of a method for reducing loads acting on a wind tur-
bine rotor blade in response to transient wind con-
ditions;

FIG. 5 illustrates a graph charting example tip de-
flection data including both actual and predicted tip
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deflection values; and

FIG. 6 illustrates a graph charting example loading
data for a rotor blade and a rotor shaft of the wind
turbine, particularly illustrating the time differential
between changes in the blade loading and changes
in the shaft loading.

[0011] Reference now will be made in detail to embod-
iments 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 inven-
tion covers such modifications and variations as come
within the scope of the appended claims and their equiv-
alents.
[0012] In general, the present subject matter is directed
to a system and method for reducing the loads acting on
rotor blades and/or other wind turbine components in re-
sponse to transient wind conditions. Specifically, one or
more blade sensors may be used to detect a blade pa-
rameter of one or more of the rotor blades. For example,
in several embodiments, one or more Micro Inertial
Measurement Units (MIMUs) may be used to detect
blade loading and/or blade deflection of one or more of
the rotor blades. Such detected blade parameters may
then be compared to corresponding predicted blade pa-
rameters to identify when transient wind conditions exist.
For example, if the detected or actual blade parameters
deviate from the predicted blade parameters by a signif-
icant amount, it may be an indication that a wind gust or
other transient event is occurring. A suitable corrective
action may then be performed (e.g., by de-rating the wind
turbine) to reduce the amount of loads acting on the wind
turbine components.
[0013] It should be appreciated that, by monitoring one
or more blade parameters directly using the blade sen-
sor(s), the disclosed system and method may be capable
of detecting the occurrence of transient wind conditions
much faster than conventional control systems/methods
that rely on the detection of generator speed changes.
Thus, corrective actions may be initiated much quicker
to ensure that the loads acting on the rotor blades do not
become excessive due to extreme transient conditions
(e.g., extreme wind gusts).
[0014] Referring now to the drawings, FIG. 1 illustrates
a perspective view of one embodiment of a wind turbine
10. 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 facil-
itate 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
24 (FIG. 2) positioned within the nacelle 16 to permit elec-
trical energy to be produced.
[0015] The wind turbine 10 may also include a turbine
control system or turbine controller 26 centralized within
the nacelle 16. In general, the controller 26 may comprise
a computer or other suitable processing unit. Thus, in
several embodiments, the controller 26 may include suit-
able computer-readable instructions that, when imple-
mented, configure the controller 26 to perform various
different functions, such as receiving, transmitting and/or
executing wind turbine control signals. As such, the con-
troller 26 may generally be configured to control the var-
ious operating modes (e.g., start-up or shut-down se-
quences) and/or components of the wind turbine 10. For
example, the controller 26 may be configured to adjust
the blade pitch or pitch angle of each rotor blade 22 (i.e.,
an angle that determines a perspective of the blade 22
with respect to the direction of the wind) about its pitch
axis 28 in order to control the rotational speed of the rotor
blade 22 and/or the power output generated by the wind
turbine 10. For instance, the controller 26 may control
the pitch angle of the rotor blades 22, either individually
or simultaneously, by transmitting suitable control signals
directly or indirectly (e.g., via a pitch controller (not
shown)) to one or more pitch adjustment mechanisms
32 (FIG. 2) of the wind turbine 10. During operation of
the wind turbine 10, the controller 26 may generally con-
trol each pitch adjustment mechanism 32 in order to alter
the pitch angle of each rotor blade 22 between 0 degrees
(i.e., a power position of the rotor blade 22) and 90 de-
grees (i.e., a feathered position of the rotor blade 22).
[0016] Referring now to FIG. 2, a simplified, internal
view of one embodiment of the nacelle 16 of the wind
turbine 10 shown in FIG. 1 is illustrated. As shown, a
generator 24 may be disposed within the nacelle 16. In
general, the generator 24 may be coupled to the rotor 18
for producing electrical power from the rotational energy
generated by the rotor 18. For example, as shown in the
illustrated embodiment, the rotor 18 may include a rotor
shaft 34 coupled to the hub 20 for rotation therewith. The
rotor shaft 34 may, in turn, be rotatably coupled to a gen-
erator shaft 36 of the generator 24 through a gearbox 38.
As is generally understood, the rotor shaft 34 may provide
a low speed, high torque input to the gearbox 38 in re-
sponse to rotation of the rotor blades 22 and the hub 20.
The gearbox 38 may then be configured to convert the
low speed, high torque input to a high speed, low torque
output to drive the generator shaft 36 and, thus, the gen-
erator 24.
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[0017] Additionally, the controller 26 may also be lo-
cated within the nacelle 16. However, in other embodi-
ments, the controller 26 may be located within any other
component of the wind turbine 10 or at a location outside
the wind turbine (e.g., when the controller 26 is configured
as a farm controller for controlling a plurality of wind tur-
bines). As is generally understood, the controller 26 may
be communicatively coupled to any number of the com-
ponents of the wind turbine 10 in order to control the
operation of such components. For example, as indicated
above, the controller 26 may be communicatively cou-
pled to each pitch adjustment mechanism 32 of the wind
turbine 10 (one for each rotor blade 22) via a pitch con-
troller to facilitate rotation of each rotor blade 22 about
its pitch axis 28.
[0018] In general, each pitch adjustment mechanism
32 may include any suitable components and may have
any suitable configuration that allows the pitch adjust-
ment mechanism 32 to function as described herein. For
example, in several embodiments, each pitch adjustment
mechanism 32 may include a pitch drive motor 40 (e.g.,
any suitable electric motor), a pitch drive gearbox 42, and
a pitch drive pinion 44. In such embodiments, the pitch
drive motor 40 may be coupled to the pitch drive gearbox
42 so that the pitch drive motor 40 imparts mechanical
force to the pitch drive gearbox 42. Similarly, the pitch
drive gearbox 42 may be coupled to the pitch drive pinion
44 for rotation therewith. The pitch drive pinion 44 may,
in turn, be in rotational engagement with a pitch bearing
46 coupled between the hub 20 and a corresponding
rotor blade 22 such that rotation of the pitch drive pinion
44 causes rotation of the pitch bearing 46. Thus, in such
embodiments, rotation of the pitch drive motor 40 drives
the pitch drive gearbox 42 and the pitch drive pinion 44,
thereby rotating the pitch bearing 46 and the rotor blade
22 about the pitch axis 28.
[0019] In alternative embodiments, it should be appre-
ciated that each pitch adjustment mechanism 32 may
have any other suitable configuration that facilitates ro-
tation of a rotor blade 22 about its pitch axis 28. For in-
stance, pitch adjustment mechanisms 32 are known that
include a hydraulic or pneumatic driven device (e.g., a
hydraulic or pneumatic cylinder) configured to transmit
rotational energy to the pitch bearing 46, thereby causing
the rotor blade 22 to rotate about its pitch axis 28. Thus,
in several embodiments, instead of the electric pitch drive
motor 40 described above, each pitch adjustment mech-
anism 32 may include a hydraulic or pneumatic driven
device that utilizes fluid pressure to apply torque to the
pitch bearing 46.
[0020] In addition, the wind turbine 10 may also include
one or more sensors for monitoring various operating
parameters of the wind turbine 10. For example, in sev-
eral embodiments, the wind turbine 10 may include one
or more blade sensors 48 configured to monitor a blade
parameter of the wind turbine 10. As used herein, the
term "blade parameter" may refer to any suitable oper-
ating condition and/or parameter that relates to one or

more of the rotor blades 22 of the wind turbine 10. For
instance, blade parameters may include, but are not lim-
ited to, blade deflection, blade loading, blade orientation
(e.g., blade twisting and/or rotation due to deflection),
pitch angle, blade rotational speed, blade vibrations
and/or the like. In addition, blade parameters may also
include derivatives of any monitored blade parameters
(e.g., blade velocity, acceleration, etc.)
[0021] In several embodiments, each blade sensor 48
may be a Micro Inertial Measurement Unit (MIMU). As is
generally understood, MIMUs may include any combina-
tion of three-dimensional (3-D) accelerometers, 3-D gy-
roscopes and 3-D magnetometers and thus, when
mounted on and/or within a rotor blade 22, may be ca-
pable of providing various types of blade-related meas-
urements, such as 3-D blade orientation (pitch, roll, yaw)
measurements, 3D blade acceleration measurements,
3-D rate of turn measurements, 3D magnetic field meas-
urements and/or the like. As will be described below, such
measurements may then be transmitted to the controller
26 and subsequently analyzed to determine real-time val-
ues for one or more of the blade parameters.
[0022] In alternative embodiments, the blade sensors
48 may be any other suitable sensors capable of moni-
toring a blade parameter of one or more of the rotor
blades 22. For example, the blade sensors 48 may be
strain gauges, accelerometers, pressure sensors, angle
of attack sensors, vibration sensors, LIDAR sensors,
camera systems, fiber optic systems, other optical sen-
sors and/or any other suitable sensors.
[0023] As shown in FIG. 1, in one embodiment, multiple
blade sensors 48 may be associated with each rotor
blade 22. In such an embodiment, the blade sensors 48
may generally be disposed at any suitable location along
the length of the rotor blades 22. For example, as shown
in FIG. 1, one blade sensor 48 may be located generally
adjacent to a root 21 of each rotor blade 22 while another
blade sensor 48 may be located generally adjacent to a
tip 23 of each rotor blade 22. However, it should be ap-
preciated that, in alternative embodiments, a single blade
sensor 48 may be associated with each rotor blade 22
or a blade sensor(s) 48 may be associated with less than
all of the rotor blades 22. It should also be appreciated
that the blade sensors 48 may be configured to be mount-
ed along the exterior of the rotor blade(s) 22 and/or along
the interior of the rotor blade(s) 22 (including being em-
bedded within a wall of the rotor blade(s) 22).
[0024] Additionally, it should be appreciated that the
wind turbine 10 may also include various other sensors
for monitoring other operating parameters of the wind
turbine 10. For example, as shown in FIG. 2, the wind
turbine 10 may include one or more generator sensors
50 for monitoring the torque, the rotational speed, the
acceleration and/or the power output of the generator 24.
Similarly, the wind turbine 10 may include one or more
wind sensors 52 for monitoring the wind speed and/or
one or more shaft sensors 54 for measuring the loads
acting on the rotor shaft 34 and/or the rotational speed
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of the rotor shaft 34. Additionally, the wind turbine 10 may
include one or more towers sensors 56 for measuring
the loads transmitted through the tower 12 and/or the
acceleration of the tower 12. Of course, the wind turbine
10 may further include various other suitable sensors for
measuring any other suitable operating parameters of
the wind turbine 10. For example, the wind turbine 10
may also include one or more sensors 57 (e.g., acceler-
ometers) for monitoring the acceleration of the gearbox
38 and/or the acceleration of one or more structural com-
ponents of the machine head (e.g., the generator frame,
the main frame or bedplate, etc.).
[0025] It should be appreciated that, as used herein,
the term "monitor" and variations thereof indicates that
the various sensors of the wind turbine may be configured
to provide a direct measurement of the parameters being
monitored or an indirect measurement of such parame-
ters. Thus, the sensors may, for example, be used to
generate signals relating to the parameter being moni-
tored, which can then be utilized by the controller 26 to
determine the actual parameter. For instance, as indicat-
ed above, MIMU sensors may be used to monitor one or
more blade parameters by providing various 3-D meas-
urements, which may then be correlated to the blade pa-
rameter(s).
[0026] Referring now to FIG. 3, there is illustrated a
block diagram of one embodiment of suitable compo-
nents that may be included within the controller 26 in
accordance with aspects of the present subject matter.
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, calcula-
tions and the like disclosed herein). As used herein, the
term "processor" refers not only to integrated circuits re-
ferred to in the art as being included in a computer, but
also refers to a controller, a microcontroller, a microcom-
puter, a programmable logic controller (PLC), an appli-
cation specific integrated circuit, and other programma-
ble circuits. Additionally, the memory device(s) 60 may
generally comprise memory element(s) including, but not
limited to, computer readable medium (e.g., random ac-
cess 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) 60
may generally be configured to store suitable computer-
readable instructions that, when implemented by the
processor(s) 58, configure the controller 26 to perform
various functions including, but not limited to, determining
one or more operating parameters of the wind turbine 10
based on sensor measurements, transmitting suitable
control signals to implement corrective actions in re-
sponse to the detection of transient wind conditions and
various other suitable computer-implemented functions.
[0027] Additionally, the controller 26 may also include
a communications module 62 to facilitate communica-

tions between the controller 26 and the various compo-
nents of the wind turbine 10. For instance, the commu-
nications module 62 may serve as an interface to permit
the turbine controller 26 to transmit control signals to each
pitch adjustment mechanism 32 for controlling the pitch
angle of the rotor blades 22. Moreover, the communica-
tions module 62 may include a sensor interface 64 (e.g.,
one or more analog-to-digital converters) to permit sig-
nals transmitted from the sensors 48, 50, 52, 54, 56 to
be converted into signals that can be understood and
processed by the processors 58.
[0028] It should be appreciated that the sensors 48,
50, 52, 54, 56 may be communicatively coupled to the
communications module 62 using any suitable means.
For example, as shown in FIG. 3, the sensors 48, 50, 52,
54, 56 are coupled to the sensor interface 64 via a wired
connection. However, in other embodiments, the sensors
48, 50, 52, 54, 56 may be coupled to the sensor interface
64 via a wireless connection, such as by using any suit-
able wireless communications protocol known in the art.
[0029] Referring now to FIG. 4, a flow diagram of one
embodiment of a method 200 for reducing the loads act-
ing on a wind turbine in response to transient wind con-
ditions is illustrated in accordance with aspects of the
present subject matter. As shown, the method 200 may
include determining an actual value for a blade parameter
with a first sensor associated with at least one of the rotor
blades 202, monitoring a secondary operating parameter
of the wind turbine using a second sensor 204, determin-
ing a predicted value for the blade parameter based on
the secondary operating parameter 206, comparing the
actual value to the predicted value 208 and performing
a corrective action to reduce the loads acting on the wind
turbine when the actual value differs from the predicted
value by at least a differential threshold 210.
[0030] In general, the disclosed method 200 may be
utilized to reduce wind turbine component loading (e.g.,
blade loads, tower loads, machine head loads, etc.) in
the response to transient wind conditions, such as ex-
treme wind gusts. Specifically, one or more blade param-
eters, such as blade loading and/or blade deflection, may
be monitored using one or more suitable sensors to ac-
quire real-time data relating to the actual operating state
of the rotor blades 22. In addition, data relating to the
predicted operating state of the rotor blades 22 may be
obtained by monitoring one or more other operating pa-
rameters of the wind turbine 10 and subsequently corre-
lating the operating parameter(s) to predicted values for
the blade parameter(s). Thereafter, the real-time data for
the blade parameter(s) (i.e., the actual, monitored val-
ues) may be compared to the predicted data for the blade
parameter(s) (i.e., the predicted values) in order to iden-
tify when a transient wind condition exists. For example,
if the real-time data differs from the predicted data sub-
stantially, it may be determined that the wind turbine 10
is currently experiencing transient wind conditions. In
such instance, a suitable corrective action may be per-
formed to reduce the loads acting on the rotor blades 22
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and/or other wind turbine components, thereby alleviat-
ing the effect of the transient event.
[0031] Referring particularly to FIG. 4, at 202, an actual
value for a blade parameter may be monitored using a
sensor associated with at least one of the rotor blades
22. Specifically, as indicated above, one or more blade
sensors 48 may be associated with the rotor blades 22
for monitoring various blade parameters. For example,
one or more MIMU sensors may be used to allow 3-D
blade orientation (pitch, roll, yaw) measurements, 3-D
blade acceleration measurements, 3-D rate of turn meas-
urements and/or 3-D magnetic field measurements to be
acquired. These measurements may then be transmitted
to the controller 26 and subsequently analyzed to deter-
mine real-time, monitored values for one or more of the
blade parameters.
[0032] In general, the controller 26 may be configured
to implement any suitable algorithm that allows for the
determination of actual, monitored values for the blade
parameter(s) based on the outputs provided by the blade
sensor(s) 48. In several embodiments, the controller 26
may be configured to implement a model-based estima-
tion algorithm. For example, the mathematical model
used to determine the actual values for the blade param-
eter(s) may be physics-based, such as a model based
on static mechanics and/or aerodynamic factors. In an-
other embodiment, the mathematical model may be data-
driven and may be based on experimental data from the
wind turbine 10, such as by using an artificial neural net-
work to determine the wind turbine parameters. Alterna-
tively, the mathematical model may be a combination of
both physics-based and data-driven models. Regard-
less, the mathematical model may be used as a transfer
function in order to derive actual values for the blade
parameter(s) based on the outputs received from the
blade sensor(s) 48.
[0033] In particular embodiments of the present sub-
ject matter, a simplified or complex mathematical model
of each rotor blade 22 may be stored within the controller
26 (e.g., in the form of computer-readable instructions)
to allow the controller 26 to estimate and/or determine
actual values for one or more of the blade parameters of
the wind turbine 10. For example, in one embodiment, a
3D or finite element mathematical model of each rotor
blade 22 may be created using suitable modeling soft-
ware and stored within the controller 26. In such an em-
bodiment, the measurements provided by the blade sen-
sors 38 may be analyzed using the mathematical model
in order to determine actual values for the blade param-
eter(s).
[0034] In alternative embodiments, the controller 26
may be configured to determine actual values for the
blade parameter(s) using any other suitable
means/methodology. For example, instead of calculating
the actual values using a model-based algorithm, the
controller 26 may simply be configured to utilize look-up
tables, charts, data maps and/or any other suitable data
compilations to determine the actual values based on the

signals provided by the blade sensor(s) 48.
[0035] Referring still to FIG. 4, at 204 and 206, one or
more secondary operating parameters of the wind turbine
10 may be monitored and subsequently analyzed by the
controller 26 to determine predicted values for one or
more of the blade parameters As used herein, the term
"secondary operating parameter" may generally refer to
any suitable operating parameter of the wind turbine 10,
such as one or more blade parameters (e.g., blade de-
flection, blade loading, blade twisting, pitch angle, blade
rotational speed blade vibrations and/or the like) or one
or more non-blade operating parameters (e.g., generator
torque, generator speed, power output, shaft loads, tower
loads, rotor speed, component vibrations, component ac-
celerations (e.g., tower acceleration, machine head ac-
celeration, gearbox acceleration), yaw angle, wind speed
and/or the like). As indicated above, such operating pa-
rameters may be monitored using various sensors (e.g.,
sensors 48, 50, 52, 54, 56) provided on and/or within the
wind turbine 10.
[0036] In several embodiments, the secondary oper-
ating parameter(s) being monitored at 204 may differ
from the blade parameter(s) being monitored at 202. For
example, in a particular embodiment, when the blade
sensors 48 are being utilized to monitor blade loading
and/or blade deflection, the secondary operating param-
eter(s) may correspond to one or a combination of various
other operating parameters, such as a combination of
pitch angle and one or more of generator speed, gener-
ator torque and power output. As such, the predicted val-
ues for the blade parameter may be determined by the
controller 26 without reference to the actual, monitored
values provided by the blade sensors 48.
[0037] It should be appreciated that controller 26 may
be configured to implement any suitable algorithm that
permits for the predicted values to be determined using
the secondary operating parameter(s) as inputs. For in-
stance, in several embodiments, the controller 26 may
be configured to implement a model-based estimation
algorithm. In such embodiments, the mathematical mod-
el may be physics-based, data-driven or a combination
of both physics-based and data-driven models. Regard-
less, the mathematical model may be used as a transfer
function in order to derive the predicted values for the
blade parameter(s) based on the secondary operating
parameter(s).
[0038] In several embodiments, a simplified or com-
plex mathematical model of the wind turbine 10 may be
stored within the controller 26 (e.g., in the form of com-
puter-readable instructions) to allow the controller 26 to
estimate and/or determine predicted values for one or
more of the blade parameters. For example, in one em-
bodiment, a 3D or finite element mathematical model of
the wind turbine may be created using suitable modeling
software and stored within the controller 26. In such an
embodiment, the monitored secondary operating param-
eter(s) may be input into the mathematical model in order
to determine the predicted values for the blade parame-
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ter(s).
[0039] In alternative embodiments, the controller 26
may be configured to determine predicted values for the
blade parameter(s) using any other suitable
means/methodology. For example, instead of calculating
the predicted values using a model-based algorithm, the
controller 26 may simply be configured to utilize look-up
tables, charts, data maps and/or any other suitable data
compilations to determine the predicted values based on
the monitored secondary operating parameter(s).
[0040] After determining the predicted values, at 208,
the actual and predicted values for the blade parame-
ter(s) may be compared. Specifically, for each actual val-
ue determined by the controller 26, a corresponding pre-
dicted value may also be determined. Thereafter, each
actual value may be compared to its corresponding pre-
dicted value to determine the error or differential between
the two values. If the actual value differs from the pre-
dicted value by a given differential threshold, it may be
determined that a transient wind condition exists. As will
be described below, a suitable corrective action may then
be performed to reduce loading on the rotor blades 22
and/or other wind turbine components to alleviate the
effect of the transient event.
[0041] As indicated above, the actual value for the
blade parameter(s) may differ from the predicted value
at any given instant due, at least in part, to rotor inertia
and/or any other operational factors that result in a time
lag between changes in blade loading and changes in
the loading of the other wind turbine components. For
example, FIG. 6 illustrates a simplified representation of
the loads acting on a rotor blade 22 (line 402) and a rotor
shaft 34 (line 404) of the wind turbine 10 as a function of
time. As shown, at point 406, a loading event (e.g., wind
gust) has occurred that causes the loads acting on the
rotor blade 22 to immediately increase. However, due to
rotor inertia and/or other operational factors, the shaft
loading may not begin to increase until a later time (e.g.,
at point 408), thereby creating a time differential 410 in
the loading response between the rotor blade 22 and the
rotor shaft 34. As such, in an embodiment in which the
predicted value for the blade parameter(s) is based on
the loads acting on the rotor shaft 34, the actual value
for the blade parameter(s) may differ substantially from
the predicted value, at the very least, over the time period
defined by time differential 410. Accordingly, the differ-
ence between the actual and predicted values may be
used to identify the occurrence of certain loading events
on the wind turbine 10. It should be appreciated that,
although line 404 in FIG. 6 has been described with ref-
erence to shaft loading, the line may be representative
of the loads acting on any other suitable wind turbine
component in which a time lag exists between changes
in blade loading and changes in the loading for such com-
ponent.
[0042] It should be appreciated that the differential
threshold may generally correspond to any suitable var-
iation amount between the actual and predicted values

for a specific blade parameter that may serve as a trigger
point for initiating a corrective action. For example, in
several embodiments, the differential threshold may be
a +/- variation calculated based on the predicted operat-
ing state of the rotor blades 22 during normal operation.
Specifically, based on data gathered during normal wind
turbine operation, an average predicted value may be
determined for each blade parameter, which may then
be used as the basis for defining the differential threshold.
For example, in one embodiment, the differential thresh-
old for a specific blade parameter may be defined as +/-
two standard deviations from the average predicted value
for such blade parameter during normal wind turbine op-
eration. In another embodiment, the differential threshold
for a given blade parameter may correspond to a +/- var-
iation amount ranging from about 50% to about 80% of
the average predicted value for the blade parameter dur-
ing normal wind turbine operation, such as from about
55% to about 75% of the average predicted value, or
from about 60% to about 70% of the average predicted
value and any other subranges therebetween.
[0043] For example, FIG. 5 illustrates a graph depicting
example tip deflection data for a rotor blade 22, including
both the actual tip deflection values (line 302) determined
using the measurements provided by the blade sensors
48 and the predicted tip deflection values (line 304) de-
termined based on the secondary operating parame-
ter(s). The graph also illustrates the differential threshold
(indicated as the variation 306 between the dashed lines
and line 304) as a predetermined +/- variation from the
predicted deflection values 304. As shown, the actual
deflection values 302 may be continuously compared to
the predicted deflection values 304 to determine if the
difference between the values exceeds the differential
threshold 306, thereby indicating that a transient wind
condition exists. For example, in the illustrated embodi-
ment, a wind gust or other transient event has occurred
at time To, thereby causing the actual deflection values
302 to deviate from the predicted deflection values 304.
If the deviation between the actual and predicted deflec-
tion values 302, 304 remains within the differential
threshold 306, it may be determined that the transient
event is not sufficient to cause an excessive increase in
blade loading or other component loading. However, if
the actual deflection values 302 deviate from the predict-
ed deflection values 304 beyond the differential threshold
306 (e.g., at time T1), it may be determined that the tran-
sient event may be sufficient to cause a substantial in-
crease in the loads acting on the wind turbine 10. As
such, a corrective action may be performed to reduce or
otherwise counteract the resulting component loading.
For instance, as shown in FIG. 5, by performing a cor-
rective action between times T1 and T2, the variation be-
tween the actual and predicted deflection values 302,
304 may be reduced to an amount within the differential
threshold 306.
[0044] Referring back to FIG. 4, at 210, a corrective
action may be performed to reduce the loads acting on
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the wind turbine 10 when the actual value differs from
the predicted value by at least the differential threshold.
In general, the corrective action performed may form all
or part of any suitable mitigation strategy designed to
reduce or otherwise control blade loading and/or any oth-
er suitable wind turbine component loading (e.g., loads
acting on the hub 20, nacelle 16 and/or tower 12). For
example, in several embodiments, the corrective action
may include temporarily de-rating the wind turbine to per-
mit the loads acting on or more of the wind turbine com-
ponents to be reduced or otherwise controlled, which
may include speed de-rating, torque de-rating or a com-
bination of both. For example, in one embodiment, the
wind turbine 10 may be temporally de-rated by pitching
one or more of the rotor blades 22 for a partial or full
revolution of the rotor 18 to permit the loads acting on
the rotor blades 22 and/or other wind turbine components
to be reduced or otherwise controlled. As described
above, the pitch angle of each rotor blade 22 may be
adjusted by controlling its associated pitch adjustment
mechanism 32 (FIG. 2).
[0045] In another embodiment, the wind turbine 10
may be temporarily de-rated by modifying the torque de-
mand on the generator 23. In general, the torque demand
may be modified using any suitable method, process,
structure and/or means known in the art. For instance,
in one embodiment, the torque demand on the generator
24 may be controlled using the turbine controller 26 by
transmitting a suitable control signal/command to the
generator 24 in order to modulate the magnetic flux pro-
duced within the generator 24. As is generally under-
stood, by modifying the torque demand on the generator
224, the rotational speed of the rotor blades may be re-
duced, thereby reducing the aerodynamic loads acting
on the blades 12 and the reaction loads on various other
wind turbine components.
[0046] In a further embodiment, the wind turbine 10
may be temporarily de-rated by yawing the nacelle 16 to
change the angle of the nacelle 16 relative to the direction
of the wind. Specifically, as shown in FIG. 2, the wind
turbine 10 may include one or more yaw drive mecha-
nisms 66 communicatively coupled to the controller 26,
with each yaw drive mechanism(s) 66 being configured
to change the angle of the nacelle 16 relative to the wind
(e.g., by engaging a yaw bearing 68 (also referred to as
a slewring or tower ring gear) of the wind turbine 10). As
is generally understood, the angle of the nacelle 16 may
be adjusted such that the rotor blades 22 are properly
angled with respect to the prevailing wind, thereby re-
ducing the loads acting on one or more of the wind turbine
components. For example, yawing the nacelle 16 such
that the leading edge of each rotor blade 22 points upwind
may reduce loading on the blades 22 as they pass the
tower 12.
[0047] In other embodiments, the corrective action
may comprise any other suitable control action that may
be utilized to reduce the amount of loads acting on one
or more of the wind turbine components as a result of

transient wind conditions. For example, in embodiments
in which a wind turbine 10 includes one or more mechan-
ical brakes (not shown), the controller 26 may be config-
ured to actuate the brake(s) in order to reduce the rota-
tional speed of the rotor blades 22, thereby reducing com-
ponent loading. In even further embodiments, the loads
on the wind turbine components may be reduced by per-
forming a combination of two or more corrective actions,
such as by altering the pitch angle of one or more of the
rotor blades 22 together with modifying the torque de-
mand on the generator 24.
[0048] Additionally, it should be appreciated that the
type and/or severity of the corrective action performed
may be varied depending upon the magnitude of the dif-
ference between the actual and predicted values. For
example, if the difference between the actual and pre-
dicted values exceeds the differential threshold by an
insignificant amount, it may be desirable to de-rate the
wind turbine 10 by a relatively small amount (e.g., by an
amount less than 10 % of the average power output)
and/or for a relatively short period of time (e.g., less than
10 seconds). However, if the difference between the ac-
tual and predicted values exceeds the differential thresh-
old by a significant amount, it may be desirable to de-
rate the wind turbine 10 by a larger percentage (e.g., by
an amount greater than 10% of the average power out-
put) and/or for a longer period of time (e.g., greater than
10 seconds) to ensure that the loads acting on one or
more of the wind turbine components are sufficiently re-
duced in response to the transient event.
[0049] This written description uses examples to dis-
close 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 sys-
tems and performing any incorporated methods. The pat-
entable 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 ele-
ments with insubstantial differences from the literal lan-
guages of the claims.
[0050] Various aspects and embodiments of the
present invention are defined by the following numbered
clauses:

1. A method for reducing loads acting on a wind tur-
bine in response to transient wind conditions, the
method comprising:

determining an actual value for a blade param-
eter of a rotor blade of the wind turbine using a
first sensor associated with the rotor blade;

monitoring a secondary operating parameter of
the wind turbine using a second sensor, the sec-
ondary operating parameter differing from the
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blade parameter;

determining a predicted value for the blade pa-
rameter based on the secondary operating pa-
rameter;

comparing the actual value to the predicted val-
ue; and

performing a corrective action to reduce the
loads acting on the wind turbine if the actual val-
ue differs from the predicted value by at least a
differential threshold.

2. The method of clause 1, wherein the blade pa-
rameter comprises at least one of blade deflection,
blade loading or blade orientation.

3. The method of any preceding clause, wherein the
first sensor comprises a MIMU sensor associated
with the rotor blade.

4. The method of any preceding clause, wherein the
secondary operating parameter comprises at least
one of pitch angle, generator torque, generator
speed, power output, tower load, shaft load rotor
speed, gearbox acceleration, tower acceleration or
machine head acceleration.

5. The method of any preceding clause, wherein de-
termining a predicted value for the blade parameter
based on the secondary operating parameter com-
prises inputting the secondary operating parameter
into a model of the wind turbine to determine the
predicted value.

6. The method of any preceding clause, wherein de-
termining a predicted value for the blade parameter
based on the secondary operating parameter com-
prises determining the predicted value without ref-
erence to the actual value for the blade parameter.

7. The method of any preceding clause, wherein the
differential threshold corresponds to a +/- variation
amount based on an average predicted value for the
blade parameter.

8. The method of any preceding clause, wherein per-
forming a corrective action to reduce loads acting on
the wind turbine if the actual value differs from the
predicted value by at least a differential threshold
comprises de-rating the wind turbine when the actual
value differs from the predicted value by at least the
differential threshold.

9. The method of any preceding clause, wherein de-
rating the wind turbine comprises at least one of
pitching the rotor blade, modifying a torque demand

on a generator of the wind turbine or yawing a nacelle
of the wind turbine.

10. The method of any preceding clause, wherein at
least one of a type or severity of the corrective action
performed is varied depending on a magnitude of
the difference between the actual value and the pre-
dicted value.

11. A method for reducing loads acting on a wind
turbine in response to transient wind conditions, the
method comprising:

determining an actual blade deflection value for
a rotor blade of the wind turbine using a MIMU
sensor associated with the rotor blade;

monitoring a secondary operating parameter of
the wind turbine using a second sensor;

determining a predicted blade deflection value
based on the secondary operating parameter;

comparing the actual blade deflection value to
the reference blade deflection value; and

performing a corrective action to reduce the
loads acting on the wind turbine if the actual
blade deflection value differs from the reference
blade deflection value by at least a differential
threshold.

12. A system for reducing loads acting on a wind
turbine in response to transient wind conditions, the
system comprising:

a first sensor configured to monitor a blade pa-
rameter of a rotor blade of the wind turbine;

a second sensor configured to monitor a sec-
ondary operating parameter of the wind turbine,
the secondary operating parameter differing
from the blade parameter; and

a controller communicatively coupled to the first
and second sensors, the controller being con-
figured to determine an actual value for the blade
parameter based on at least one signal received
from the first sensor and a predicted value for
the blade parameter based on at least one signal
received from the second sensor, the controller
being further configured to compare the actual
and predicted values and, in the event that the
actual value differs from the predicted value by
at least a differential threshold, perform a cor-
rective action to reduce the loads acting on the
wind turbine.
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13. The system of any preceding clause, wherein
the blade parameter comprises at least one of blade
deflection, blade loading or blade orientation.

14. The system of any preceding clause, wherein
the first sensor comprises a MIMU sensor.

15. The system of any preceding clause, wherein
the secondary operating parameter comprises at
least one of pitch angle, generator torque, generator
speed, power output, tower load, shaft load rotor
speed, gearbox acceleration, tower acceleration or
machine head acceleration.

16. The system of any preceding clause, wherein a
mathematical model of the wind turbine is stored
within the controller, the controller being configured
to input the secondary operating parameter into the
mathematical model to determine the predicted val-
ue.

17. The system of any preceding clause, wherein
the controller is configured to determine the predict-
ed value without reference to the actual value for the
blade parameter.

18. The system of any preceding clause, wherein
the differential threshold corresponds to a +/- varia-
tion amount based on an average predicted value
for the blade parameter.

19. The system of any preceding clause, wherein
the corrective action comprises de-rating the wind
turbine

20. The system of any preceding clause, wherein
the controller is configured to vary at least one of a
type or severity of the corrective action performed
based on a magnitude of the difference between the
actual value and the predicted value.

Claims

1. A method (200) for reducing loads acting on a wind
turbine (10) in response to transient wind conditions,
the method (200) comprising:

determining (202) an actual value for a blade
parameter of a rotor blade (22) of the wind tur-
bine (10) using a first sensor (48) associated
with the rotor blade (22);
monitoring (204) a secondary operating param-
eter of the wind turbine (10) using a second sen-
sor (204), the secondary operating parameter
differing from the blade parameter;
determining (206) a predicted value for the blade
parameter based on the secondary operating

parameter;
comparing (208) the actual value to the predict-
ed value; and
performing (210) a corrective action to reduce
the loads acting on the wind turbine (10) if the
actual value differs from the predicted value by
at least a differential threshold.

2. The method (200) of claim 1, wherein the blade pa-
rameter comprises at least one of blade deflection,
blade loading or blade orientation.

3. The method (200) of any preceding claim, wherein
the first sensor (48) comprises a MIMU sensor as-
sociated with the rotor blade (22).

4. The method (200) of any preceding claim, wherein
the secondary operating parameter comprises at
least one of pitch angle, generator torque, generator
speed, power output, tower load, shaft load rotor
speed, gearbox acceleration, tower acceleration or
machine head acceleration.

5. The method (200) of any preceding claim, wherein
determining a predicted value for the blade param-
eter based on the secondary operating parameter
comprises inputting the secondary operating param-
eter into a model of the wind turbine (10) to determine
the predicted value.

6. The method (200) of any preceding claim, wherein
determining a predicted value for the blade param-
eter based on the secondary operating parameter
comprises determining the predicted value without
reference to the actual value for the blade parameter.

7. The method (200) of any preceding claim, wherein
the differential threshold corresponds to a +/- varia-
tion amount based on an average predicted value
for the blade parameter.

8. The method (200) of any preceding claim, wherein
performing a corrective action to reduce loads acting
on the wind turbine (10) if the actual value differs
from the predicted value by at least a differential
threshold comprises de-rating the wind turbine (10)
when the actual value differs from the predicted val-
ue by at least the differential threshold.

9. The method (200) of claim 8, wherein de-rating the
wind turbine (10) comprises at least one of pitching
the rotor blade (22), modifying a torque demand on
a generator (24) of the wind turbine (10) or yawing
a nacelle (64) of the wind turbine (10).

10. The method (200) of any preceding claim, wherein
at least one of a type or severity of the corrective
action performed is varied depending on a magni-
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tude of the difference between the actual value and
the predicted value.

11. A system for reducing loads acting on a wind turbine
(10) in response to transient wind conditions, the sys-
tem comprising:

a first sensor (48) configured to monitor a blade
parameter of a rotor blade (22) of the wind tur-
bine (10);
a second sensor (50, 52, 54, 56) configured to
monitor a secondary operating parameter of the
wind turbine (10), the secondary operating pa-
rameter differing from the blade parameter; and
a controller (26) communicatively coupled to the
first and second sensors (48, 50, 52, 54, 56),
the controller (26) being configured to determine
(202) an actual value for the blade parameter
based on at least one signal received from the
first sensor (48) and a predicted value for the
blade parameter based on at least one signal
received from the second sensor (50, 52, 54,
56), the controller (26) being further configured
to compare (208) the actual and predicted val-
ues and, in the event that the actual value differs
from the predicted value by at least a differential
threshold, perform (210) a corrective action to
reduce the loads acting on the wind turbine (10).

12. The system of claim 11, wherein the blade parameter
comprises at least one of blade deflection, blade
loading or blade orientation.

13. The system of claim 11 or claim 12, wherein the sec-
ondary operating parameter comprises at least one
of pitch angle, generator torque, generator speed,
power output, tower load, shaft load rotor speed,
gearbox acceleration, tower acceleration or machine
head acceleration.

14. The system of any of claims 11 to 13, wherein a
mathematical model of the wind turbine (10) is stored
within the controller (26), the controller (26) being
configured to input the secondary operating param-
eter into the mathematical model to determine the
predicted value.

15. The system of any of claims 11 to 14, wherein the
controller (26) is configured to determine the predict-
ed value without reference to the actual value for the
blade parameter.
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