19 DANMARK (10)

(91)
(49)

(80)

(86)
(86)
(87)

(84)

(73)

(72)

(74)

(94)

(96)

DK/EP 3470669 13

(12) Overseettelse af
europeeisk patentskrift

Patent- g

Varemeerkestyreisen

Int.Cl.: FO3D 7/02(2006.01) FO3D 7/04 (2006.01) FO3D 17/00 (2016.01)

Oversaettelsen bekendtgjort den: 2021-03-15

Dato for Den Europaciske Patentmyndigheds
bekendtgorelse om meddelelse af patentet: 2020-12-09

Europaeisk ansggning nr.: 17382682.7
Europaeisk indleveringsdag: 2017-10-13
Den europaeiske ansggnings publiceringsdag: 2019-04-17

Designerede stater: AL AT BE BG CH CY CZ DE DK EE ES FI FR GB GR HR HU IE IS IT LI LT LU LV
MC MK MT NL NO PL PT RO RS SE Sl SK SM TR

Patenthaver: General Electric Company, 1 River Road, Schenectady, NY 12345, USA

Opfinder: TOMAS, Santiago, Roc Boronat 78, CT 08005 Barcelona, Spanien

PENMATSA, Raveendra, JFWTC, plot 122, EPIP, phase2, Whitefield road, Bangalore, 560066 Karnataka, Indien
GEORG, Soeren, Hofe building, Franklinstrasse 9-15a, 10587 Berlin, Tyskland

SOURI, Ramy Michael, 300 Garlington Road, Greenville, SC 29615, USA

SUNYAK, Ryan Michael, Garlington Road, Greenville, SC 29615, USA

DANIELSEN, Darren John, 300 Garlington Road, Greenville, SC 29615, USA

SLACK, Robert Peter, 11113 Northeast 33rd Place, Bellevue, WA 98004, USA

Fuldmaegtig i Danmark: COPA COPENHAGEN PATENTS K/S, Rosengrns Alle 1, 2. sal, 1970 Frederiksberg C,
Danmark

Benasvnelse: METODE TIL MITIGERING AF LOBSKE VINGEBELASTNINGER | TILFALDE AF EN PITCH-
SYSTEMFEJL

Fremdragne publikationer:
US-A1-2010 123 314
US-A1- 2015 267 684
US-A1- 2015 337 802
US-A1- 2015 361 964



DK/EP 3470669 T3



DK/EP 3470669 T3

DESCRIPTION

FIELD

[0001] The present disclosure relates generally to wind turbines, and more particularly to
systems and methods for mitigating blade run-away loads in the event of a pitch system failure
of a rotor blade of a wind turbine.

BACKGROUND

[0002] Wind power Is considered one of the cleanest, most environmentally friendly energy
sources presently available, and wind turbines have gained increased attention In this regard.
A modern wind turbine typically includes a tower, a generator, a gearbox, a nacelle, and a rotor
Including one or more rotor blades. The rotor blades capture kinetic energy from wind using
known foil principles and transmit the kinetic energy through rotational energy to turn a shaft
coupling the rotor blades to a gearbox, or iIf a gearbox i1s not used, directly to the generator.
The generator then converts the mechanical energy to electrical energy that may be deployed
to a utility grid.

[0003] During operation, the direction of the wind which powers the wind turbine may change.
The wind turbine may thus adjust the nacelle through, for example, a yaw adjustment about a
longitudinal axis of the tower to maintain alignment with the wind direction. In addition, the
Individual rotor blades may rotate about a pitch axis thereof via a pitch system having a pitch
controller.

[0004] During normal operation, the pitch controller receives the pitch commands from the
turbine controller. With this information, the pitch controller sends a pitch rate command (e.g. a
speed reference) to a pitch motor and receives feedback from a pitch system encoder, such as
a pitch motor encoder. The pitch system encoder then sends position feedback to the pitch
controller and the pitch controller calculates the pitch rate from the feedback considering the
sampling time. Documents US 2015/0361964 A1 and US 2015/0337802 A1 are examples of

methods of controlling wind turbine blades by adjusting a pitch angle command.

[0005] If the pitch system encoder fails, however, the controller interprets the feedback signals
as "blade not moving" and increases the speed reference In an attempt to reach the pitch
position command from the controller. This increase speeds up the pitch motor and pitch rate,
thereby producing a blade run-away condition towards power or feather, depending on the
sign of the last speed reference. Additionally, feedback from the pitch controller to the turbine
controller becomes frozen, which 1s similar to the blade stuck condition, even If the rotor blade
actually moves.
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[0006] As such, when the pitch system encoder Is faulted, the pitch controller cannot
determine whether the rotor blade Is moving or not as the controller does not receive pitch
movement feedback. In the blade stuck condition, the turbine controller may receive an
encoder failure signal since current may be going to the pitch motor in an attempt to move the
blade, even If not capable of it.

[0007] In order to effectively reduce loads caused by the blade run-away condition, the turbine
controller needs to be able to differentiate between the blade stuck scenario and the blade run-
away scenario.

[0008] Accordingly, improved systems and methods for identifying the blade run-away
condition in the event of a pitch system failure so as to reduce loads caused thereby would be
desired.

BRIEF DESCRIPTION

[0009] 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.

[0010] In one aspect, the present disclosure Is directed to a method according to claim 1 for
iIdentifying a blade run-away condition in the event of a pitch system failure of a pitch system of
a rotor blade of a wind turbine. The method includes determining, via one or more sensors, an
actual rotor loading of the wind turbine. The method also includes determining, via a turbine
controller, an estimated rotor loading of the wind turbine based on at least one of one or more
operating conditions of the wind turbine or one or more wind conditions of the wind turbine.
Further, the method includes determining a difference between the actual rotor loading and the
estimated rotor loading. As such, the method includes determining whether the blade run-away
condition Is present based on the difference.

[0011] In one embodiment, the step of determining whether the blade run-away condition is
present based on the difference may Iinclude determining whether the difference Is greater
than a predetermined threshold. In another embodiment, the step of determining whether the
blade run-away condition 1s present based on the difference may include determining whether
the estimated rotor loading is less than the actual rotor loading by a predetermined amount.

[0012] In further embodiments, the method may include receiving, by the turbine controller, a
signal from a pitch controller of the pitch system indicative of the pitch system failure.

[0013] In additional embodiments, the operating condition(s) may include one or more pitch
angles of the rotor blades, rotor speed, generator speed, torque output, power output, or any
other suitable turbine operating parameter. Further, the wind condition(s) may include wind
speed, wind direction, turbulence, wind gust, wind shear, or any other wind parameter.
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[0014] Thus, In one embodiment, the step of determining the estimated rotor loading of the
wind turbine based on at least one of one or more operating conditions of the wind turbine or
one or more wind conditions of the wind turbine may include calculating the estimated rotor
loading of the wind turbine as a function of the wind speed, the rotor speed, and the one or
more pitch angles.

[0015] In particular embodiments, the actual rotor loading and the estimated rotor loading may
correspond to any rotor, rotor blade, and/or hub loading of the wind turbine. For example, In
one embodiment, the actual rotor loading and the estimated rotor loading may correspond to

hub flange bending moment, a blade bending moment, or any other loading condition of the
rotor

[0016] In several embodiments, the method may include determining whether the blade run-
away condition Is positioned towards feather or power. In such embodiments, the method may
Include generating a vector of measured actual hub flange bending moments and determining
whether the blade run-away condition 1s positioned towards feather or power based on the
vector.

[0017] In certain embodiments, the method may further include implementing a corrective
action based on the difference.

[0018] In another example, the present disclosure is directed to a system for identifying a
blade run-away condition of a rotor blade of a wind turbine. The system includes a pitch
system for rotating the rotor blade, at least one sensor configured for monitoring an actual
rotor loading of the wind turbine, and a turbine controller communicatively coupled to the at
least one sensor and the pitch controller. Further, the pitch system includes a pitch controller.
The controller includes at least one processor configured to perform one or more operations,
Including but not Iimited to receiving a signal from the pitch controller indicative of a pitch
system failure, in response to receiving the signal, determining an estimated rotor loading of
the wind turbine based on at least one of one or more operating conditions of the wind turbine
or one or more wind conditions of the wind turbine, determining a difference between the
actual rotor loading and the estimated rotor loading, determining whether the blade run-away
condition Is present based on the difference.

[0019] In one example, the sensor(s) may Include proximity sensor, an inductive sensor, a
Miniature Inertial Measurement Unit (MIMU), a pressure sensor, an accelerometer, a Sonic
Detection and Ranging (SODAR) sensor, a Light Detection and Ranging (LIDAR) sensor, an
optical sensor, or similar. It should also be understood that the system may further include any
of the additional features as described herein.

[0020] In yet another aspect, the present disclosure is directed to a method for mitigating loads
In the event of a pitch system failure of a rotor blade of a wind turbine. The method includes
recelving, via a turbine controller, a signal from a pitch controller indicative of the pitch system
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fallure. Further, the method includes determining, via one or more sensors, an actual rotor
loading of the wind turbine. The method also includes determining, via the turbine controller,
an estimated rotor loading of the wind turbine based on at least one of one or more operating
conditions of the wind turbine or one or more wind conditions of the wind turbine. Another step
Includes determining, via the turbine controller, a difference between the actual rotor loading
and the estimated rotor loading. The method further includes determining, via the turbine
controller, whether a defective blade condition 1s present in the rotor blade based on the
difference. If the defective blade condition Is present, the method also includes implementing a
corrective action based on a type of the defective blade condition.

[0021] In certain embodiments, the type of the defective blade condition may include a blade
run-away condition or a blade stuck condition. It should also be understood that the method
may further include any of the additional features and/or steps as described herein.

[0022] 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,
llustrate embodiments of the invention and, together with the description, serve to explain the
principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] A full and enabling disclosure of the present invention, including the best mode thereof,
directed to one of ordinary skill in the art, i1s set forth in the specification, which makes
reference to the appended figures, in which:

FIG. 1 lllustrates a perspective view of one embodiment of a wind turbine according to the
present disclosure;

FIG. 2 illustrates a perspective, internal view of a nacelle of a wind turbine according to one
embodiment of the present disclosure;

FIG. 3 lllustrates a schematic diagram of one embodiment of suitable components that may be
Included in a wind turbine controller according to the present disclosure;

FIG. 4 illustrates a flow diagram of one embodiment of a method for identifying a blade run-
away condition in the event of a pitch system failure of a rotor blade of a wind turbine and
reducing loads based on same according to the present disclosure;

FIG. 5 illustrates a schematic diagram of one embodiment of a system for identifying a blade
run-away condition in the event of a pitch system failure of a rotor blade of a wind turbine and
reducing loads based on same according to the present disclosure;

FIG. 6 illustrates a graph of one embodiment of the maximum value of the difference between
the actual hub flange bending moment and the estimated hub flange bending moment for each
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one of the time series simulated (y-axis) and the average wind speed of those time series (x-
axis) according to the present disclosure; and

FIG. 7 lllustrates a perspective view of one embodiment of a wind turbine according to the
present disclosure, particularly illustrating various variables utilized to calculate a vector for
determining blade run-away condition type.

DETAILED DESCRIPTION

[0024] Reference now will be made in detaill to embodiments of the invention, one or more
examples of which are Illustrated Iin the drawings. Each example is provided by way of
explanation of the invention, not limitation of the invention. In fact, it will be apparent to those
skilled in the art that various modifications and variations can be made in the present invention
without departing from the scope of the claims. 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 i1s Iintended that the present invention covers such modifications and
variations as come within the scope of the appended claims.

[0025] Referring now to the drawings, FIG. 1 illustrates perspective view of one example of a
wind turbine 10 according to the present disclosure. As shown, the wind turbine 10 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
llustrated example, the rotor 18 includes three rotor blades 22. However, In an alternative
example, the rotor 18 may include more or less than three rotor blades 22. Each rotor blade 22
may be spaced about the hub 20 to facilitate rotating the rotor 18 to enable kinetic energy to
be transferred from the wind into usable mechanical energy, and subsequently, electrical
energy. For instance, the hub 20 may be rotatably coupled to an electric generator 24 (FIG. 2)
positioned within the nacelle 16 to permit electrical energy to be produced.

[0026] Referring now to FIG. 2, a simplified, internal view of one example of the nacelle 16 of
the wind turbine 10 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 of the wind turbine 10 for
generating electrical power from the rotational energy generated by the rotor 18. For example,
the rotor 18 may Include a main shaft 40 coupled to the hub 20 for rotation therewith. The
generator 24 may then be coupled to the main shaft 40 such that rotation of the main shaft 40
drives the generator 24. For instance, in the illustrated embodiment, the generator 24 includes
a generator shaft 42 rotatably coupled to the main shaft 40 through a gearbox 44. However, In
other examples, it should be appreciated that the generator shaft 42 may be rotatably coupled
directly to the main shaft 40. Alternatively, the generator 24 may be directly rotatably coupled
to the main shaft 40. It should be appreciated that the main shaft 40 may generally be
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supported within the nacelle 16 by a support frame or bedplate 46 positioned atop the wind
turbine tower 12.

[0027] As shown In FIGS. 1 and 2, the wind turbine 10 may also include a turbine control
system or a turbine controller 26 within the nacelle 16. For example, as shown In FIG. 2, the
turbine controller 26 Is disposed within a control cabinet 52 mounted to a portion of the nacelle
16. However, 1t should be appreciated that the turbine controller 26 may be disposed at any
location on or in the wind turbine 10, at any location on the support surface 14 or generally at
any other location. The turbine controller 26 may generally be configured to control the various
operating modes (e.g., start-up or shut-down sequences) and/or components of the wind
turbine 10.

[0028] In addition, as shown In FIG. 2, one or more sensors 5/, 58, 59 may be provided on the
wind turbine 10. More specifically, as shown, a blade sensor 57 may be configured with one or
more of the rotor blades 22 to monitor the rotor blades 22, e.g. for loads, which 1s described In
more detall herein. Further, as shown, a hub sensor 59 may be configured with the hub 20 to
monitor the hub 20, e.g. for loads, which Is described iIn more detail herein. It should also be
appreciated that, as used herein, the term "monitor” and variations thereof indicates that the
various sensors of the wind turbine 10 may be configured to provide a direct measurement of
the parameters being monitored or an indirect measurement of such parameters. Thus, the
sensors described herein may, for example, be used to generate signals relating to the
parameter being monitored, which can then be utilized by the controller 26 to determine the
condition.

[0029] In one example, the sensor(s) 57, 58 may Include proximity sensor, an inductive
sensor, a Miniature Inertial Measurement Unit (MIMU), a pressure sensor, an accelerometer, a
Sonic Detection and Ranging (SODAR) sensor, a Light Detection and Ranging (LIDAR) sensor,
an optical sensor, or similar. It should also be understood that the system may further include
any of the additional features as described herein.

[0030] Further, as shown, a wind sensor 58 may be provided on the wind turbine 10. The wind
sensor 58, which may for example be a wind vane, and anemometer, and LIDAR sensor, or
another suitable sensor, may measure wind speed and direction. As such, the sensors 57, 58,
59 may further be in communication with the controller 26, and may provide related information
to the controller 26.

[0031] Further, the turbine controller 26 may also be communicatively coupled to various
components of the wind turbine 10 for generally controlling the wind turbine 10 and/or such
components. For example, the turbine controller 26 may be communicatively coupled to the
yaw drive mechanism(s) 38 of the wind turbine 10 for controlling and/or altering the yaw
direction of the nacelle 16 relative to the direction 28 (FIG. 1) of the wind. Further, as the
direction 28 of the wind changes, the turbine controller 26 may be configured to control a yaw
angle of the nacelle 16 about a yaw axis 36 to position the rotor blades 22 with respect to the
direction 28 of the wind, thereby controlling the loads acting on the wind turbine 10. For
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example, the turbine controller 26 may be configured to transmit control signals/commands to
a yaw drive mechanism 38 (FIG. 2) of the wind turbine 10, via a yaw controller or direct

transmission, such that the nacelle 16 may be rotated about the yaw axis 36 via a yaw bearing
56.

[0032] Similarly, the turbine controller 26 may also be communicatively coupled to a pitch
system 30 having a plurality of pitch adjustment mechanisms 33 (one of which I1s shown)
through the pitch controller 32 for controlling and/or altering the pitch angle of the rotor blades
22 (l.e., an angle that determines a perspective of the rotor blades 22 with respect to the
direction 28 of the wind). For instance, the turbine controller 26 and/or the pitch controller 32
may be configured to transmit a control signal/command to each pitch adjustment mechanism
33 such that one or more actuators (not shown) of the pitch adjustment mechanism 33 may be
utilized to adjust the pitch angle of the rotor blades 22 by rotating the blades 22 along their
pitch axes 34 via a pitch bearing 54. The turbine controller 26 may control the pitch angle of
the rotor blades 22, either individually or simultaneously, by transmitting suitable control
signals/commands to a pitch controller of the wind turbine 10, which may be configured to
control the operation of a plurality of pitch drives or pitch adjustment mechanisms 33 (FIG. 2)
of the wind turbine, or by directly controlling the operation of the plurality of pitch drives or pitch
adjustment mechanisms.

[0033] Referring now to FIG. 3, there is illustrated a block diagram of one embodiment of
suitable components that may be Iincluded within the controller 26 according to the present
disclosure. As shown, the controller 26 may Include one or more processor(s) 60 and
associated memory device(s) 62 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 26 may also include a communications
module 64 to facilitate communications between the controller 26 and the various components
of the wind turbine 10. Further, the communications module 64 may include a sensor interface
66 (e.g., one or more analog-to-digital converters) to permit signals transmitted from one or
more sensors 57, 58, 59 to be converted into signals that can be understood and processed by
the processors 60. It should be appreciated that the sensors 57, 58, 59 may be
communicatively coupled to the communications module 64 using any suitable means. For
example, as shown In FIG. 3, the sensors 57, 58, 59 are coupled to the sensor interface 66 via
a wired connection. However, In other embodiments, the sensors 57, 58, 59 may be coupled to
the sensor Interface 66 via a wireless connection, such as by using any suitable wireless
communications protocol known In the art.

[0034] 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) 62 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
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(MOD), a digital versatile disc (DVD) and/or other suitable memory elements. Such memory
device(s) 62 may generally be configured to store suitable computer-readable instructions that,
when implemented by the processor(s) 60, configure the controller 26 to perform various
functions Including, but not limited to, transmitting suitable control signals to implement
corrective action(s) In response to a distance signal exceeding a predetermined threshold as
described herein, as well as various other suitable computer-implemented functions.

[0035] As discussed above, the wind turbine 10, such as the nacelle 16 thereof, may rotate
about the yaw axis 36 as required. In particular, rotation about the yaw axis 36 may occur due
to changes in the wind direction 28, such that the rotor 18 Is aligned with the wind direction 28.
In addition, the pitch controller(s) 32 is configured to communicate with the turbine controller
26 regarding the wind direction 28, blade loading, etc. As such, the pitch controller(s) 32
control the pitch drive mechanism(s) 33 so as to rotate the rotor blades 22 about the pitch axes
34. When the pitch controller 32 is faulted, however, the turbine controller 26 cannot determine
whether the rotor blades 22 are moving or not as the pitch controller 32 is incapable of sending
pitch movement feedback. Thus, Iin such situations, the turbine controller 26 i1s configured to
Implement a control strategy to reduce loads on the faulted rotor blade and/or to prevent rotor
Imbalance.

[0036] Referring now to FIGS. 4 and 5, a method 100 and system 200 for identifying a blade
run-away condition in the event of a pitch system failure such that loads associated with the
fallure can be mitigated are illustrated, respectively. More specifically, as shown In FIG. 4, a
flow diagram of one embodiment of the method 100 for identifying a blade run-away condition
In the event of a pitch system failure is illustrated. As shown at 102, the method 100 Includes
recelving, by the turbine controller 26, a signal from the pitch controller 32 indicative of the
pitch system failure. As shown at 104, the method 100 includes determining, via one or more
sensors 5/, 58, 59, an actual rotor loading of the wind turbine 22, such as an actual hub flange
bending moment or an actual blade root moment. For example, as shown in FIG. 5, the turbine
controller 26 may receive sensor signals from the wind turbine sensors 57, 58, 59 so as to
determine a measured rotor moment 202.

[0037] Referring back to FIG. 4, as shown at 106, the method 100 further includes
determining, via the turbine controller 26, an estimated rotor loading of the wind turbine 22,
e.g. an estimated actual hub flange bending moment, based on one or more operating
conditions and/or wind conditions of the wind turbine 10. In certain embodiments, the operating
condition(s) may include pitch angles of the rotor blades 22, rotor speed, generator speed,
torque output, power output, or any other suitable turbine operating parameter. Further, the
wind condition(s) may include wind speed, wind direction, turbulence, wind gust, wind shear, or
any other wind parameter. Moreover, certain operating and/or wind conditions may be
estimated rather than directly monitored.

[0038] For example, as shown In FIG. 5, the turbine controller 26 may include a wind speed
estimator 206 configured to generate an estimated wind speed vost. As such, the wind speed

estimator 206 may be configured to receive wind turbine operating data which may include any
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of the following: a pitch angle, a generator speed, a power output, a torque output, a
temperature, a pressure, a tip speed ratio, an air density, or other similar operation condition.
The wind speed estimator 206 then calculates the estimated wind speed as a function of
various combinations of the operating data. In one embodiment, for example, the wind speed
estimator 206 may implement a control algorithm having a series of equations to determine the
estimated wind speed as a function of the pitch angle, the generator speed, the power output,
and the air density. Further, the equations may be solved using the operating data and one or
more blade model parameters. In one embodiment, the blade model parameters are
dimensional or non-dimensional tables that describe rotor loading and performance (e.g.
power, thrust, torque, or bending moment, or similar) under given conditions (e.g. density, wind
speed, rotor speed, pitch angles, or similar). As such, the blade model parameters may
Include: power coefficient, thrust coefficient, torque coefficient, and/or partial derivatives with
respect to pitch angle, rotor speed, or tip speed ratio. Alternatively, the blade model
parameters can be dimensional power, thrust, and/or torque values instead of coefficients.
Thus, as shown In FIG. 5, the turbine controller 26 may calculate a thrust model for each blade
208 as a function of the estimated wind speed vqst, the rotor speed w,, and one or more pitch

angles 6 of the rotor blades 22. The turbine controller 26 can then calculate the estimated rotor
moment 204 as a function of the thrust coefficient per blade 208 and/or the rotor position ¢,,

depending on the type of rotor loading being calculated.

[0039] Referring back to FIG. 4, as shown at 108, the method 100 Iincludes determining a
difference between the actual rotor loading or moment and the estimated rotor loading or
moment. For example, as shown In FIG. 5, the turbine controller 26 compares the measured
rotor blade moment 202 and the estimated rotor moment 204 at 210 to determine the
difference 212 therebetween. Thus, the turbine controller 26 can determine whether a
defective blade condition is present in the rotor blade 22 based on the difference 212. As used
herein, the defective blade condition may encompass various types of conditions, including but
not limited to a blade run-away condition or a blade stuck condition.

[0040] Thus, as shown at 110 of FIG. 4, the illustrated method 100 Iincludes determining
whether the blade run-away condition Is present based on the difference 212. More
specifically, in one embodiment, if the pitch position feedback is wrong due to a pitch system
failure or loss (e.g. such as a pitch motor encoder failure), the difference will be higher than in
any other scenario. As such, the turbine controller 26 may determine whether the difference
212 Is greater than a predetermined threshold. More specifically, as shown in FIG. 6, a graph
of one embodiment of the maximum value of the difference between the actual hub flange
bending moment and the estimated hub flange bending moment for each one of the time
series simulated (y-axis) and the average wind speed of those time series (x-axis) according to
the present disclosure is illustrated. As shown, the difference 304 between the measured hub
flange bending moment and the estimated hub flange bending moment for the blade run-away
condition 1s above a threshold 302, whereas the difference 306 between the measured hub
flange bending moment and the estimated hub flange bending moment for the blade stuck
condition Is lower than the threshold 302. In another embodiment, the turbine controller 26
may determine whether the estimated rotor loading I1s less than the actual rotor loading by a
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predetermined amount.

[0041] Referring back to FIG. 4, if the defective blade condition Is present, as shown at 112,
the method 100 may further include implementing a corrective action based on the between
the actual rotor loading and the estimated rotor loading. For example, Iin certain embodiments,
the corrective action may include shutting down the wind turbine 10, braking the wind turbine
10, de-rating the wind turbine 10, or up-rating the wind turbine 10. In further embodiments, de-
rating or up-rating the wind turbine 10 may include altering a pitch angle of one or more of the
rotor blades 22, modifying a generator torque, modifying a generator speed, modifying a
power output, yawing the nacelle 16 of the wind turbine 10, braking one or more wind turbine

components, activating an airflow modifying element on one of the rotor blades 22, or any
combination thereof.

[0042] Once the blade run-away condition has been confirmed, the method 100 may also
Include determining whether the blade run-away condition Is positioned towards feather (i.e.
pitch movement towards idling pitch) or power (i.e. pitch movement towards minimum/fine
pitch). In such embodiments, the method 100 may include generating a vector of measured
actual hub flange bending moments of the rotor blade 22 and determining whether the blade
run-away condition 1s positioned towards feather or power based on the vector. Thus, the
measured hub flange bending moment can be used, as a vector, to differentiate between blade
run-away towards power (l.e. the hub 20 bending towards the tower 12 in the position of a
faulted blade) or towards feather (1.e. the hub 20 bending towards the tower 12 in the position
of faulted blade + 180 degrees).

[0043] For example, FIG. 7 illustrates a faulted rotor blade according to the present disclosure.
As shown, one of the sensors 57, 58, 59 described herein measures a nodding moment D of
the wind turbine 10, considering both aerodynamic and gravity loads. Further, as shown, one
of the sensors 57, 58, 59 described herein measures a yawing moment Q of the wind turbine
10. Considering the gravity offset, the turbine controller 26 then calculates the measured hub
flange bending moment MrRf as a vector, where vy 1s the vector angle with the rotor blade In
the six o'clock position and a 1s the angle between the yawing moment (-Q) and the MrRf
vector. In general, If the rotor position of the faulted blade minus y equals 90 degrees, then the
faulted blade In the run-away condition is moving towards power. Further, If the rotor position
of the faulted blade minus y equals negative 90 degrees, then the faulted blade In the run-
away condition iIs moving towards feather. As such, by knowing the rotor position RP of B1
(which In this case Is about 120 degrees), If v I1s close to 30 degrees, then B1 is faulted with

run-away towards power. In contrast, If vy Is close to 210 degrees, then B1 i1s faulted with run-
away towards feather.

[0044] This written description uses examples to disclose the invention, including the best
mode, and also to enable any person skilled Iin 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 appended claims.
320049-1/GECW-323 COMPONENT LIST
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Reference Character Component
10 Wind Turbine

‘CQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCHCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCC\‘CQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCMCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCCQCC\

16 Nacelle
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24 Generator

o+

26 Turbine Controller
28 Wind Direction
30 Pitch System
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KRAV

1. Fremgangsmadde til identifikation af en Igbsk vingetilstand (ENG: blade run-away condition) i tilfaelde
af en pitch-systemfejl af en rotorvinge af en vindmglle, hvor fremgangsmaden omfatter:
bestemmelse, via en eller flere sensorer, af en faktisk rotorbelastning af vindmgllen;
bestemmelse, via en turbinestyreenhed, af en estimeret rotorbelastning af vindmgllen
baseret pa mindst en af en eller flere driftstilstande af vindmgllen eller en eller flere
vindforhold for vindmgllen;
bestemmelse af en forskel mellem den faktiske rotorbelastning og den estimerede
rotorbelastning; og,
bestemmelse af, om den Igbske vingetilstand er til stede baseret pa forskellen.

2. Fremgangsmade ifglge krav 1, hvor bestemmelse af om den Igbske vingetilstand er til stede, baseret
pa forskellen, yderligere omfatter bestemmelse af om forskellen er stgrre end en forudbestemt
teerskelvaerdi.

3. Fremgangsmade ifglge krav 1, hvor bestemmelse af om den Igbske vingetilstand er til stede, baseret
pa forskellen, yderligere omfatter bestemmelse af om den estimerede rotorbelastning er mindre end
den faktiske rotorbelastning med en forudbestemt starrelse.

4. Fremgangsmadde ifglge krav 1, yderligere omfattende at turbinestyreenheden modtager et signal fra
en pitch-styreenhed af pitchsystemet, der indikerer pitch-systemfejl.

5. Fremgangsmadde ifglge krav 1, hvor den ene eller de flere driftstilstande omfatter mindst en af en
eller flere pitch-vinkler af rotorbladene, rotorhastighed, generatorhastighed, udgangsmoment eller
effekt.

6. Fremgangsmadde ifglge krav 5, hvor den ene eller de flere vindforhold omfatter mindst en af
vindhastighed, vindretning, turbulens, vindstad eller vindgradient, og hvor bestemmelse af den
estimerede rotorbelastning af vindmgllen baseret pa mindst en af en eller flere driftstilstande af
vindmgllen eller en eller flere vindforhold for vindmgllen, yderligere omfatter beregning af den
estimerede rotorbelastning af vindmgllen som en funktion af vindhastigheden, rotorhastigheden og den
ene eller de flere pitch-vinkler.

7. Fremgangsmade ifglge krav 1, hvor den faktiske rotorbelastning og den estimerede rotorbelastning
omfatter mindst en af et navflangebgjningsmoment eller et vingebgjningsmoment.
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8. Fremgangsmadde ifalge krav 7, yderligere omfattende bestemmelse af, om den Igbske vingetilstand er
positioneret imod en kantstillet position eller imod en effektgenererende position (ENG: is positioned
towards feather or power).

5 9. Fremgangsmade ifglge krav 8, yderligere omfattende generering af en vektor af malte faktiske
navflangebgjningsmomenter og bestemmelse af om den lgbske vingetilstand er positioneret imod en
kantstillet position eller imod en effektgenererende position, baseret pa vektoren.

10. Fremgangsmdde ifglge krav 1, yderligere omfattende implementering af en korrigerende handling
10  baseret pa forskellen.
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