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(57) ABSTRACT

A method for balancing a rotor of a rotary machine, wherein
the rotor includes at least two rotor blades and a rotor shatt,
includes receiving at least one measurement of either a load,
an acceleration, or a displacement that pertains to at least one
bending moment acting on the rotor shaft, determining at
least one value of the at least one bending moment acting on
the rotor shaft based, at least in part, on the received at least
one measurement, and determining a pitch offset angle value
of at least one rotor blade that facilitates reducing the at least
one bending moment acting on the rotor shaft.

24 Claims, 4 Drawing Sheets
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RECEIVE ONE OR MORE MEASUREMENTS
OF EITHER A LOAD, AN ACCELERATION,
AND/OR A DISPLACEMENT THAT PERTAINS
TO ONE OR MORE BENDING MOMENTS
ACTING ON ROTOR SHAFT 30"

100

J

—102

DETERMINE ONE OR MORE VALUES OF THE
BENDING MOMENT(S) ACTING ON ROTOR
SHAFT 30 BASED, AT LEAST IN PART, ON
THE RECEIVED 102 MEASUREMENT(S)

DETERMINE A PITCH OFFSET ANGLE VALUE
FOR ONE OR MORE ROTOR BLADES 24 BASED

MOMENT(S) ACTING ON ROTOR SHAFT 30

ON THE DETERMINED VALUE(S) OF THE BENDING

_—106

CHANGE A PITCH ANGLE OF ONE OR MORE
BLADES 24 BASED ON THE RESPECTIVE
DETERMINED PITCH OFFSET ANGLE VALUE
OF ONE OR MORE BLADES 24

FIG. 4
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METHODS AND APPARATUS FOR
BALANCING A ROTOR

BACKGROUND OF THE INVENTION

This invention relates generally to rotors, and more spe-
cifically to methods and apparatus for balancing a rotor.

Utility grade wind turbines (i.e., wind turbines designed to
provide electrical power to a utility grid) can sometimes have
rotors of 30 or more meters in diameter. Imbalanced loading
in the rotating frame acting on at least some known rotors may
occur due to mass imbalance in the blade set, geometrical
irregularities in rotor and/or blade mounting, differences in
aerodynamic geometry (section, bend, and/or twist) between
the blades, and/or differences in pitch angle zero point
between the blades. Such imbalanced loads acting on the
rotor may be induced to other components of the wind tur-
bine, which may have an impact upon a number of fatigue
cycles some components of the wind turbine experience. For
example, unbalanced loads acting on the rotor may facilitate
fatigue damage of a bedplate that connects a tower of the wind
turbine to the ground, may facilitate damage to and/or failure
of portions of a nacelle of the wind turbine, and/or may
facilitate damage to and/or failure of other components of the
wind turbine, such as, but not limited to, main shaft bearings,
a yaw system of the wind turbine, and/or the wind turbine
tower.

BRIEF DESCRIPTION OF THE INVENTION

In one aspect, a method is provided for balancing a rotor of
a rotary machine, wherein the rotor includes at least two rotor
blades and a rotor shaft. The method includes receiving at
least one measurement of either a load, an acceleration, or a
displacement that pertains to at least one bending moment
acting on the rotor shaft, determining at least one value of the
at least one bending moment acting on the rotor shaft based,
at least in part, on the received at least one measurement, and
determining a pitch offset angle value of at least one rotor
blade that facilitates reducing the at least one bending
moment acting on the rotor shaft.

In another aspect, a rotary machine includes a rotor having
a hub, at least two rotor blades coupled to the hub, and a rotor
shaft coupled to the hub for rotation therewith. The rotary
machine also includes at least one blade pitch actuator
coupled to the at least two rotor blades for controlling an
angle of pitch of the at least two rotor blades, at least one
sensor configured to measure at least one of a load, an accel-
eration, and a displacement that pertains to at least one bend-
ing moment acting on the rotor shaft, and a processor coupled
to the at least one blade pitch actuator and coupled to the at
least one sensor. The processor is configured to balance the
rotor by receiving, from the at least one sensor, at least one
measurement of either a load, an acceleration, or a displace-
ment that pertains to at least one bending moment acting on
the rotor shaft, determining at least one value of the at least
one bending moment acting on the rotor shaft based, at least
in part, on the received at least one measurement, and deter-
mining a pitch offset angle value for at least one rotor blade
that facilitates reducing the at least one bending moment
acting on the rotor shaft.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective of an exemplary wind turbine.
FIG. 2 is a partially cut-away perspective view of a portion
of the wind turbine shown in FIG. 1.
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FIG. 3 is a schematic diagram of the wind turbine shown in
FIGS. 1 and 2.

FIG. 4 is a flowchart illustrating an exemplary embodiment
of'a method for balancing a rotor, such as, but not limited to,
a rotor of the wind turbine shown in FIGS. 1-3.

DETAILED DESCRIPTION OF THE INVENTION

As used herein, the term “blade” is intended to be repre-
sentative of any device that provides reactive force when in
motion relative to a surrounding fluid. As used herein, the
term “wind turbine” is intended to be representative of any
device that generates rotational energy from wind energy, and
more specifically, converts kinetic energy of wind into
mechanical energy. As used herein, the term “wind generator”
is intended to be representative of any wind turbine that
generates electrical power from rotational energy generated
from wind energy, and more specifically, converts mechani-
cal energy converted from kinetic energy of wind to electrical
power. As used herein, the term “windmill” is intended to be
representative of any wind turbine that uses rotational energy
generated from wind energy, and more specifically mechani-
cal energy converted from kinetic energy of wind, for a pre-
determined purpose other than generating electrical power,
such as, but not limited to, pumping a fluid and/or grinding a
substance.

FIG. 1 is a perspective of an exemplary embodiment of an
exemplary wind turbine 10. Wind turbine 10 described and
illustrated herein is a wind generator for generating electrical
power from wind energy. However, in some embodiments,
wind turbine 10 may be, in addition or alternative to a wind
generator, any type of wind turbine, such as, but not limited
to, a windmill (not shown). Moreover, wind turbine 10
described and illustrated herein includes a horizontal-axis
configuration. However, in some embodiments, wind turbine
10 may include, in addition or alternative to the horizontal-
axis configuration, a vertical-axis configuration (not shown).
Wind turbine 10 may be coupled to an electrical load (not
shown), such as, but not limited to, a power grid (not shown),
for receiving electrical power therefrom to drive operation of
wind turbine 10 and/or its associated components and/or for
supplying electrical power generated by wind turbine 10
thereto. Although only one wind turbine 10 is shown in FIG.
1-3, in some embodiments a plurality of wind turbines 10 may
be grouped together, sometimes referred to as a “wind farm”
and/or a “wind park”.

Wind turbine 10 includes a body 16, sometimes referred to
as a “nacelle”, and a rotor (generally designated by 18)
coupled to body 16 for rotation with respect to body 16 about
an axis of rotation 20. In the exemplary embodiment, nacelle
16 is mounted on a tower 14. However, in some embodiments,
in addition or alternative to tower-mounted nacelle 16, wind
turbine 10 includes a nacelle 16 adjacent the ground and/or a
surface of water. The height of tower 14 may be any suitable
height enabling wind turbine 10 to function as described
herein. Rotor 18 includes ahub 22 and a plurality of blades 24
(sometimes referred to as “airfoils”) extending radially out-
wardly from hub 22 for converting wind energy into rota-
tional energy. Although rotor 18 is described and illustrated
herein as having three blades 24, rotor 18 may have any
number of blades 24. Blades 24 may each have any length
(whether described and/or illustrated herein). For example, in
some embodiments one or more rotor blades 24 are about 0.5
meters long, while in some embodiments one or more rotor
blades 24 are about 50 meters long. Other examples of blade
24 lengths include 10 meters or less, about 20 meters, about
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37 meters, and about 40 meters. Still other examples include
rotor blades between about 50 and about 100 meters long.

Despite how rotor blades 24 are illustrated in FIG. 1, rotor
18 may have blades 24 of any shape, and may have blades 24
of any type and/or any configuration, whether such shape,
type, and/or configuration is described and/or illustrated
herein. One example of another type, shape, and/or configu-
ration of rotor blades 24 is a ducted rotor (not shown) having
a turbine (not shown) contained within a duct (not shown).
Another example of another type, shape, and/or configuration
of rotor blades 24 is a traditional windmill for pumping water,
such as, but not limited to, four-bladed rotors having wooden
shutters and/or fabric sails, Moreover, wind turbine 10 may,
in some embodiments, be a wind turbine wherein rotor 18
generally faces upwind to harness wind energy, and/or may be
a wind turbine wherein rotor 18 generally faces downwind to
harness energy. Of course, in any embodiments, rotor 18 may
not face exactly upwind and/or downwind, but may face
generally at any angle (which may be variable) with respectto
a direction of the wind to harness energy therefrom.

Referring now to FIGS. 2 and 3, in the exemplary embodi-
ment, wind turbine 10 includes an electrical generator 26
coupled to rotor 18 for generating electrical power from the
rotational energy generated by rotor 18. Generator 26 may be
any suitable type of electrical generator, such as, but not
limited to, a wound rotor induction generator. Generator 26
includes a stator (not shown) and a rotor (not shown). Rotor
18 includes a rotor shaft 30 coupled to rotor hub 22 for
rotation therewith. A main bearing 31 is coupled to rotor shaft
30 to facilitate supporting rotor shaft 30 and to facilitate
rotation of rotor shaft 30. Generator 26 is coupled to rotor
shaft 30 such that rotation of rotor shaft 30 drives rotation of
the generator rotor, and therefore operation of generator 26.
In the exemplary embodiment, the generator rotor has a rotor
shaft 28 coupled thereto and coupled to rotor shaft 30 such
that rotation of rotor shaft 30 drives rotation of the generator
rotor. In other embodiments, the generator rotor is directly
coupled to rotor shaft 30, sometimes referred to as a “direct-
drive wind turbine”. In the exemplary embodiment, generator
rotor shaft 28 is coupled to rotor shaft 30 through a gearbox
32, although in other embodiments generator rotor shaft 28 is
coupled directly to rotor shaft 30. More specifically, in the
exemplary embodiment gearbox 32 has a low speed side 34
coupled to rotor shaft 30 and a high speed side 36 coupled to
generator rotor shaft 28. The torque of rotor 18 drives the
generator rotor to thereby generate electrical power from
rotation of rotor 18 for delivery to an electrical load (not
shown), such as, but not limited to a power grid (not shown),
coupled to generator 26. General operation of the electrical
generator to generate electrical power from the rotational
energy of rotor 18 is known in the art and therefore will not be
described in more detail herein.

In some embodiments, wind turbine 10 may include one or
more control systems 40 coupled to some or all of the com-
ponents of wind turbine 10 for generally controlling opera-
tion of wind turbine 10 and/or as some or all of the compo-
nents thereof (whether such components are described and/or
illustrated herein). In the exemplary embodiment, control
system(s) 40 is mounted within nacelle 16. However, addi-
tionally or alternatively, one or more control systems 40 may
be remote from nacelle 16 and/or other components of wind
turbine 10. Control system(s) 40 may be used for, but is not
limited to, overall system monitoring and control including,
for example, pitch and speed regulation, high-speed shaft and
yaw brake application, yaw and pump motor application,
and/or fault monitoring. Alternative distributed or centralized
control architectures may be used in some embodiments.
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In some embodiments, wind turbine 10 may include a disc
brake (not shown) for braking rotation of rotor 18 to, for
example, slow rotation of rotor 18, brake rotor 18 against full
wind torque, and/or reduce the generation of electrical power
from electrical generator 26. Furthermore, in some embodi-
ments, wind turbine 10 may include a yaw system 42 for
rotating nacelle 16 about an axis of rotation 44 for changing a
yaw of rotor 18, and more specifically for changing a direc-
tion faced by rotor 18 to, for example, adjust an angle between
the direction faced by rotor 18 and a direction of wind. Yaw
system 42 may be coupled to control system(s) 40 for control
thereby. In some embodiments, wind turbine 10 may include
anemometry 46 for measuring wind speed and/or wind direc-
tion. Anemometry 46, in some embodiments, may be coupled
to control system(s) 40 for sending measurements to control
system(s) 40 for processing thereof. For example, and
although anemometry 46 may be coupled to control system(s)
40 for sending measurements thereto for controlling other
operations of wind turbine 10, anemometry 46 may send
measurements to control system(s) 40 for controlling and/or
changing a yaw of rotor 18 using yaw system 42. Alterna-
tively, anemometry 46 may be coupled directly to yaw system
42 for controlling and/or changing a yaw of rotor 18.

In the exemplary embodiment, wind turbine 10 includes a
plurality of sensors 48, each coupled to a corresponding blade
24 for measuring a pitch of each blade 24, or more specifically
an angle of each blade 24 with respect to a wind direction
and/or with respect to rotor hub 22. Sensors 48 may be any
suitable sensor having any suitable location within or remote
to wind turbine 10, such as, but not limited to, optical encod-
ers within pitch system 56 (described below). In some
embodiments, sensors 48 are coupled to control system(s) 40
for sending pitch measurements to control system(s) 40 for
processing thereof.

In the exemplary embodiment, wind turbine 10 includes
one or more sensors 50 positioned to measure loads, accel-
erations, and/or displacements that pertain to one or more
bending moments acting on rotor shaft 30, which are caused
by imbalanced loads acting on rotor 18. Sensor(s) 50 may
measure loads, accelerations, and/or displacements within
any component of wind turbine 10, including rotating com-
ponents and/or non-rotating components (sometimes referred
to as fixed-frame components) of wind turbine 10. For
example, sensor(s) 50 may measure loads, accelerations, and/
or displacements within, but not limited to, a housing 51 of
main bearing 31, one or more blades 24, and/or rotor shaft 30.
As described in more detail below, when measuring loads,
accelerations, and/or displacements within non-rotating com-
ponents of wind turbine 10, a position of rotor 14 is also
measured. Each sensor(s) 50 may be any suitable sensor, such
as, but not limited to, strain gages, optical sensors, acoustic
sensors, magnetic eddy current sensors, and/or capacitive
and/or inductive field sensors. Wind turbine 10 may include
any number of sensor(s) 50 positioned in any arrangement,
configuration, orientation, and/or location. In some embodi-
ments, sensor(s) 50 are located and orientated to measure
loads, accelerations, and/or displacements within main bear-
ing housing 51, one or more rotor blades 24, and/or rotor shaft
30. For example, in some embodiments, a plurality of sensors
50 are positioned to measure a deflection of rotor shaft 30
and/or main bearing 31.

Wind turbine 10 may also include one or more other sen-
sors (not shown) coupled to one or more components of wind
turbine 10 and/or the electrical load, whether such
component(s) are described or illustrated herein, for measur-
ing parameters of such component(s). Such other sensor(s)
may include, but are not limited to, sensors configured to
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measure displacements, yaw, pitch, moments, strain, stress,
twist, damage, failure, rotor torque, rotor speed, an anomaly
in the electrical load, and/or an anomaly of power supplied to
any component of wind turbine 10. Such other sensors may
couple to any component of wind turbine 10 and/or the elec-
trical load at any location thereof for measuring any param-
eter thereof, whether such component, location, and/or
parameter is described and/or illustrated herein.

Wind turbine 10 includes a variable blade pitch system 56
for controlling, including but not limited to changing, a pitch
angle of rotor blades 24 with respect to a wind direction. Pitch
system 56 may be coupled to control system(s) 40 for control
thereby. Pitch system 56 includes one or more actuators (not
shown) coupled to hub 22 and blades 24 for changing the
pitch angle of blades 24 by rotating blades 24 with respect to
hub 22. The pitch actuators may include any suitable struc-
ture, configuration, arrangement, means, and/or components,
whether described and/or illustrated herein, such as, but not
limited to, electrical motors, hydraulic cylinders, springs,
and/or servomechanisms. Moreover, the pitch actuators may
be driven by any suitable means, whether described and/or
illustrated herein, such as, but not limited to, hydraulic fluid,
electrical power, electro-chemical power, and/or mechanical
power, such as, but not limited to, spring force. For example,
in some embodiments, the pitch actuators include a pitch
drive gear (not shown) that is coupled to a pitch ring gear (not
shown). The pitch ring gear is coupled to blade 24 such that
rotation of the pitch drive gear rotates blade 24 about an axis
of rotation (not shown) to thereby change the pitch of blade
24.

In some embodiments, the pitch actuators may be driven by
energy extracted from rotational inertia of rotor 18 and/or a
stored energy source (not shown) that supplies components of
wind turbine 10, such as, but not limited to, control system(s)
40 and/or pitch system 56, energy during an anomaly in the
electrical load and/or power source coupled to wind turbine
10. For example, an anomaly in the electrical load and/or
power source may include, but is not limited to, a power
failure, an undervoltage condition, an overvoltage condition,
and/or an out-of-frequency condition. As such, the stored
energy source enables pitching of blades 24 during the
anomaly. Although other stored energy sources may be used,
in some embodiments the stored energy source includes
hydraulic accumulators, electrical generators, stored spring
energy, capacitors, and/or batteries. The stored energy
sources may be located anywhere within, on, adjacent to,
and/or remote from wind turbine 10. In some embodiments,
the stored energy source stores energy extracted from rota-
tional inertia of rotor 18, energy stored within a frequency
converter (not shown), and/or other auxiliary energy sources
such as, but not limited to, an auxiliary wind turbine (not
shown) coupled to wind turbine 10, solar panels, and/or
hydropower installations.

Referring again to FIG. 3, in some embodiments, control
system(s) 40 include a bus 62 or other communications
device to communicate information. One or more
processor(s) 64 are coupled to bus 62 to process information,
including information from anemometry 46, sensors 48 and/
or 50, and/or other sensor(s). Control system(s) 40 may also
include one or more random access memories (RAM) 66
and/or other storage device(s) 68. RAM(s) 66 and storage
device(s) 68 are coupled to bus 62 to store and transfer infor-
mation and instructions to be executed by processor(s) 64.
RAM(s) 66 (and/or also storage device(s) 68, if included) can
also be used to store temporary variables or other intermedi-
ate information during execution of instructions by
processor(s) 64. Control system(s) 40 may also include one or
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more read only memories (ROM) 70 and/or other static stor-
age devices coupled to bus 62 to store and provide static (i.e.,
non-changing) information and instructions to processor(s)
64, Input/output device(s) 72 may include any device known
in the art to provide input data to control system(s) 40 and/or
to provide outputs, such as, but not limited to, yaw control
and/or pitch control outputs. Instructions may be provided to
memory from a storage device, such as, but not limited to, a
magnetic disk, aread-only memory (ROM) integrated circuit,
CD-ROM, and/or DVD, via a remote connection that is either
wired or wireless providing access to one or more electroni-
cally-accessible media, etc. In some embodiments, hard-
wired circuitry can be used in place of or in combination with
software instructions. Thus, execution of sequences of
instructions is not limited to any specific combination of
hardware circuitry and software instructions, whether
described and/or illustrated herein. Control system(s) 40 may
also include a sensor interface 74 that allows control
system(s) 40 to communicate with anemometry 46, sensors
48 and/or 50, and/or other sensor(s). Sensor interface 74 can
be or can include, for example, one or more analog-to-digital
converters that convert analog signals into digital signals that
can be used by processor(s) 64.

FIG. 4 is a flowchart illustrating an exemplary embodiment
of'a method 100 for balancing a rotor, such as, but not limited
to, rotor 18 (shown in FIGS. 1-3). Although method 100 may
be used to balance any rotor, method 100 will be described
and illustrated herein with respect to balancing rotor 18 of
wind turbine 10 (shown in FIGS. 1-3). Method 100 includes
receiving 102, for example at control system 40 (shown in
FIGS. 2 and 3), one or more measurements, for example from
sensor(s) 50 (shown in FIGS. 2 and 3), of one or more loads,
accelerations, and/or displacements that pertain to one or
more bending moments acting on rotor shaft 30. The loads,
accelerations, and/or displacements measured may be within
any component of wind turbine 10, whether rotating or non-
rotating. For example, in some embodiments, method 100
includes receiving one or more measurements from sensor(s)
50 of one or more loads, accelerations, and/or displacements
within one or more rotor blades 24, rotor shaft 30, and/or main
bearing housing 51 (shown in FIG. 2). When measuring
loads, accelerations, and/or displacements within non-rotat-
ing components of wind turbine 10, in some embodiments, an
azimuthal position of rotor 14 is also measured to resolve
loading into the rotating frame. The azimuthal position of
rotor 14 may be measured using any suitable method, process,
structure, and/or means, such as, but not limited to, using an
encoder and/or using a proximity sensor to provide a pulse at
the azimuth zero and calculating the azimuth based on a speed
of generator 24 (shown in FIGS. 2 and 3).

Based, at least in part, on the received measurement(s), one
ormore values of the bending moment(s) acting on rotor shaft
30 can be determined 104, for example using processor 64
(shown in FIG. 3). In some embodiments, a mean value ofone
or more bending moments acting on rotor shaft 30 over a
predetermined amount of time is determined. Moreover, in
some embodiments, when the received measurement(s) are
from non-rotating components of wind turbine 10, one or
more values of the bending moment(s) acting on rotor shaft
30 are determined based, at least in part, on the received
measurement(s) and an azimuthal position of rotor 18 at the
time of the measurement(s). A pitch offset angle value for one
or more of rotor blades 24 (shown in FIGS. 1-3) can then be
determined 106, for example using processor 64, and for
example based on the determined value(s) of the bending
moment(s) acting on rotor shaft 30. The determined pitch
offset angle wvalue(s) facilitate reducing the bending












