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DESCRIPTION

[0001] The disclosure relates generally to a wind turbine and more specifically to a system and
method for adjusting the shaft moment set point correction based on environmental conditions
resulting in wind turbine load imbalance.

[0002] Modern wind turbines operate in a wide range of wind conditions. These wind
conditions can be broadly divided into two categories, below rated speeds and above rated
speeds. To produce power in these wind conditions, wind turbines may include sophisticated
control systems such as pitch controllers and torque controllers. These controllers account for
changes in the wind conditions and accompanying changes in wind turbine dynamics. For
example, pitch controllers (or pitch systems) generally vary the pitch angle of rotor blades to
account for (or adapt to) the changes in wind conditions and turbine dynamics. During below
rated wind speeds, wind power may be lower than the rated power output of the wind turbine.
In this situation, the pitch controller may attempt to maximize the power output by pitching the
rotor blades substantially perpendicular to the wind direction. Alternatively, during above rated
wind speeds, wind power may be greater than the rated power output of the wind turbine.
Therefore, in this case, the pitch controller may restrain wind energy conversion by pitching the
rotor blades such that only a part of the wind energy impinges on the rotor blades. By
controlling the pitch angle, the pitch controller/system thus controls the velocity of the rotor
blades and in turn the energy generated by the wind turbine.

[0003] Along with maintaining rotor velocity, pitch controllers may also be employed to reduce
tower oscillations. Tower oscillations or vibrations occur due to various disturbances, such as
turbulence, inefficient damping, or transition between the two wind conditions. Moreover, the
tower may vibrate along any degree of freedom. For example, the tower may vibrate in a fore-
aft direction (commonly referred to as tower nodding), in a side-to-side direction (commonly
referred to as tower naying), or along its longitudinal axis (commonly referred to as torsional
vibration). See, for example, WO 2010/016764, WO 2008/041066, EP 1612 413 and EP 2 060
785.

[0004] Tower nodding is usually caused by aerodynamic thrust and rotation of the rotor blades.
Every time a rotor blade passes in front of the tower, the thrust of the wind impinging on the
tower decreases. Such continuous variation in wind force may induce oscillations in the tower.
Moreover, if the rotor velocity is such that a rotor blade passes over the tower each time the
tower is in one of its extreme positions (forward or backward), the tower oscillations may be
amplified. Typically, the oscillations in the fore-aft direction are automatically minimized due to
aerodynamic damping. Aerodynamic damping relies on the fact that the top of the tower
constantly oscillates in the fore-aft direction. When the top of the tower moves upwind (or
forward), the rotor thrust is increased. This increase in rotor thrust pushes the tower back
downwind. The downwind push in turn aids in dampening the tower oscillations. Similarly, when
the top of the tower moves downwind, the rotor thrust may be decreased. This decrease in
rotor thrust pushes the tower back upwind. The upwind push also aids in dampening the tower
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oscillations.

[0005] Typically, the pitch controller utilizes two separate control loops for the two functions,
controlling the rotor velocity and reducing the tower oscillations. A rotor velocity control loop is
employed to determine a pitch angle to control rotor velocity and a tower-damping control loop
is used to compute a pitch angle to reduce tower oscillations. Often, these feedback loops
operate relatively independently of each other. For example, the rotor velocity control loop may
determine the pitch angle based on rotor velocity, wind speed, and current pitch angle. The
tower-damping control loop, on the other hand, may determine the pitch angle based on tower
deflection, tower top velocity, tower top acceleration, current pitch angle, and wind speed.
Because of this independence, the currently available rotor velocity control loops may compute
a pitch angle to maintain rotor speed that may disadvantageously induce tower oscillations
instead of reducing them. Moreover, these rotor velocity control loops may cause energy
amplification in the rotor near tower resonance frequencies. Such amplification may increase
oscillations in the tower and increase the fatigue load placed on the wind turbine. Over time,
such fatigue loads may reduce the life of wind turbine parts and increase the expenses
associated with wind turbines.

[0006] Gravity tends to bend the rotor down. Positive wind shear tends to bend the rotor up,
and usually is present (high cycle fatigue) and increases with increasing wind speed. At some
operating points wind shear can equal the gravitational force but is opposite in direction and
cancels the bending moment from gravity if not corrected. The thrust component also helps to
combat the gravity load, since many wind turbines have a rotor tilt angle in the machine head,
the rotor naturally tries to pick the rotor up and this bending moment also increases with wind
speed. The bending moment is easily determined due to the geometry of the system and the
thrust estimation. The bending moment can be accounted for when the amount of shear load
is identified. For "standard” conditions (positive wind shear), the moment due to wind shear
and thrust/tiit are complimentary and oppose gravity. There are some conditions "negative
shear” coupled with the right wind speed so that achieve a balanced aerodynamic load, the
nose down wind shear moment is equal and opposite to the nose up thrust/tilt moment so that
all that remains in the moment due to gravity (probably seen only rarely).

[0007] Shear applies forces to the blades and hub and positive shear essentially transfers
bending forces from the blades to the hub and shaft. The wind shear applies an asymmetric
load across the rotor which results in a bending moment being transferred to the hub/shaft.
Positive shear creates a nose-up bending moment and opposes gravity while negative shear
creates a nose-down moment and compliments gravity. There is a limit on the amount of
pitching the turbine is able to do to either overcome blade/hub forces or to compensate for
gravity. When the shear controller is in a limit, it is also not able to respond to additional steady
state or dynamic (relatively fast changes in shear). Being able to adjust for dynamic conditions
can reduce fatigue and other dynamic stresses on the shaft and blade/hub assembly. Since the
pitch system has limited capabilities, being able to balance the amount of compensation that is
being done for both gravity and shear maintains a balance between the pitch system demand
and the machine fatigue and ensure the wind turbine is always operating within a target zone
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(until the environment demands more than the machine can handle) while also constructing a
balance between the amount of bandwidth that is being used for the steady state vs. dynamic
compensation portions.

[0008] Imbalance load limitations such as environmental conditions including shear, gravity,
turbulence, wind miss-alignments, etc., result in environmentally induced rotor imbalance.
Other forms of rotor imbalance are self-induced due to control, manufacturing, and installation
variation.

[0009] Accordingly, the present invention, as defined by the appended claims, is provided.

[0010] Various features, aspects, and advantages of the present invention will become better
understood when the following detailed description is read with reference to the accompanying
drawings in which like characters represent like parts throughout the drawings, wherein:

FIG. 1 illustrates a perspective view of a wind turbine, in accordance with aspects of the
present disclosure;

FIG. 2 is a diagrammatical illustration of the wind turbine of FIG. 1 depicting rotor loading, in
accordance with aspects of the present disclosure;

FIG. 3 is a diagrammatical illustration of the wind turbine of FIG. 1 depicting proximity sensors
and a main shaft flange, in accordance with aspects of the present disclosure;

FIG. 4 is a block diagram of a control system in the wind turbine of FIG. 1, in accordance with
aspects of the present disclosure;

FIG. 5 is a flow chart illustrating a method for controlling rotor imbalance in the wind turbine, in
accordance with aspects of the present disclosure;

FIG. 6 illustrates a system of equations used to adjust the shaft moment set point correction
value, according to an aspect of the present disclosure; and

FIG. 7 illustrates a method for changing the setpoint, according to an aspect of the present
disclosure.

[0011] As will be described in detail hereinafter, various embodiments of an exemplary wind
turbine control system and method for adjusting the shaft moment set point correction value in
an operating wind turbine are presented. By employing the methods and the various
embodiments of the wind turbine control system described hereinafter, the shaft moment set
point correction value may be adjusted based on at least one of wind shear, wind speed, and
load imbalance due to wind shear. Also, the wind turbine control system may help in reducing
wear and tear on pitch control components, which in turn reduces the cost of energy.

[0012] Pitching of the rotor blades is desired for lower loads and higher annual energy
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production (AEP). However, rotor imbalance control is designed to track a fixed value of shaft
moment set point. This value is set once and never changed. In reality, this set point is not
optimal for every value of wind shear. As the wind shear varies, the rotor imbalance control
system can over pitch or activate the pitch systems more than they need to be activated. This
overuse of the pitch system can cause premature wear and tear of the pitch system
components (e.g., pitch motors, pitch gears, etc.). According to aspects of the present
disclosure, an improved method and system is provided that varies the shaft moment set point
correction value based on at least one of wind shear, wind speed, and load imbalance due to
wind shear, so the pitch system is not activated more than required for a specific wind shear
environment. By changing the shaft moment set point correction based on specific wind shear
values, the pitch system activation will be reduced and the wind turbine will operate more
efficiently.

[0013] Turning now to the drawings, and referring to FIG. 1, a partial perspective view of a
wind turbine 100, in accordance with aspects of the present disclosure, is illustrated. The wind
turbine 100 is configured to convert kinetic energy of wind passing across the wind turbine 100
into electrical energy. Particularly, the wind turbine 100 includes a plurality of mechanical
moving parts that aid in converting the kinetic energy of the wind into mechanical energy. The
mechanical energy is in turn used to generate electrical energy. In a presently contemplated
configuration, the wind turbine 100 includes a tower 102, configured to support nacelle 106
and rotor 108, and a power unit 104. The tower 102 operates to elevate the power unit 104 to
a height above ground level or sea level at which faster moving wind passes across the wind
turbine 100. The height of the tower 102 may be selected based on factors and conditions
well-known in the art.

[0014] The power unit 104 may be configured to convert the kinetic energy of the wind into
electrical energy. The power unit 104 may include one or more sub-units such as a nacelle 106
and a rotor 108. The nacelle 106 houses components for converting the mechanical energy of
the rotor 108 into electrical energy. Specifically, the nacelle 106 houses a generator 110 that is
used to generate the electrical energy based on the mechanical energy provided by the rotor
108. In addition to the generator 110, the nacelle 106 may also house other components, such
as, but not limited to, a gearbox 112, a rotor shaft 114, a yaw drive 120, and a control system
124.

[0015] The rotor shaft 114 is connected to a rotor hub 116 and the gearbox 112, as depicted in
FIG. 1. The rotor shaft 114 may be used to drive an optional high speed shaft (not shown in
FIG. 1) that is enclosed within the gearbox 112 and may further drive a generator 110 that is
mounted on a main frame 118 to generate the electrical energy. In one embodiment, the
gearbox 112 and the rotor shaft 114 may be configured to operate, control, and/or optimize the
performance of the wind turbine 100. Further, the yaw drive 120 and a yaw deck 122 may
provide a yaw control system for the wind turbine 100. In one embodiment, the yaw control
system may be electrically operated and controlled by the control system 124 based on the
information received from an anemometer 126 mounted on the nacelle 106.
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[0016] The rotor 108 is configured to convert the kinetic energy of wind passing across the
wind turbine 100 into mechanical energy. This converted mechanical energy is further provided
to the generator 110 for generating electrical energy. In the presently contemplated
configuration, the rotor 108 is operatively coupled to the rotor shaft 114 via a bearing
assembly. The rotor 108 includes the rotor hub 116 and a plurality of blades (shown in FIG. 2)
that project outwardly from the rotor hub 116 at locations circumferentially distributed
thereabout. In the example depicted in FIG. 1, the rotor hub 116 is shown as including three
blades. However, the number of blades may vary. The blades are configured to interact with
passing air flow to produce lift that causes the rotor hub 116 to rotate about a longitudinal axis
128. Further, by rotating the rotor hub 116, the rotor shaft 114 coupled to the rotor hub 116
also rotates causing the generator 110 to generate electrical energy.

[0017] In accordance with the embodiment of FIG. 1, the control system 124 may include one
or more microcontrollers (not shown in FIG. 1) that are used for overall system monitoring and
controlling of the wind turbine 100. In one example, the system monitoring and controlling may
include pitch and speed regulation, high-speed shaft and yaw brake control, yaw and pump
motor control, and fault monitoring. Further, the control system 124 may provide control
signals to a pitch drive 130 (or pitch system) to control a pitch of the blades. In one
embodiment, the pitch of the blades may be individually controlled by the pitch drive 130. For
example, each blade may have a separate pitch drive 130 that varies or changes the pitch of
the corresponding blade based on the control signal received from the control system 124.

[0018] The wind turbine 100 is designed to generate electrical energy over a wide range of
wind speeds. However, in a particular range of wind speeds, for example 80%-120% of the
rated wind speed, the rotor 108 may undergo high aerodynamic thrust loading of the rotor. In
some instances, this thrust loading may deflect the blade or the rotor to the point that exceeds
the safety margins established for turbine certification. In some circumstances, a blade might
strike the tower 102 causing a destruction of the wind turbine. Wind loads on the blades may
transfer undesired loads onto the rotor and bearings associated therewith, and these loads
could cause wear and tear of the rotor shaft bearings.

[0019] To address these problems, in accordance with exemplary aspects of the present
disclosure, the wind turbine 100 may include the control system 124 that controls the physical
shaft moment of the wind turbine rotor 108, which in turn improves tower clearance of the wind
turbine 100 and reduces wear caused by unbalanced wind loads (e.g., caused by wind shear).
The tower clearance may be referred to as a clearance provided for the blades to rotate
without striking the tower or more specifically as a distance maintained between the tower and
the rotating blades to prevent the rotating blades from striking the tower. Wind shear may
cause the rotor to tip backward and this impresses undesired forces on the rotor shaft
bearings. The pitch system can compensate for wind shear, but the pitch of each blade must
be individually and constantly adjusted. This can cause wear and tear on the pitch drive
components.

[0020] In accordance with one embodiment, a detecting system is configured to determine at
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least one of rotor loads, wind shear, wind speed, and load imbalance (which may be due to
wind shear). An adjusting system is configured to adjust a shaft moment set point correction
value based on at least one of rotor load, wind shear, wind speed, and/or load imbalance. The
adjusting system is configured to correlate at least one of rotor load, wind shear, wind speed,
and load imbalance through a system of equations or a look-up table.

[0021] In accordance with another embodiment, a detection system is configured to
dynamically estimate the load imbalance from predetermined aerodynamic data of the system
and a load imbalance measurement to provide a shaft moment set point correction value. A
compensating system is configured to compute a shaft moment correction command based on
the shaft moment set point correction value output from the adjusting system, and the pitch
system is configured to adjust the load of at least one blade of the wind turbine based on the
shaft moment set point correction command.

[0022] As multiple speeds of the wind, taken at different elevations, can be one indicator of
wind shear, in accordance with another embodiment, the control system 124 adjusts a shaft
moment set point correction value of the rotor 108 according to detected wind shear values or
multiple wind speed values (taken along different elevations). As non-limiting examples only, a
system of equations and/or a look-up table may include the following values: if the wind shear
is 0.1, then the shaft moment set point correction is 900 kNm, if the wind shear is 0.2, then the
shaft moment set point is 750 kNm, if the wind shear is 0.4, then the shaft moment set point is
650 kNm. The control system 124 may correlate the pre-stored reference shaft moment value
corresponding to at least one of the detected wind shear, wind speed, and load imbalance due
to wind shear.

[0023] Further, the control system 124 may compare the physical shaft moment of the rotor
108 with the adjusted reference shaft moment set point correction value to compute a shaft
moment correction command for a system configured to adjust the load of at least one blade of
the wind turbine, such as a blade pitch, flap position, micro tab position, spoiler position or
active flow control device position, based on the shaft moment set point correction command.
The flaps, micro tabs, spoiler and active flow control devices are indicated by numeral 230 in
FIG. 2. In one embodiment, the control system 124 also factors in the rotor position (azimuth)
of each individual blade when making the computations. The computed pitch angle command
is sent to the pitch drive (or pitch system) 130 to change the pitch (or flap position, micro tab
position, spoiler position or active flow control device position) of each of the blades.
Particularly, the blades are moved or rotated by an angle included in the pitch angle command
to change the aerodynamic forces acting on the rotating blades, which in turn controls the
physical shaft moment of the rotor 108. Also, this change in the aerodynamic forces on the
rotating blades may further reduce the magnitude and/or the duration of aerodynamic thrust
load placed on the rotor 108. By reducing the aerodynamic thrust load on the rotor 108 and
reducing pitch system activation, the overall wear and tear experienced by the pitch system
and components is reduced.

[0024] Referring to FIG. 2, a diagrammatical illustration of the wind turbine 100, in accordance
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with aspects of the present disclosure, is illustrated. FIG. 2 illustrates rotor blades 202, 204
coupled to the rotor hub 116. The rotor blades 202, 204 are rotated at their initial position or
"no load" position with a tower clearance 206. The tower clearance 206 may be referred to as
the distance between the tower 102 and the blade that is in front of the tower 102. Further,
when an aerodynamic thrust load or wind shear acts on the rotor 108, the blades 202, 204 of
the rotor 108 may deflect towards the tower 102. The aerodynamic thrust load on the rotor 108
may be due to high speed wind passing across the rotor 108. For example, high aerodynamic
thrust loads may occur when the speed of the wind is in a range of about 80% to about 120%
of the rated wind speed. Wind shear load on the rotor 108 may be due to high speed wind
passing across the top of rotor 108 and low speed wind passing across the bottom of rotor
108. In this case, the rotor blades will be in the position indicated by 202 and 204.

[0025] In operation, the deflection of the blades 202, 204 may impress unbalanced loads (i.e.,
load imbalance) on the rotor and/or main shaft bearings. To reduce fatigue caused by the
unbalanced loading on the rotor 108, the control system 124 may be used to control the
physical shaft moment of the rotor 108, which in turn improves the unbalanced loading due to
wind shear. Particularly, in response to the deflection of the rotor 108 and/or other components
of the wind turbine 100, the control system 124 may change the pitch of the blades so that the
unbalanced loading on rotor 108 is reduced. More specifically, in one embodiment, the control
system 124 may change the pitch of the blades so that the blade 202 that is in front of the
tower 102 is pitched so that the rotor blade is more perpendicular to the wind direction, and
blade 204 is pitched such that only a part of the wind energy impinges on the rotor blade. This
action decreases the wind shear load on the rotor 108. The pitch of each of the blades is
changed corresponding to the asymmetric pitch angles determined by the control system 124.
The aspect of determining the asymmetric pitch angles will be explained in greater detail with
reference to FIG. 4.

[0026] FIG. 3 is a diagrammatical illustration of a wind turbine depicting proximity sensors and
a main shaft flange, in accordance with aspects of the present disclosure. The wind turbine
100 includes a main shaft flange 302 that is positioned around the rotor shaft (or main shaft)
114 (shown in FIG. 1). Particularly, the main shaft flange 302 is disposed on a portion of the
rotor shaft 114 that is adjacent to the rotor hub 116 (shown in FIG. 1). In addition, to the main
shaft flange 302, the wind turbine 100 includes one or more proximity sensors 304, 306, 308,
310 to measure the displacement of the main shaft flange 302. For example, the deflection of
the rotor 108 may displace the main shaft flange 302 from a predetermined resting or "no load"
position. In one embodiment, the one or more proximity sensors 304, 306, 308, 310 may be
used to measure the displacement of the main shaft flange 302 relative to a non-deflecting
reference frame. The non-deflecting reference frame may comprise, for example, the bedplate
or the housing of the low-speed shaft main bearing.

[0027] In the embodiment of FIG. 3, the four proximity sensors 304-310 are positioned about
90 degrees apart on the surface of the main shaft flange 302. The proximity sensors 304-310
may generate signals in response to deflection of the wind turbine components, such as the
rotor 108 and the main shaft flange 302. In one specific embodiment, the signals are
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generated when the wind speed is within a predetermined range, for example 80%-120% of
the rated wind speed, as the aerodynamic thrust load may act across the rotor in this range.
This aerodynamic thrust load may further deflect the rotor causing displacement of the main
shaft flange. Wind shear may also act to deflect the rotor causing displacement. The proximity
sensors 304-310 are used to measure the displacement of the main shaft flange 302 and send
the generated signals that indicate the displacement of the main shaft flange 302 to the control
system 124 for determining the physical shaft moment of the rotor 108. These signals may
also be translated into an indication of rotor load, wind shear or load imbalance.

[0028] Operationally, the control system 124 may first determine the "no load" position during
an initialization process. The "no load" position may be determined using turbine controller
computations of the main shaft flange sensor signals during a rotor slow roll operation. This
process may occur at system start-up with all rotor blades pitched to, for example, 65 degrees.
Further, during the operation of the wind turbine 100, the control system 124 may determine
the load on the blades that deflect the rotor 108 using the data or signals from the proximity
sensors 304-310. In one embodiment, these signals may indicate the displacement of the main
shaft flange 302 which is due to the deflection of the rotor 108. With this data or information,
the control system 124 may change the pitch of the blades to reduce the aerodynamic thrust
load on the blades.

[0029] A plurality of blade sensors 320 may be located in or near each blade 202, 203, 204,
and the sensors 320 are configured to measure blade displacement, blade acceleration and/or
the load on the blades. For example, asymmetric blade loads may indicate a load imbalance
condition. A displacement sensor may be a proximity or distance measuring sensor. An
acceleration sensor may be an accelerometer, and a load sensor may include displacement
sensors, accelerometers or any other suitable sensor. The blade displacement, blade
acceleration and/or blade loads can be translated into an indication of rotor load, wind shear or
a load imbalance, and these values can be translated into shaft moment set point correction
values and shaft moment correction commands that are used to control the pitch system.

[0030] Referring to FIG. 4, a block diagram of a control system, in accordance with aspects of
the present disclosure, is depicted. For ease of understanding of the present disclosure, the
control system 400 is described with reference to the components of FIG. 1. The control
system 400 may be representative of the control system 124 of FIG. 1. The control system 400
may be configured for overall system monitoring and controlling of the wind turbine 100. In one
example, the system monitoring and controlling may include pitch and speed regulation of the
blades, high-speed shaft and yaw brake application, yaw and pitch motor application, and fault
monitoring.

[0031] The control system 400 may be used to adjust the shaft moment set point correction
value of the wind turbine 100. The control system 400 includes a detecting system 402, an
adjusting system 403, a compensating system 404, and a pitch driving system 406 (or pitch
system). The detecting system 402 is configured to determine at least one of rotor load, wind
shear, wind speed, and load imbalance. The wind shear value may be determined from at
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least two anemometers 220, 221 spaced vertically along the wind turbine. Alight detecting and
ranging (LIDAR) system (or an ultrasonic measurement system) 140 may be configured to
detect multiple wind speeds at vertically spaced locations along the wind turbine. A
measurement tower 230 associated with a wind farm, including wind turbine 100, may include
one or more wind speed detectors 231, 232 (e.g., anemometers, an ultrasonic measurement
system, etc.) for detecting the wind shear. For example, the wind shear value can be obtained
from wind speeds at multiple vertically spaced locations along tower 230. The wind shear may
also be obtained from data output from a plurality of proximity sensors 304, 306, 308, 310 that
are configured for measuring a displacement of the main shaft flange 302.

[0032] The adjusting system 403 is configured to adjust a shaft moment set point correction
value based on at least one of rotor load, wind shear, wind speed, and/or load imbalance due.
A reference shaft moment may be referred to as a shaft moment set point or reference value
for the physical shaft moment of the rotor 108. Also, this reference shaft moment may be pre-
stored prior to the operation of the wind turbine 100. In one embodiment, the reference shaft
moment set point may be selected and stored in the control system 124 based on a standard
wind speed rate of the wind turbine 100. The adjusting system 403 may be configured to
reference a look-up table 405 that correlates shaft moment set point correction values with at
least one of rotor load, wind shear, wind speed, and/or load imbalance. As non-limiting
examples only, the look-up table 405 may include the following values: if the wind shear is 0.1,
then the shaft moment set point correction is 900 kNm, if the wind shear is 0.2, then the shaft
moment set point correction is 750 kNm, if the wind shear is 0.4, then the shaft moment set
point correction is 650 kNm.

[0033] The compensating system 404 is configured to compute a pitch angle command based
on the shaft moment set point correction output from the adjusting system 403. The pitch
driving system 406 is configured to change the pitch of the rotor blades 202, 203, 204 based
on the pitch angle command.

[0034] In the presently contemplated configuration, the detecting unit 402 includes a scheduler
408 and an estimator 410. The estimator 410 may be configured to determine the
aerodynamic thrust and/or wind shear. Particularly, as a non-limiting example the estimator
410 receives a power signal 416 and a generator speed signal 418 from the generator 110.
The power signal 416 may indicate maximum power produced by the generator 110. Similarly,
the generator speed signal 418 may indicate a rotational speed of a generator rotor disposed
within the generator 110. Thereafter, the estimator 410 utilizes the received power signal 416
and the generator speed signal 418 to determine the aerodynamic thrust on the rotor. If
desired, an average angle of the blades coupled to the rotor hub 116 may be used in addition
to the power produced by the generator 110 and/or the speed of the generator 110 to
determine the aerodynamic thrust on the rotor.

[0035] In another embodiment, the estimator 410 utilizes the received power signal 416, the
generator speed signal 418, and the average angle of the blades coupled to the rotor hub 116
to determine the speed of the wind passing across the wind turbine 100. For example, if the
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wind of a particular speed passes across the rotor 108, the blades that are positioned at a
particular angle may interact with passing air flow or the wind to produce a lift that causes the
rotor hub 116 to rotate about a longitudinal axis 128. This rotary motion of the rotor hub 116
may further rotate the generator rotor, which in turn produces electrical power at an output of
the generator 110. Thus, by knowing the average blade angle, the power produced by the
generator 110, and the speed of the generator rotor, the estimator 410 may determine the
speed of the wind passing across the wind turbine 100. In another embodiment, one or more
wind speed sensors 414 may be used to determine or predict the speed of the wind and the
wind shear. Thereafter, the estimator 410 may provide at least one of wind shear, wind speed,
and load imbalance due to wind shear to the scheduler 408.

[0036] As one example, in addition to determining the wind shear, aerodynamic thrust and/or
wind speed, the estimator 410 may also measure a displacement of the main shaft flange 302.
To that end, the estimator 410 may include one or more proximity sensors 412. The proximity
sensors 412 may be representative of the proximity sensors 304-310 of FIG. 3. Further, these
proximity sensors 304-310 may be used for measuring a displacement of the main shaft flange
302. Particularly, the rotor 108 may undergo high wind shear loading when the wind at multiple
speeds passes across the rotor 108. This wind shear loading on the rotor 108 may deflect the
rotor 108, which in turn displaces the main shaft flange 302 from an initial position or a
predetermined position. In one embodiment, the main shaft flange 302 may displace from a
fixed frame or a reference frame. Further, upon measuring the displacement of the main shaft
flange 302, the estimator 410 may send the measured displacement of the main shaft flange
302 to the detecting system 408 in order to determine the load imbalance due to wind shear.

[0037] In accordance with aspects of the present disclosure, the scheduler 408 receives at
least one of, determined wind shear, wind speed, and/or load imbalance due to wind shear
from the estimator 410 and uses the wind shear, wind speed, and/or load imbalance due to
wind shear to change or adjust the shaft moment set point correction value. The scheduler 408
may first verify whether the determined wind shear is above a predetermined value. If yes,
then the scheduler 408 may change or adjust the shaft moment set point correction value
corresponding to the wind shear, as stored in look-up table 405.

[0038] In another embodiment, the scheduler 408 receives the load imbalance due to wind
shear from the estimator 410 and uses that to change the shaft moment set point correction
value. The scheduler 408 may first verify whether the load imbalance due to wind shear is
within a pre-determined range. For example, the pre-determined range may be 80%-120% of
the shaft moment set point. If the load imbalance is within this pre-determined range, the
scheduler 408 changes or adjusts the shaft moment set point value. In one embodiment, the
scheduler 408 may use look-up table 405 for changing the shaft moment set point correction
value. For example, the look-up table 405 may include the shaft moment set point correction
values associated with their corresponding rotor loads, wind speeds, wind shear, or load
imbalance values. The adjusting system 403 may select the shaft moment set point correction
value that is associated with the determined rotor loads, speeds of the wind, wind shear, or
load imbalance from the look-up table 405. Thereafter, the adjusting system 403 may send the
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changed shaft moment set point correction value to the compensating system 404.

[0039] In accordance with aspects of the present disclosure, the compensating system 404 is
configured to receive the changed shaft moment set point correction value from the adjusting
system 403 and the measured displacement of the main shaft flange from the estimator 410.
The compensating system 404 may use the measured displacement of the main shaft flange
302 to determine the physical shaft moment of the wind turbine rotor 108. The adjusting
system 403 may have a look-up table that includes different shaft moment set point corrections
that are mapped to corresponding displacement values of the main shaft flange 302. The
adjusting system 403 may use this look-up table to determine the shaft moment set point
correction that is associated with the measured displacement value of the main shaft flange
302.

[0040] Upon determining the shaft moment, the compensating system 404 may compare this
shaft moment set point with the changed reference shaft moment received from the adjusting
system 403. Particularly, the compensating system 404 identifies a difference between the
shaft moment and the changed shaft moment set point. If the difference between these shaft
moments is above a predefined value, the compensating system 404 may compute an
asymmetric pitch angle command corresponding to the difference between the two shaft
moments. The pitch angle command may include one or more asymmetric pitch angles for
each of the blades. In one embodiment, a Parks DQ transformation, a bias estimation method
calculation, and/or other control technique is used to calculate the pitch angle or pitch
increment for each rotor blade to reduce the overall asymmetric rotor loading due to wind
shear.

[0041] The asymmetric pitch angle command is provided to the pitch driving system 406 for
changing the pitch of the rotor blades 202, 203, 204, or yaw system 407 for changing the
position (or direction) of the nacelle and rotor (i.e., the machine head). The pitch driving
system 406 may employ one or more pitch drives 120 for changing the pitch of the blades.
These asymmetric pitch angles are provided to the blades in such a way that the average pitch

angle adjustment of the blades is zero and is given by the following relationship:
Blade 1 = A 5in(0Q)

Biade 2 = A sin(©-120)

Blade 3 = A sin(G+120)

[0042] Where A is the amplitude of the compensating shear command and © is the rotor
azimuth position. For example, if the pitch angle of one of the blades is incremented by +1
degree, then the pitch angle of the other two blades are decremented by -0.5 degrees and -0.5
degrees. The pitch drive 120 is used to move or rotate the corresponding blade by an angle
associated with its pitch angle. By changing the pitch of the blades, the physical shaft moment
of the rotor 108 is controlled. By changing the pitch of the blades, the rotational movement of
the blades may be varied, which in turn changes the aerodynamic forces acting on the rotor
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108, particularly the blades. This change in the aerodynamic forces on the rotor 108 may
mitigate the wind shear load on the rotor 108. By reducing the wind shear load and reducing
pitch system operation, the overall wind turbine operation and longevity may be improved. The
control system improves pitch system operation and operating life of the pitch system
components (e.g., pitch drive motors, pitch bearings, etc.).

[0043] FIG. 5 illustrates a flow chart for a method 500 for controlling rotor imbalance in the
wind turbine, in accordance with aspects of the present disclosure. The method is described
with reference to the components of FIGs. 1-4. The method 500 begins at detecting step 502,
where at least one of rotor loads, wind shear, wind speed, and/or load imbalance is detected.
In selecting step 504, a shaft moment set point correction value based on at least one of rotor
loads, wind shear, wind speed, or load imbalance output from step 502 is selected. A shaft
moment set point correction value may be selected based on a rotor load, load imbalance or
wind shear value, and a look-up table is referenced that correlates shaft moment set point
correction values with a rotor load, load imbalance or wind shear values. Alternatively, the shaft
moment set point correction may be selected based on rotor load, multiple wind speed values,
or load imbalance, and a look-up table is referenced that correlates shaft moment set point
correction with these values. In either case, obtaining the shaft moment set point correction
value may be accomplished by referencing look-up table 405 in adjusting system 403. In
computing step 506, the pitch angle command is computed based on the shaft moment set
point correction value output from the selecting step 504. In controlling step 508, the pitch of at
least one blade, if not all the blades, is controlled or changed based on the pitch angle
command output from the computing step 506.

[0044] The detecting step 502 may include obtaining output from at least two anemometers
spaced vertically along the wind turbine, or obtaining output from a LIDAR system configured
to detect multiple wind speeds at vertically spaced locations along the wind turbine, or
obtaining output from a measurement tower associated with a wind farm that includes the wind
turbine, or obtaining output from an ultrasonic measurement system configured to detect
multiple wind speeds at vertically spaced locations along the wind turbine. Alternatively, the
wind shear may be detected with data obtained from the proximity sensors 304-310, as pre-
defined loads can be mapped to predetermined wind shear values.

[0045] The wind turbine's control system 124, 400 may be programmed for performing the
steps of detecting 502 at least one of rotor load, wind speed, wind shear, and/or load
imbalance, selecting 504 a shaft moment set point correction value based on at least one of
the rotor load, wind shear, wind speed, and/or load imbalance, computing 506 a pitch angle
command based on a shaft moment set point correction output from the selecting step, and
controlling 508 a pitch of at least one blade of the wind turbine based on the pitch angle
command with the pitch system. The control system 124 may be configured to communicate
with at least two anemometers 220, 221 spaced vertically along the wind turbine, or to
communicate with a light detecting and ranging (LIDAR) system 140 configured to detect
multiple wind speeds at vertically spaced locations along the wind turbine or an ultrasonic
measurement system. The control system may also be configured to communicate with a
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measurement tower 230 associated with a wind farm including the wind turbine, where the
measurement tower includes a wind speed detector 231, 232 for detecting the wind shear
value from wind speeds at multiple vertically spaced locations. Alternatively, the control system
can be configured to communicate with a detecting system 402 that is configured to detect
wind shear with data obtained from a plurality of proximity sensors configured for measuring a
displacement of a main shaft flange of the wind turbine, or a plurality of blade sensors. The
control system 400 is configured to communicate with the adjusting system 403 that is
configured to adjust a shaft moment set point correction value based on the wind shear value,
and the adjusting system 403 references a look-up table 405 that correlates shaft moment set
point correction values with rotor load, wind speed, wind shear, or load imbalance values.

[0046] FIG. 6 illustrates a system of equations used to adjust the shaft moment set point
correction value, according to an aspect of the present invention. Gravity load is known and is
constant. The shear load equals the measured load minus the gravity load plus the pitching

load and is given by the following equation.
Shear load= measured load — gravity load + regulator compensating load.

[0047] The shear load regulator output must be limited to a value that resides within the
capabilities of the pitch system and blade operating limits. Excessive pitch of the blade may
transiently drive it into a stall condition which could increase other loads or adversely impact
energy capture. The pitch system has limits on maximum velocities and accelerations which
also need to be enforced. The regulator limit (+reg;i,;) can be determined by the following

equation.

+Te i = Himityoy, + dF /dO——

degree

[0048] Where the pitch limit (+/imitpjscp) in degrees is determined by the capabilities of the pitch

system and blade stall margins and the kNm/degrees term (dF/d9) is the gain of the blade
which comes from the blade geometry expressed as a partial derivative in rate of change in
thrust per degree of pitch. The blade gain may be expressed as a constant, derived from a
table lookup or dynamically computed as a function of pitch angle.

[0049] The invention allows one to measure the amount of shear (or loads) on the rotor when
the component from gravity is known, detect when the system is operating at maximum
capability and provide a means to modify the setpoint to bring the shear regulator back into its
operating limits. The setpoint (i.e., steady state operating point of the bending moment on the
rotor shaft) can be moved to a level such that steady low cycle, dynamic and high cycle fatigue
limits can be adjusted based on wind conditions. In the above example wind speed is not
required to calculate wind shear, as the loads on the wind turbine can be used to calculate
wind shear (or rotor loads or load imbalances). The rotor load or the load imbalance may be
detected, and this load/imbalance can be separated into their respective components. For
example, the rotor load components may include one or more of, gravity imbalance and
aerodynamic imbalance, and the load imbalance components may include one or more of
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gravity imbalance, shear imbalance and thrust imbalance. In addition, the load imbalance may
be corrected by adjusting the pitch of each of the blades while accounting for operating limits
and changes in blade forces due to geometry and pitch angles. Load imbalance may also be
corrected by adjusting the yaw position of the wind turbine (i.e., the rotor and nacelle) while
accounting for operating limits, or both the yaw position and the blade pitch angles may be
adjusted. Adjusting the yaw position of the nacelle and rotor (i.e., the machine head) can be
performed to modify the nodding moment (and reduce loads or imbalances) especially when
horizontal shear or upflow/downflow is present.

[0050] FIG. 7 illustrates a method 700 for changing the setpoint, according to an aspect of the
present invention. The method 700 includes a step 702 of checking the control to verify that it
is in limit. In step 704 the shear loads (or rotor loads) are calculated. In step 706, if the control
is in limit then the setpoint is reduced to bring the control out of limit. In step 708, if the shear
loads (or rotor loads) are the rotor are high then the setpoint is moved to reduce rotor loads,
which are typically due to wind shear

[0051] This written description uses examples to disclose the invention, including the preferred
mode, and also to enable any person skilled in the art to practice the invention, including
making and using any devices or systems and performing any incorporated methods. The
patentable scope of the invention is defined by the claims, and may include other examples
that occur to those skilled in the art.
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KRAV

1. Styringssystem (124) til en vindmglle (100), som omfatter mindst én vinge (202,204,206), hvor
styringssystemet omfatter;

et detektionssystem (402), der er konfigureret til at bestemme mindst én af en rotorbelastning, en
vindgradient, en vindhastighed og en belastningsubalance pa grund af vindgradient;

en flerhed af naerhedssensorer (304-310), der er konfigureret til at male en forskydning af en
hovedakselflange (302);

og er kendetegnet ved en flerhed af vingesensorer (320), der er konfigureret til at méle en
forskydning af den mindst ene vinge (202,204,206);

hvor forskydningen af hovedakselflangen (302) og den mindst ene vinge (202,204,206) er
konverteret til en indikation af mindst én af rotorbelastningen, vindgradienten eller
belastningsubalancen;

et justeringssystem (403), der er konfigureret til at justere en akselmoment-
referencepunktskorrektionsvaerdi baseret pd indikationen af rotorbelastningen, vindgradienten,
vindhastigheden eller belastningsubalancen;

et kompensationssystem (404), der er konfigureret til at beregne en akselmoment-
korrektionskommando baseret pa akselmoment-referencepunktskorrektionsveerdien beregnet fra
justeringssystemet; og

et pitch-system (406), der er konfigureret til at justere en pitch pd den mindst ene vinge
(202.204.206) af vindmgllen (100), baseret pd akselmoment-korrektionskommandoen eller et
krgjningssystem (120), der er konfigureret til at justere krgjningspositionen af en rotor (108)
baseret pd akselmoment-korrektionskommandoen.

2. System (124) ifglge krav 1, hvor detektionssystemet (402) yderligere omfatter mindst ét af:
mindst to anemometre (220.221), der er anbragt med lodret mellemrum langs
vindmgllen (100);
et lysdetekterings- og afstandsmalingssystem (LIDAR) (140);
et ultrasonisk malesystem; eller
et maletdrn (230), der er forbundet med en vindmgllepark, der inkluderer
vindmgllen, hvor maletdrnet indbefatter en vindhastighedsdetektor til at detektere
vindgradientsvaerdien fra vindhastigheder ved flere lokationer med lodret afstand.

3. System (124) ifglge et hvilket som helst af de foregdende krav, hvor justeringssystemet (403)
er konfigureret til at justere akselmoment-referencepunktskorrektionsvaerdien ved dynamisk at
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estimere belastningsubalancen pa grund af vindgradienten fra forudbestemte aerodynamiske data
og en belastningsubalancemaling til at tilvejebringe akselmoment-referencepunktskorrektionen.

4. System (124) ifelge et hvilket som helst af de foregdende krav, hvor justeringssystemet (403)
er konfigureret til at justere akselmoment-referencepunktskorrektionsvaerdien ved at korrelere
akselmoment-referencepunktskorrektionsvaerdien med mindst én af vindgradienten,
vindhastigheden, eller belastningsubalance pd grund af vindgradient gennem et ligningssystem
eller en opslagstabel.

5. System (124) ifglge et hvilket som helst af de foregdende krav, hvor pitch-systemet (406) er
konfigureret til at a&ndre belastningen pa den mindst ene vinge (202,204,206) ved at justere
mindst ét af:

vinge-pitch, flap-position, mikrotap-position, spoiler-position og aktiv
stremningskontrolindretningsposition.

6. Fremgangsmade (500) til styring af rotorubalance i en vindmglle (100), hvor fremgangsmaden
omfatter:
detektering (502) af mindst én af en rotorbelastning, en vindgradient, en vindhastighed eller en
belastningsubalance; kendetegnet ved at:
male en forskydning af mindst én vinge (202,204,206) af vindmgllen (100) ved
anvendelse af en flerhed af vingesensorer (320);
male en forskydning af en hovedakselflange (302) ved anvendelse af en flerhed af
naerhedssensorer (304-310);
konvertere forskydning af hovedakselflangen (302) og den mindst ene vinge
(202,204,206) til en indikation af mindst én af rotorbelastningen, vindgradienten
eller belastningsubalancen;
udvaelge (504) en akselmoment-referencepunktskorrektionsveerdi baseret pa
indikationen af rotorbelastningen, vindhastigheden, vindgradienten eller
belastningsubalancen;
beregne en akselmoment-korrektionskommando baseret pa akselmoment-
referencepunktskorrektionsvaerdien fra udveelgelsestrinnet; og
styre et pitch-system (406) for at justere en belastning af den mindst ene vinge
(203,204,206) af vindmgllen (100) baseret pa akselmoment-
korrektionskommandoen, eller styre et krgjningssystem til at justere en
rotorposition baseret pa akselmoment-referencepunktskorrektionsveerdien.
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7. Fremgangsmade (500) ifglge krav 6, hvor detekteringstrinnet (502) yderligere omfatter mindst
ét af at:
tilvejebringe output fra mindst to anemometre (220,221), der er anbragt med lodret
mellemrum langs vindmgllen;
tilvejebringe output fra et lysdetekterings- og afstandsmalingssystem (LIDAR)
(140);
tilvejebringe output fra et ultrasonisk mélesystem; eller
tilvejebringe output fra et maletdrn (230), der er forbundet med en vindmgllepark,
der inkluderer vindmgllen, hvor maletdrnet indbefatter en vindhastighedsdetektor til
at detektere vindgradienten fra vindhastigheder ved flere lokationer med lodret
afstand.

8. Fremgangsmade (500) ifalge krav 6 eller krav 7, hvor udveelgelsestrinnet (504) yderligere
omfatter at:

udveelge akselmoment-referencepunktskorrektionsvaerdien baseret pd korrelering af mindst én af
rotorbelastningen, vindgradienten, vindhastigheden eller belastningsubalancen gennem et
ligningssystem eller en opslagstabel.

9. Fremgangsmade (500) ifglge et hvilket som helst af kravene 6 til 8, hvor udveelgelsestrinnet
(504) yderligere omfatter at:

udveelge en akselmoment-referencepunktskorrektionsveerdi baseret pa at dynamisk estimere
belastningsubalancen fra forudbestemte aerodynamiske data og en belastningsubalance-maéling for

at tilvejebringe akselmoment-korrektionskommandoen.

10. Fremgangsmade (500) ifglge et hvilket som helst af kravene 6 til 9, hvor belastningsubalancen
er korrigeret ved at justere pitchen af den mindst ene vinge (202,204,206) under hensyntagen til
kNm/grad-leddet i den fglgende ligning:

kNm
degree

+reglimit = +“mitpitch * dF/dQ

hvor +regimit er regulatorgraensen, +limitpich €r pitchgraensen og dF /d6 kNm/grad er
vingeforsteerkningen udtrykt som en delvis afledt af éendringshastigheden i tryk pr. pitchgrad.
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11. En vindmglle (100) omfattende:
et tdrn (102), der er konfigureret til at understgtte en nacelle (106) og en rotor
(108), hvor rotoren har mindst én rotorvinge (202,204,206);
et styringssystem (124), der er programmeret til at udfgre trinene defineret ved
fremgangsmaden (500) ifelge et hvilket som helst af kravene 6 til 10.
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