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yaw angle (281) of the nacelle (130), and an actuation device (180) configured
for manipulating a position of the nacelle (130) until the current yaw angle (281)
is aligned with the target yaw angle (282), wherein the detection device (111,
112, 113, 116, 117, 118) further comprises at least one first bending moment
sensor (111, 112, 113, 116) on a first component (120, 130, 150) of the wind
turbine (100), and at least one second bending moment sensor (111, 112, 113,
116) on a second component (120, 130, 150) of the wind turbine (100), wherein
the detection device (111, 112, 113, 116, 117, 118) is further configured for de-
termining a bending moment of the first component (120, 130, 150) of the wind
turbine (100) based on data received from the first bending moment sensor (111,
112, 25 113, 116) as the at least one parameter indicative of wind forces acting
on the at least one component (120, 130, 150) of the wind turbine (100), and a
bending moment of the second component (120, 130, 150) of the wind turbine
(100) based on data measured by the second bending moment sensor (111, 112,
30 113, 116), and wherein the detection device (111, 112, 113, 116, 117, 118)
is further configured for cross-checking the bending moment of the first com-
ponent (120, 130, 150) of the wind turbine (100) with the bending moment of
the second component (120, 130, 150) of the wind turbine (100). Furthermore, a
wind turbine (100) and a method for aligning a nacelle (130) of a wind turbine
(100) are described.
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DESCRIPTION

Control system for aligning a nacelle of a wind turbine with

a Ttarget yaw angle

Field of invention

The present invention relates to a control system for align-
ing a nacelle of a wind turbine with a target vyvaw angle. Fur-
ther, the present invention relates to a wind turbine and a
method for aligning a nacelle of a wind turbine with a target

vyaw angle.

Art Background

In the technical field of wind turbines, it is known that an
extreme weather event, such as an approaching storm and/or
tropical cyclone can cause very high lcoads on a wind turbine.
In some cases, 1t may be advantageous for a normally upwind
oriented wind turbine rotor respectively nacelle to be ad-
Justed to the downwind orientation. During extreme weather
events, wind sensors may faill or provide errconeous wind di-
rection values due to high turbulence, rapid changes in wind
speed or wind direction, wind speeds being beyond sensor ca-
pabilities, a sub-optimal mounting location for the downwind
orientation, as well as blockage or other effects during
transition between the upwind orientation and the downwind
orientation. When the wind direction sensors fail or provide
erroneous wind direction readings, the wind turbine cannot
vaw to or maintain the correct downwind orientation or any
other vyaw angle dependent on exact wind direction readings.
During extreme weather events, a misalignment with respect to
the true downwind orientation will increase both the loads on
the wind turbine as well as the power consumption, due to the
wind turbine responding to an erroneous signal and/or main-
faining the nacelle at a slightly upwind orientation in high
winds. If the wind turbine has a power backup system, such as

batteries, minimizing power consumption is important if the
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grid connection has been lost, as 1s often the case during
extreme weather events. In this case, increased power con-
sumption increases the likelihood that the wind turbine will
run out of battery power and be unable to follow the wind at
the downwind position for an extended period without grid

power.

In current solutions more expensive or additional wind direc-
tion sensors are used which have a wider operating range. Al-
ternatively, vawing of the nacelle to the downwind orienta-
ftion may be initiated at lower wind speed thresholds to en-
sure that the wind direction sensors are in range during yaw-
ing, or a vawing of the nacelle may be stopped based on a na-
celle position rather than a wind direction signal. Further-
more, The allowable vyaw error (vaw dead band) may be in-
creased to accommodate the reduced accuracy of the wind di-
rection sensors in high winds, resulting in increased loads

on the wind turbine.

EP 1 429 025 Al discloses an upwind type wind turbine having
a nacelle supported for rotation on a support, the nacelle is
rotated to a downwind position by rotating it by 180° from
normal upwind position and kept in stand-by condition at a
downwind position when detected wind speed i1is higher than the
predetermined cutout wind speed which is the reference wind
speed for shifting to an idle operation state. When the de-
tected wind speed is higher than the DWSS wind speed deter-
mined based on the maximum permissible instantaneous wind
speed, the nacelle is rotated from an upwind position to

downwind position and the yaw brake is released.

Hence, there may be a need for providing an active system
which 1s able to actively change a position of the nacelle of
a wind turbine such that an alignment of the nacelle with a
specific target yaw angle may be providable in a reliable and
safe manner. Therefore, loads on the wind turbine may be re-

duced and a power consumption of the at least one vyvaw motor
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may be reduced. Hence, an avallability of a yaw capability

and hence an annual energy production may be increased.

Summary of the Invention

It may be an objective of the present invention to provide a
reliable and robust control system for aligning a nacelle of

a wind turbine with a target vyaw angle.

This objective may be solved by a control system for aligning
a nacelle of a wind turbine with a target yaw angle, a wind
turbine, and a method for aligning a nacelle of a wind tur-
bine with a target yaw angle according to the independent

claims.

According to a first aspect of the present invention there is
provided a control system for aligning a nacelle of a wind
turbine with a target vaw angle. The control system compris-
ing a detection device configured for detecting at least one
parameter indicative of wind forces acting on at least one
component of the wind turbine for determining a current yaw
angle based on the position of the nacelle, and an actuation
device configured for manipulating the position of the na-
celle until the current yaw angle is aligned with the target

yvaw angle.

The detection device further comprises at least one first
bending moment sensor on a first component of the wind tur-
bine, and at least one second bending moment sensor on a sec-
ond component of the wind turbine, wherein the detection de-
vice is further configured for determining a bending moment
of the first component of the wind turbine based on data re-
ceived from the first bending moment sensor as the at least
one parameter indicative of wind forces acting on the at
least one component of the wind turbine, and a bending moment
of the second component of the wind turbine based on data
measured by the second bending moment sensor, and wherein the

detection device is further configured for cross-—-checking the
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bending moment of the first component of the wind turbine
with the bending moment of the second component of the wind

fturbine.

The described control system i1s based on the idea that a con-
trol system may be provided which may align the nacelle of
the wind turbine relatively to the wind direction under cir-
cumstances in which the wind direction sensor(s) may provide
erroneous values or no values at all. Additionally, the de-
scribed control system may reduce a likelihood that the wind
Turbine tries to yaw to or maintain an orientation that is
not aligned with the true target yaw angle, particularly the
true downwind orientation. As a result, the described control
system may reduce the loads acting on the wind turbine. Addi-
tionally, the yaw motor(s) may not consume excess power try-
ing to maintain a slightly erroneous vaw angle, particularly
a slightly upwind orientation if the target vyaw angle is the
downwind orientation. The described control system may also
allow the wind turbine to have a higher wind speed threshold
for initiating the yaw to the downwind orientation. This may
increase the availability of the wind turbine. Particularly,
if the wind drops back below the maximum cut-in wind speed,
the wind turbine does not have to first vyaw back upwind to

produce power.

This may result in an increased availability of a vyvaw capa-
bility without the need to add additional sensors or without
the need to upgrade existing sensors. Additioconally, the annu-
al energy production may be increased by allowing the wind
turbine to remain at the upwind orientation for an extended

time and to faster return to producing power.

The yaw angle according to the present invention may corre-
spond to an angle of a rotor axis of the wind turbine rela-
tive to the wind direction of the incoming wind field. The

rotor axis of the wind turbine may be the axis around which
the rotor, particularly the hub and the three blades, turn.

At an upwind orientation of the wind turbine the nacelle may
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be positioned directly to the incoming wind field and the
blades may be positioned at the same side of the tower rela-
tive to the incoming wind field. In other words, the rotor
axis may be parallel to the wind direction of the incoming
wind field. Hence, the angle between the wind direction of
the incoming wind field and the rotor axis may be substan-
tially zero degrees (0°). At a downwind orientation of the
wind turbine the blades may be positioned at an opposite side
of the tower relative to the incoming wind field. Hence, the
angle between the wind direction of the incoming wind field

and the rotor axis may be 180°.

The detection device according to the present invention may
comprise at least two detection units. A first detection unit
is configured for detecting at least one parameter indicative
of wind forces acting on at least one component of the wind
turbine. A second detection unit is configured for determin-
ing a current yaw angle of The nacelle based on the at least
one parameter. The first detection unit and the second detec-
tion unit are interconnected such that a communication be-
tween the first detection unit and the second detection unit
may be possible. Alternatively, the detection device may com-
prise a single detection unit able of both detecting the at
least one parameter and determining a current yvaw angle based

on the detected at least one parameter.

The actuation device according to the present application may
comprise at least two actuation units. A first actuation unit
configured for manipulating, particularly yawing, The nacelle
to a position such that the current yaw angle 1s aligned with
the target vyaw angle. Additionally, the first actuation unit
may be interconnected to a second actuation unit. The second
actuation unit may be configured for ensuring that the na-
celle stops vawing if the current vaw angle is aligned with
the target vaw angle. Alternatively, the actuation device may
comprise a single actuation unit configured for both manipu-
lating a nacelle position and at the same tTime ensuring that

the manipulating of the nacelle position stops if the current
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yaw angle i1s aligned with target yvaw angle. Further, the ac-
tuation device according to the present application may be
configured to define an error band around the target yaw an-
gle, and to vyaw until the current vaw angle is within the er-
ror band. Particularly, the actuation device may be at least
one yaw motor of the nacelle. Furthermore, The actuation de-
vice may further comprise a control unit for deactivating the
at least one yvaw motor when the current vaw angle is aligned

with the target yaw angle.

The yaw angle according to the present application may denote
an angle of the nacelle of the wind turbine relative to a
wind direction of an incoming wind field. In other words, the
vaw angle may denote an angle of the wind turbine rotor rela-
tive to the wind direction of the incoming wind field. Par-
ticularly, the target yaw angle may denote a desired orienta-
tion of the nacelle relative to the incoming wind field such
as 0%, 90° or 180° depending on an operation mode of the wind
turbine. A yaw angle of 0° may correspond to the upwind ori-
entation of the wind turbine. A yaw angle of 180° may corre-
spond to the downwind orientation of the wind turbine. A yaw
angle of 90° may correspond to Helihoist orientation of the
wind turbine or a service operation vessel orientation of the
wind turbine. Further, it may be understood that the target
vaw angle may be set to any vaw angle relative to the wind
direction of the incoming wind field. In other words, the
target yvaw angle according to the present application may de-
note a desired vaw angle which the nacelle should reach

and/or maintain.

The current yaw angle according to the present application
may denote the yaw angle of the nacelle respectively the wind
turbine rotor relatively to the incoming wind field at a spe-

cific point in time.

A position of the nacelle respectively the nacelle position
according to the present application may denote the angle of

a nacelle with respect to a fixed vector normal to a yaw ax-
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is, such as 0 degrees (0°) corresponding to true north,
wherein the yaw axis may be the axis around which the nacelle
is vyvawed. Therefore, a nacelle position value may be inde-

pendent of the wind direction.

A current nacelle position according to the present applica-
tion may denote an actual nacelle position at a point in
time. The current nacelle position along with a current wind

direction may determine a current yaw angle.

The target nacelle position according to the present applica-
tion may denote the nacelle position to be reached by the

control system. Typically, the target nacelle position may be
calculated based on the current nacelle position, the current

vaw angle and a target vyaw angle.

The at least one parameter indicative of wind forces acting
on at least one component of the wind turbine according to
the present application may denote that the current yaw angle
may not be determined based on the wind direction measured by
a wind direction sensor. The current vaw angle may rather be
determined based on measured wind forces acting on at least
one component of the wind turbine and being indicative of the
relative wind direction of the incoming wind field. In other
words, the detection device rather uses a force measurement
than a wind measurement for determining the current yaw an-

gle.

For determining the current yaw angle of the nacelle accord-
ing to the present invention may denote that the current yaw
angle may be determined based on the detected at least one

parameter.

The at least one component may be a blade, a tower, a na-

celle, or a yaw motor of the wind turbine.
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According to a further exemplary embodiment of the present
invention, the target yaw angle is a downwind orientation of

the nacelle.

The target yvaw angle being the downwind orientation may pro-
vide the possibility that during extreme weather events or if
the wind direction sensor fails, the nacelle may be safely
brought into alignment with the downwind orientation such
that loads on the wind turbine and power consumption may be

reduced.

According to a further exemplary embodiment of the present
invention, the detection device comprises a memory unit which
is configured for storing values for the at least one parame-

ter, the values being assigned to respective yaw angles.

The memory unit according to the present invention may com-
prise a list stored in the memory unit. In the list values
for the at least one parameter detected by the detection de-
vice are stored on the one hand. On the other hand, the
stored values are assigned to respective yaw angles. There-
fore, in the memory unit a respective vaw angle 1s assigned
Lo one respective value of one respective parameter, namely
Lo one respective parameter value. According to an exemplary
embodiment of the present invention, the detection device may
determine the current vaw angle by interpolating a difference

or a ratio between values of two or more parameters.

Thereby, 1t may be possible that the current vyvaw angle may be
detected by detecting wind forces acting on the component of
the wind turbine rather than detecting a wind direction. Par-
ticularly, a value pattern may be assigned to a yaw angle

range, e.d., loads may increase as the nacelle vyaws from the
upwind orientation to a 90° orientation and then may decrease
as the nacelle vaws from the 90° orientation to the downwind

orientation.
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According to a further exemplary embodiment of the present
invention, the detection device comprises at least one strain
gauge on at least one blade of the wind turbine and is fur-
ther configured for determining a rotor-induced yaw load
based on data received from the at least one strain gauge as
the at least one parameter indicative of wind forces acting

on the at least one blade.

Providing one strain gauge on each of the three blades, par-
ticularly at a root portion of the respective blade, may pro-
vide exact rotor-induced loads. Particularly, wind force dif-
ferences on the different blades may be taken into account

such that an averaged value of the wind forces acting on the

blades may be determined.

Providing at least two strain gauges on each of the three
blades may provide a reliable and redundant configuration of
the detection device. Particularly, even if one of the strain
gauges on one blade fails, the at least one other strain
gauge may provide the parameter indicative of wind forces

acting on the blade.

The strain gauge on the blade may be a blade load sensor
which is mounted to a blade root of one blade. Further, mul-
ftiple strain gauges may be positioned at the blade root of
each blade. The strain gauges may be configured for measuring
a strain introduced by the wind forces acting on the blade.
The measured strain may be an indication of the blade load on
the blade.

The rotor-induced yaw load depends on the wind direction of
the incoming wind field relative to the blade. Particularly,
the current yaw angle may be determined by a pattern of
changes in loads based on a blade azimuth position. The wind-
speed may influence the scale of the loads. Therefore, the
rotor-induced yaw load may be a direct indication of the cur-

rent yaw angle.
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The blade azimuth position according to the present applica-
tion denotes the angle of a blade relative to a fixed vector
normal to the rotor axis (e.g., 0 degrees, 0°) corresponds to
a vector pointing vertically upward from the rotor axis)
which may be the position of the blade as it rotates about

the hub in the rotor plane.

According to each of the aspects of the invention, the detec-
tion device further comprises at least one first bending mo-
ment sensor on a first component of the wind turbine, and at
least one second bending moment sensor on a second component
of the wind turbine, wherein the detection device is further
configured for determining a bending moment of the first com-
ponent of the wind turbine based on data received from the
first bending moment sensor as the at least one parameter in-
dicative of wind forces acting on the at least one component
of the wind turbine, and a bending moment of the second com-
ponent of the wind turbine based on data measured by the sec-
ond bending moment sensor, and wherein the detection device
is further configured for cross-checking the bending moment
of the first component of the wind turbine with the bending

moment of the second component of the wind turbine.

Cross-checking may denote that the bending moment of the
first component is compared with the bending moment of the
second component for determining if the bending moment of the
first component and the bending moment of the second compo-
nent are in agreement. Being in agreement may denote that an
estimate of the bending moment of the first component, par-
ticularly at a location of the first bending moment sensor,
as determined based on data measured by the second bending
moment sensor is within an error margin of the bending moment
of the first component. The error margin may be set according
to the required accuracy of the determined current yaw angle.
Hence, cross-checking may denote verifying the bending moment
of the first component by the bending moment of the second
component. Hence, the determined current yaw angle may be

verified, and a plausibility analysis may be providable.
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The first bending moment sensor may be of the same type of
sensor as the second bending moment sensor, tThe first compo-
nent may be the same component as the second component, and
the first bending moment sensor and the second bending moment
sensor are distanced from each other on the same component.
Hence, also when either the first bending moment sensor or
the second bending moment sensor fails, the detection device
may still determine the current vaw angle of the nacelle.
Particularly, the first bending moment sensor and the second
bending moment sensor may each be a strain gauge and mounted
distanced to each other on the tower. Hence, even if one
strain gauge fails, the tower bending moment may be deter-
mined based on the tower bending moment measured by the re-
maining strain gauge. Therefore, a reliable control system

may be provided.

The first bending moment sensor may be of a different type of
sensor as the second bending moment sensor, particularly, the
first bending moment sensor may be a strain gauge and the
second bending moment sensor may be an accelerometer. At the
same time, the first component may be the same component as
the second component, particularly, the tower. Hence, the
current yvaw angle determined based on the tower bending mo-
ment measured by the strain gauge may be verified by an ac-
celerometer-based tower bending moment measured by the accel-

erometer.

The first bending moment sensor may be of a different type of
sensor as the second bending moment sensor, and the first
component may be a different component as the second compo-
nent. Particularly, a strain gauge may be mounted on the tow-
er and an accelerometer may be mounted on the nacelle. Hence,
the current vaw angle determined based on the tower bending
moment may be verified by an accelerometer-based bending mo-

ment measured by the accelerometer.
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The first bending moment sensor may be of the same type of
sensor as the second bending moment sensor, particularly, a
strain gauge, and the first component may be a different com-
ponent as the second component. Particularly, the first com-
ponent may be the tower and the second component may be the
nacelle. Hence, the current yaw angle determined based on the
tower bending moment may be verified by an accelerometer-
based bending moment of the nacelle measured by the accel-

erometer.

Hence, by cross-checking the first bending moment with the

second bending moment, the detection device may more robustly
determine the current yvaw angle. Additionally, a plausibility
analysis may be providable. Hence, a reliable control system

may be providable.

According to a further exemplary embodiment of the present
invention, the detection device further comprises at least
one strain gauge on at least one blade and at least one fur-
ther strain gauge on a tower of the wind turbine, wherein the
detection device is further configured for determining a root
bending moment of the at least one blade and a tower bending
moment over a blade azimuth range based on data received from
the at least one strain gauge and the at least one further
strain gauge as the at least one parameter indicative of wind

forces acting on the at least one blade and the tower.

In other words, the respective bending moment is monitored
with respect to the (blade) azimuth position as the blade ro-

tated through the entire azimuth range, namely 0° to 360°.

A current vaw angle, particularly the vaw angle relative to a
downwind orientation, may be estimated by comparing the bend-
ing moments, particularly the tower bending moment and the
root bending moment of the at least one blade, over the blade
azimuth range to a profile of expected changes in turbine
loads as the nacelle yaws from an upwind orientation to the

downwind orientation. From the fower bending moment together
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with the root bending moment of the at least one blade the

current yvaw angle may be directly determined.

According to a further exemplary embodiment of the present
invention, the detection device further comprises at least
one accelerometer on the nacelle and/or at least one further
accelerometer on the tower, wherein the detection device is
further configured for determining accelerometer-based tur-
bine loads based on data received from the at least one ac-
celerometer and/or the at least one further accelerometer,
and wherein the detection device is further configured for
cross-checking the tower bending moment with the accelerome-

ter-based turbine loads.

It may be understood that loads due to e.g., gravity or winds

may cause bending moments on turbine components.

Cross-checking may denote that the tower bending moment is
compared with the accelerometer-based turbine loads for de-
ftermining 1f the tower bending moment and the accelerometer-
based turbine loads are in agreement. Being in agreement may
denote that an estimate of the tower bending moment, particu-
larly at a location of the further strain gauge on the tower,
as determined based on data measured by the at least one ac-
celerometer and/or the at least one further accelerometer is
within an error margin of the tower bending moment. The error
margin may be set according to the required accuracy of the
determined current vyvaw angle. Hence, cross—-checking may de-
note verifying the tower bending moment by the accelerometer-
based turbine loads. Therefore, the determined current yaw
angle may be verified, and a plausibility analysis may be

providable.

By cross-checking the tower bending moment with the accel-
erometer-based turbine loads, the detection device may more
robustly determine the current vaw angle. Hence, a reliable

control system may be providable.
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Furthermore, even 1f either the strain gauge or the accel-
erometer fails, the detection device may still determine the
current vaw angle based on either the tower bending moment or
the accelerometer-based turbine loads. Therefore, a redundant

and failsafe control system may be providable.

According to a further exemplary embodiment of the present
invention, the detection device further comprises at least
one rotor azimuth sensor, wherein the detection device is
further configured for determining a blade azimuth position
based on data received from the at least one rotor azimuth
sensor, and wherein the detection device is further config-
ured for associating the root bending moment of the at least

one blade with the measured blade azimuth position.

By associating the root bending moment with the measured
blade azimuth position, the detection device may more robust-
ly determine the current yaw angle. Hence, a reliable control

system may be providable.

According to a further exemplary embodiment of the present
invention, the detection device comprises a sensor for de-
tecting at least one of an electrical current and a tempera-
ture of at least one yaw motor of the nacelle, wherein the
actuation device is further configured for yvawing the nacelle
until an increase in in at least one of the electrical cur-
rent and the temperature of the at least one yvaw motor is de-
tected by the sensor. Further, the target vaw angle is a

downwind orientation.

During vawing to the downwind orientation, the vawing 1is
helped by the incoming wind field and depending on the wind
speed and hence the wind forces acting on the wind turbine,
the wind turbine motors, such as the yaw motor of the na-
celle, may even generate power. In other words, the motor

load is indicative for the wind load on the wind turbine.
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By detecting an increase in at least one of the electrical
current and the temperature of the vyvaw motor, the detection
device may detect that the nacelle is yawing in the upwind

direction.

Providing one single sensor for detecting the electrical cur-
rent and the temperature of tThe yaw motor on each yaw motor
may allow an easy system comprising solely one sensor for

each yaw motor.

Providing the sensor comprising one sub-sensor element for
detecting the electrical current and another sub-sensor ele-
ment for detecting the temperature of the yaw motor on each
vaw motor may allow to provide a reliable system because even
if on sensor fails the other sensor may still provide data

for determining the current yaw direction.

Thereby, an easy and reliable control system may be provided

for aligning the nacelle with the downwind orientation.

According to a further exemplary embodiment of the invention,
the detection device 1s further configured for controlling
that the current yaw angle is aligned with the target vyaw an-
gle by comparing the at least one parameter indicative of
wind forces acting on at least one component of the wind tur-

bine to a threshold indicative for the target yaw angle.

According to a further exemplary embodiment of the present
invention, the detection device is further configured for
controlling that the current yvaw angle 1s the downwind orien-
tation by comparing the at least one parameter indicative of
wind forces acting on at least one component of the wind tur-
bine to a threshold indicative for the downwind orientation

of the nacelle.

Thereby, the nacelle may be reliably maintained at the target
vaw angle, particularly the downwind orientation even if the

wind direction of the incoming wind field changes. Particu-
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larly, the control system aligns the current yaw angle with
the target yaw angle. By way of example, the target yaw angle
being set to correspond to the downwind orientation of the
nacelle. Then the wind direction of the incoming wind field
changes and therefore, the current yaw angle no longer corre-
sponds to the downwind orientation of the nacelle. Hence, the
control system according to the present invention may provide
the possibility to additionally control that the current vyaw
angle 1s adapted to be the downwind orientation of the na-
celle even 1f the wind direction of the incoming wind field
changes. In other words, the control system may additionally
detect that the current yaw angle is no longer aligned with
the target yvaw angle and ensures that the nacelle vyaws back
to the target yaw angle in response to a change in wind di-
rection of the incoming wind field because 1f the threshold
is exceeded, the loads on the wind turbine due to the misa-
lignment of the current vaw angle and the target yaw angle

may not be acceptable.

The threshold indicative for the target vaw angle, particu-
larly the downwind orientation of the nacelle, may be adapted
dependent on the wind forces acting on the wind turbine. For
example, at high wind forces, the threshold may be smaller
than at low wind forces. Additionally, the threshold may be
dependent on the used parameter and the wind turbine type.
Therefore, a range may be defined by the threshold, which is
indicative of the allowable misalignment of the current vyaw
angle and the target vyaw angle, particularly the downwind
orientation of the nacelle. Thereby, a robust alignment of
the current yvaw angle with the true target vaw angle. Partic-
ularly the true downwind orientation of the nacelle, may be

providable.

According to an exemplary embodiment of the current inven-

tion, the actuation device is further configured for periodi-
cally vawing the nacelle in both vaw directions relative to a
position of the nacelle at the current yaw angle, wherein the

detection device is further configured for comparing the at
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least one parameter indicative of wind forces acting on at
least one component of the wind turbine at different nacelle
positions, and for determining an extent of misalignment of

the current yaw angle with respect to the target yaw angle.

Particularly, when the target vaw angle i1s a downwind orien-
tation, the actuation device is further configured for peri-
odically yawing the nacelle in both yaw directions relative
to the current nacelle position, and the detection device is
further configured for comparing the at least one parameter
indicative of wind forces acting on at least one component of
the wind turbine at different nacelle positions, and for de-
termining an extent of misalignment of the current yaw angle

with respect to the downwind crientation.

The two yaw directions may be opposite to each other. Partic-
ularly, one yaw direction may be a clockwise direction, and

the other vyaw direction may be an anti-clockwise direction.

Periodically yvawing relative to the position of the nacelle
at the current yaw angle (the current nacelle position) ac-
cording to the present invention may denote that starting
from the position of the nacelle at the current yvaw angle
(the current nacelle position), the nacelle i1s yawing a cer-
tain extent in the clockwise direction and the same certain
extent in the anti-clockwise direction. Thereby the different
nacelle positions may correspond to the certain extent in the
clockwise direction and the same certain extent in the anti-
clockwise direction with respect to the current vaw angle.
Hence, different yaw positions may denote a first vyaw posi-
tion of the nacelle relative to the position of the nacelle
at the current vaw angle and a second yaw position of the na-
celle distanced from the first yaw position and on an oppo-
site side of the position of the nacelle at the current vyaw

angle seen in yaw direction.

Determining an extent of misalignment of the current vaw an-

gle with respect to the target vaw angle, particularly being
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the downwind orientation, may denote determining a ratio or a
difference of the at least one parameter indicative of wind
forces acting on at least one component of the wind turbine
at the different nacelle positions, and determining if the
ratio or the difference is within an error tolerance of a
target value, wherein the target value may be 1 for the ratio
or 0 for the difference. If the ratio or difference of the at
least one parameter indicative of wind forces acting on at
least one component of the wind turbine at one of the differ-
ent nacelle positions is within the error tolerance of the
target value, the current vaw angle is considered to be
aligned with the target vaw angle, particularly the downwind
orientation. On the other hand, if the ratio or the differ-
ence is not within the error tolerance of the target value,
the current yaw angle is not aligned with the target vaw an-
gle, particularly the downwind orientation. The values of the
at least one parameter indicative of wind forces acting on
the at least one component of the wind turbine at different
nacelle positions may be scaled by wind speed. Therefore, the
extent of misalignment may be determined by the difference or

the ratio of the parameter values.

Thereby, the control system may determine an extent of misa-
lignment of the nacelle with respect to the target yvaw angle,
particularly the downwind orientation, due to wind direction

changes of the incoming wind field.

According to a further exemplary embodiment of the present
invention, the detection device is further configured for de-
ftermining a yaw direction towards the target vaw angle based
on the determined extent of misalignment of the current yaw
angle with respect to the target yaw angle, and the actuation
device is further configured for manipulating the position of
the nacelle in the vyaw direction until the current yaw angle
is aligned with the target vaw angle. Further, the target vyaw

angle may be the downwind orientation.
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The yaw direction according to the present invention may de-
note the direction from the current vaw angle to the target
vaw angle, particularly the downwind orientation. The vyaw di-
rection towards the target yaw angle may be chosen based on
the extent of misalignment of the current yaw angle with re-
spect to the downwind orientation. Additionally, the yaw di-
rection towards the target yaw angle, particularly the down-
wind orientation, may be chosen such that the nacelle may be
aligned with the target yvaw angle, particularly the downwind
orientation, in the fastest way based on the smallest dis-
tance between the current yaw angle and the target vaw angle,
namely the downwind orientation. Thereby, a fast and reliable
adjustment of the current vaw angle with the target yaw an-

gle, namely the downwind orientation, may be providable.

The actuation device is further configured for manipulating
the nacelle position in the vaw direction until the current
yvaw angle is aligned with the target yaw angle, particularly
the downwind orientation, according to the present invention
may ensure That the alignment of the current yaw angle with
the target vyaw angle, particularly the downwind orientation,
may reliably be maintained even when the wind direction of
the incoming wind field changes during a failure of the wind

direction sensors.

According to a further exemplary embodiment of the present
invention, the control system further comprises an initiating
device configured for activating the detection device and the
actuation device based on a parameter indicative of a relia-
ble operation of the wind turbine exceeding a predefined
threshold, wherein the parameter indicative of the reliable
operation of the wind turbine is at least one of a duration
of a non-valid wind data condition, an estimated wind speed,
and a turbine loading. Further, the target vyaw angle is a

downwind orientation of the nacelle.

By the initiating device, the nacelle may commence yawing to

the downwind orientation even in cases when there may be no
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valid wind data provided by the wind direction sensor or the
wind speed sensor. Hence, the turbine does not need to yaw
the nacelle to the downwind orientation prematurely in order
to ensure that the turbine has valid wind data throughout the
vaw but instead the nacelle can stay upwind until the prede-
fined threshold is exceeded, thus i1if the wind forces die down
the turbine will be available to produce power sconer than if
the nacelle had vyawed to the downwind orientation. Further,
the turbine may be protected, because when there i1s no valid
wind data, the turbine can still determine that the nacelle
should yaw downwind instead of just stop vawing. Thereby po-
tential high loads may be avoided due to a bad yaw angle, for
example if the wind direction of the incoming wind field
changes. Hence, turbine availability may be directly and in-

directly increased.

The initiating device according to the present invention may
particularly be a controller configured for activating and

deactivating at least one yaw motor of the nacelle. In other
words, The controller may be configured for initiating a yaw-

ing of the nacelle.

The reliable operation of the wind turbine according to the
present invention may denote a safe operation state of the
wind turbine at which wind forces, particularly the wind
speed, acting on the wind turbine is in a range in which the
nacelle may rest at the upwind orientation or in which the
nacelle may rest at a vaw angle different from the downwind
orientation, such as the 90° orientation for Helihoist or

service operation vessel approach mode.

The predefined threshold according to the present invention
may be set to a specific value dependent on the used parame-

ter indicative of the reliable operation of the wind turbine.

The non-valid wind data condition according to the present
application may denote a state in which at least one wind

sensor of the wind turbine is not working, e.g., because the
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sensor 1is blocked by a component of the wind turbine, such as
the nacelle. Additionally, the wind sensor may fail due to
fast changings of the wind direction of the incoming wind
field such that the wind direction signal generated by the

sensor may not be trusted.

The predefined threshold associated with the non-valid wind
data condition may be a time period indicative of the tTime in
which the wind turbine may remain safely at the current vyaw
angle being for example the upwind orientation or close to
the upwind orientation, while the wind data received is not
valid or erronecus. If the time period without valid wind da-
ta 1s too long, wind changes may become too large and there-
fore the detection device and the actuation device may be ac-
tivated to manipulate the current nacelle position until the
current yaw angle is aligned with the target vyaw angle.
Hence, the nacelle may be activated to yvaw to the downwind

orientation to protect the wind turbine.

The estimated wind speed may be determined by a sensor con-
figured for detecting a turbine rotor speed. From the turbine
rotor speed the wind speed of the incoming wind field may di-
rectly be estimated. Alternatively, the estimated wind speed
may be measured by a wind speed sensor. When a wind speed
sensor 1is used for determining the estimated wind speed, the
estimate may be based on the last valid measurement or last

series of valid measurements.

The predefined threshold associated with the estimated wind
speed may be set to correspond to a cut-out wind speed. The
cut-out wind speed may denote the maximum wind speed at which
power may safely be produced by the wind turbine. Alterna-
tively, the predefined threshold may be set to a different
wind speed based on sensor capability or based on ensuring
that the loads experienced by the wind turbine as the nacelle
vaws to the target vaw angle being the downwind orientation,
do not exceed the predefined threshold. Particularly, the

threshold for activation of downwind vyawing is established
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based on a load analysis to ensure that while yawing to the
downwind orientation the loads experienced by the turbine,
which are highest as the nacelle yaws through the 90-degree
orientation, does not exceed the threshold. This threshold
may be determined by and may differ by different wind tur-

bines.

In other words, 1f the estimated windspeed exceeds the prede-
fined threshold, the manipulating of the current nacelle po-
sition to the downwind orientation may be activated by the

initiating device.

The turbine loading may be determined by tower and blade
bending moments and/or by tower and nacelle accelerations.
The predefined threshold associated with the turbine loading
may correspond to the turbine loading which still allows a
safe and reliable operation of the wind turbine. If the pre-
defined turbine loading threshold is exceeded, the yawing of
the nacelle may be initiated by the initiating device. Then
the nacelle is yawed such that the current yaw angle is
aligned with the target vaw angle, which is the downwind ori-

entation.

According to a further aspect of the present invention, there
is described a wind turbine. The wind turbine comprises an

above-described control system.

The wind turbine comprising the above-described control sys-
tem may be based on the idea that the nacelle of the wind
turbine may be aligned with a target yaw angle also under
circumstances in which the wind direction sensor(s) may pro-
vide erroneous values or no values at all. Additionally, a
likelihood that the wind turbine tries to yaw to or maintain
a vaw angle that is not aligned with the true target vyaw an-
gle, particularly the true downwind orientation, may be de-~
creased. As a result, loads acting on the wind turbine may be
reduced. Additionally, The yaw motor(g) may nol consume ex-

cess power trying to maintain the nacelle at a slightly erro-
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neous vaw angle, particularly a slightly upwind orientation.
The described control system may also allow the wind turbine
to have a higher wind speed threshold for yawing the nacelle
to the downwind orientation. This may increase the availabil-
ity of the wind turbine. Particularly, if the wind drops back
below the maximum cut-in wind speed, the wind turbine does
not have to first vaw back to the upwind orientation to pro-
duce power. Further, excessive loading on the wind turbine
may be inhibited by yvawing the nacelle to the target yaw an-
gle, particularly being the downwind orientation, instead of
just stopping yvawing when no valid wind data are available

while maintaining the upwind orientation.

According to a further exemplary embodiment of the present
invention, the wind turbine further comprises (a) a wind di-
rection sensor, (b) a monitoring device configured for (i)
detecting a failure of the wind direction sensor, (ii) de-
tecting a failure position of the nacelle and/or a vyaw veloc-
ity at the failure of the wind direction sensor, (i1iii) deter-
mining a recovery position of the nacelle at which the wind
direction sensor 1s expected to be recovered from failure,
(iv) determining a yaw distance being a distance between the
failure position of the nacelle and the recovery position of
the nacelle, (¢) a vawing device configured for vawing the
nacelle for a time period, wherein the time period is based
on the vaw distance and/or the vaw velocity, and (d) a deci-
sion device configured for (i) detecting a continued failure
of the wind direction sensor after the tTime period, and (ii)
configured for alternatively activating the detection device
and the actuation device based on the continued failure of
the wind direction sensor when the target yaw angle is dif-
ferent from the upwind orientation, in particular the down-
wind orientation, or stopping the vawing of the nacelle when

the target yaw angle is the upwind orientation.

In other words, the wind turbine further comprises (a) a wind
direction sensor, (b) a monitoring device configured for (i)

detecting a failure of the wind direction sensor, (ii) de-
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tecting a failure nacelle position at the failure of the wind
direction sensor, (iii) determining a faillure vaw angle at
the failure of the wind direction sensor based on the last
reliable wind direction, (iv) determining a recovery nacelle
position where the wind direction sensor may no longer be
failed, (v) determining a recovery vaw distance between the
failure nacelle position and the recovery nacelle position,
(vi) detecting a yaw velocity at the failure of the wind di-
rection sensor, (c¢) a yawing device (i) configured for yawing
the nacelle to the recovery nacelle position by (i-a) moni-
toring the current nacelle position or by (i-b) vawing the
nacelle for a time period based on the recovery vaw distance
and the vaw velocity, and (d) a decision device (1) config-
ured for detecting a continued failure of the wind direction
sensor after the recovery nacelle position is reached, and
(ii) configured for alternatively (ii-a) activating the de-
tection device and the actuation device based on the contin-
ued failure of the wind direction sensor to complete the vyaw
to the target vaw angle when the target yaw angle 1s not the
upwind orientation and i1s in particular the downwind orienta-
tion, or (ii-b) stopping the yvawing of the nacelle when the

target yvaw angle is the upwind orientation.

The wind direction sensor may comprise a single sensor. This
may provide an easy structure of the wind direction sensor.
Alternatively, the wind direction sensor may comprise two or
more sensors. This may provide a reliable and redundant
structure of the wind direction sensor. Additioconally, the
wind direction sensor(s) may be mounted to the nacelle at a
position adjacent to the hub seen in the direction of the ro-
tor axis and/or at a rear end of the nacelle. Further, the
wind direction sensor may be mounted to a top of the nacelle
or to a position distanced about 90° to the top of the na-
celle arcund the rotor axis. Additionally, the wind turbine
may comprise three wind direction sensors, one at the top of
the nacelle and the other two each distanced 90° to the wind
direction sensor on the top of the nacelle on respective

sides of the nacelle.
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The monitoring device according to the present invention may
detect the failure of the wind direction sensor. The failure
of the wind direction sensor may denote that the wind direc-
tion sensor does no longer provide any signal indicative of
the wind direction at all or that the wind direction sensor

provides erroneous values.

A last reliable wind direction signal may be the most recent
valid wind direction value received prior to the detection of
the wind direction sensor failure, or the most recent series
of valid wind direction values received prior to the detec-

tion of the wind direction sensor failure.

The failure nacelle position may correspond a position of the
nacelle at which the last reliable wind direction signal may
have been received. Additionally, a fallure yaw angle may
correspond to a yaw angle determined from the last reliable

wind direction signal.

A recovery vaw angle may correspond to a vaw angle at which a
reliable wind direction signal is expected to be available,
due to e.g., the wind sensor no longer being blocked by for
example the nacelle, due to sensor location and/or wind tur-

bine geometry.

When the target yaw angle is the downwind orientation, the
recovery vaw angle may correspond to a yaw angle at which the
vaw to the target yaw angle may reliably be completed based

on the detection device.

The recovery yaw distance may denote a remaining (angular)
distance between the failure nacelle position and the recov-
ery nacelle position. Thereby, the recovery yaw distance may
be set such that the nacelle yaws a distance which may allow
the wind direction sensor to be brought out of a blocked area
or, particularly in the case where the Target yaw angle is

the downwind orientation, such that the yvaw to the target vyaw
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angle may be completed using the detection device. The recov-
ery yvaw angle may be less than the target vaw angle. In other
words, the recovery vaw distance may be such that the nacelle
vaws To a yaw angle different from the target yaw angle and
positioned between the failure vaw angle and the target vyaw
angle. Hence, while yawing from the failure nacelle position
to the recovery nacelle position, changes of the wind direc-
tion of the incoming wind field may be neglected by the moni-

toring device.

The monitoring device according to the present invention may
detect a faillure position of the nacelle at the failure of
the wind direction sensor based on the last reliable wind di-
rection sensor data. Additionally or alternatively, the moni-
toring device may detect a yaw velocity of the nacelle at the
failure of the wind direction sensor. Particularly, the yaw
velocity may be detected by at least one sensor measuring da-

ta indicative of the vaw velocity of the nacelle.

The recovery position of the nacelle may be the position at
which the wind direction sensor is expected to be recovers
from failure. Particularly, the recovery position of the na-
celle may be determined based on the failure nacelle posi-

tion, the failure vaw angle and the recovery yaw angle.

The wind direction sensor may be recovered from failure for
example because the wind direction sensor may be brought out

of a blocked area.

The yaw distance may be an angular distance between the fail-
ure position of the nacelle and the recovery position of the

nacelle.

The time period may be based on the vaw distance and/or the
yvaw velocity at the point in time when the failure of the
wind direction sensor is detected. Particularly, the time pe-
riod may be determined such that the nacelle yaws to the re-

covery position of the nacelle. The recovery position of the
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nacelle may be positioned in-between the failure position of
the nacelle and the position of the nacelle at which the cur-
rent yaw angle i1s aligned with the target yaw angle, seen in
a yaw direction of the nacelle. Hence, while yawing from the
failure position of the nacelle to the recovery position of
the nacelle, changes of the wind direction of the incoming

wind field may be neglected by the monitoring device.

The vyawing device according to the present invention may com-
prise a yaw motor configured for yawing the nacelle of the
wind turbine. Additionally, the vyawing device may comprise at
least one control element or controller configured for acti-
vating and deactivating the at least one yaw motor of the na-

celle.

The vawing device, particularly the control element or con-
troller, may accomplish the vaw over the recovery yaw dis-
tance by monitoring the current nacelle position and deac-
tivating the at least one yaw motor when the current nacelle

position is aligned with the recovery nacelle position.

Alternatively, the yawing device, particularly the control
element or controller, may accomplish the yaw over the recov-
ery vaw distance by activating the at least one vyaw motor for

the duration of the time period.

The continued failure of the wind direction sensor after the
time period may particularly denote a detection of a further
failure or a detection that the wind direction sensor is
still blocked (e.g., due to a change in wind direction). In
both cases the wind direction sensor after the time period,
particularly after the vaw to the recovery position of the
nacelle is completed, provides an erroneous wind direction
signal or no wind direction signal at all. Hence, the deci-
sion device 1s configured for detecting that the continued
vawing of the nacelle, particularly the vyawing to the recov-
ery nacelle position, has not unblocked the wind direction

sensor. Thereby, a further vawing of the nacelle to the tar-
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get yaw angle may not be based on data provided by the wind

direction sensor.

When the target yaw angle is different from the upwind orien-
tation, and is in particular the downwind orientation, and
the decision device has detected the continued failure of the
wind direction sensor after the time period, particularly af-
ter the vaw to the recovery nacelle position is completed,
the nacelle may be vawed to the target vyaw angle, particular-
ly being the downwind orientation, by utilizing the detection
device as well as the actuation device. Thereby, a damage of
the wind turbine due to erroneous wind velocity and/or wind

direction data may be reliably inhibited.

When the target vyaw angle i1s the upwind orientation and the
decision device has detected the continued failure of the
wind direction sensor after the time period, particularly af-
ter the vaw to the recovery nacelle position is completed,
the nacelle may be stopped and remain at the current position
of the nacelle until the wind direction sensor may have re-
covered and may provide valid data again. Thereby, an exces-
sive energy consumption of the yaw motor may be inhibited be-
cause the wind turbine stops vawing. Particularly, brakes may
be holding the nacelle at the recovery position of the na-
celle and therefore no energy may be required to maintain the

position.

According to a further aspect of the present invention, there
is described a method for aligning a nacelle of a wind tur-
bine with a target yaw angle. The method comprises (a) de-
tecting at least one parameter indicative of wind forces act-
ing on at least one component of the wind turbine for deter-
mining a current yaw angle of the nacelle, and (b) manipulat-
ing a position of the nacelle until the current yaw angle is

aligned with the target yaw angle.

The method further comprises providing at least one first

bending moment sensor on a first component of the wind tur-
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bine, providing at least one second bending moment sensor on
a second component of the wind turbine, further determining a
bending moment of the first component of the wind turbine
based on data received from the first bending moment sensor
as the at least one parameter indicative of wind forces act-
ing on the at least one component of the wind turbine, and a
bending moment of the second component of the wind turbine
based on data measured by the second bending moment sensor,
and cross-checking the bending moment of the first component
of the wind turbine with the bending moment of the second

component of the wind turbine.

The described method 1s based on the idea that the nacelle of
the wind turbine may be aligned with a target yaw angle also
when the wind direction sensor(s) may provide erroneous val-
ues or no values at all. Additionally, a likelihood that the
wind turbine tries to yaw to or maintain a vaw angle that is
not aligned with the target vaw angle, particularly the down-
wind orientation, may be decreased. As a result, loads acting
on the wind turbine may be reduced. Additionally, the yaw mo-
tor({s) may not consume excessive power trying to maintain a
slightly erroneous yaw angle, particularly a slightly upwind
orientation. The described method may also allow the wind
turbine to have a higher wind speed threshold for vyawing to
the downwind orientation. This may increase the availability
of the wind turbine. Particularly, if the wind drops back be-
low the maximum cut-in wind speed, the wind turbine does not
have to first yaw back to the upwind orientation to produce

power.

Additional existing turbine sensors (sensors i1ndicative of
wind forces acting on at least one component of the wind tur-
bine) or time may be used to supplement, cross-check or re-
place a wind direction signal provided by a wind sensor (wind
direction sensor) while vyawing to, from or in the vicinity of
a downwind orientation. According to a first exemplary ap-
proach, at least one existing non-wind sensor, namely at

least one existing sensor detecting at least one parameter
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indicative of wind forces acting on at least one component of
the wind turbine, may be used. Particularly, when a nacelle
of a wind turbine is yawing to or from the downwind orienta-
ftion or i1s maintaining the downwind orientation, a comprehen-
sive sensor strategy that utilizes information provided by
existing sensors detecting at least one parameter indicative
of wind forces acting on at least one component of the wind
turbine to supplement, cross—check or replace the signal from

wind (direction) sensors.

The sensor detecting at least one parameter indicative of

wind forces acting on at least one component of the wind tur-
bine may be a strain gauge on at least one blade of the wind
turbine (blade load sensor) configured for determining a ro-
tor induced yaw load as an indication of a relative wind di-

rection.

Further, the sensors detecting at least one parameter indica-
tive of wind forces acting on at least one component of the
wind turbine may be strain gauges on the blades and the tower
of the wind turbine, combined with accelerometers on the na-
celle and the tower. A tower bending moment along with root
bending moments of each blade over a blade azimuth range may
be derived/determined from the strain gauges, with load esti-
mates based on the accelerometers on the tower and/or the na-
celle serving as a cross-check of the tower bending moment.
The current yaw angle relative to the downwind orientation
may be estimated by comparing the bending moments over a
blade azimuth range to a profile of an expected change in
turbine loads as the nacelle yaws from an upwind crientation

to the downwind orientation.

Additionally, the at least one sensor detecting at least one
parameter indicative of wind forces acting on at least one
component of the wind turbine may comprise at least one sen-
sor indicative for an electrical current and/or temperature
of at least one yaw motor of the wind turbine. During yawing

to the downwind orientation, the yawing is helped by wind
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forces, and depending on a wind speed, the wind turbine vyaw
motors may even be caused To generate power. The nacelle may
yvaw until a significant increase in yaw current or tempera-
ture indicates that the nacelle is now trying to vaw in the

upwind direction.

The nacelle of the wind turbine may also be maintained at the
downwind orientation using the at least one parameter indica-
tive of wind forces acting on at least one component of the
wind turbine based on the one hand on a comparison of sensor
outputs to thresholds to indicate that the yaw angle that the
nacelle 1s trying to maintain does nc longer correspond to
the downwind orientation, e.g., due to a change of the wind
direction of the incoming wind field. On the other hand, the
nacelle may also be maintained at the downwind orientation
based on periodically vawing the nacelle for a short distance
in both directions and comparing sensor or yvaw motor current
outputs to determine the extent of misalignment with respect
to the downwind orientation and the direction in which an ad-~-

Justment should be made.

The described comprehensive sensor strategy may be used to
provide an estimate of a current yaw angle relative to the
downwind orientation when the single wind (direction) sensor
is temporarily blocked. Additiconally, in the case where the
wind (direction) sensors do not or not reliably provide an
indication of erroneous signal or failure, the comprehensive
sensor strategy, including a rotor speed, may be used to de-
termine when the wind speed has subsided to a point where the

wind (direction) sensor signals may be trusted.

Additionally, 1f the wind sensor fails while vyawing to the
downwind orientation or back to the upwind orientation, the
nacelle continues vawing for a period of time based on a cur-
rent yaw speed/velocity and/or based on a recovery position
of the nacelle, wherein the recovery position of the nacelle
may be based on a current position of the nacelle and a cur-

rent vaw angle at the time at which the last known reliable
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wind direction sensor signal was received, as well as on a
recovery vyvaw angle of the wind sensor. The recovery vyvaw an-
gle may be the yaw angle at which the wind direction sensor
is expected to no longer be blocked by the nacelle, or alter-
natively, and particularly in the case where the target vaw
angle 1s the downwind orientation, where the parameters in-
dicative of wind forces acting on at least one component of
the wind turbine (the non-wind sensors) as described above
may reliably be used to complete the yaw to the downwind ori-
entation. If the wind sensor has failed due to being blocked,
the additional vyawing may bring it out of the blocked sector.
If the wind sensor does not provide a reliable wind direction
signal after a time period, particularly after the recovery
nacelle position is reached. Then a vawing is stopped (if the
fTarget vyvaw angle 1s the upwind orientation) or the parameters
indicative of wind forces acting on at least one component of
the wind turbine (the non-wind sensors) as described above
may be used to arrive at the target yaw angle (particularly

if the target yaw angle is the downwind orientation).

Further, existing turbine sensors or time may be used to sup-
plement or replace a wind direction signal received by the
wind sensor when the nacelle is at the upwind orientation. In
areas where extreme wind events occur, it may be desirable
that the actuation device manipulates the current position of
the nacelle until the current vaw angle is aligned with the
downwind orientation based on criteria which may include a
duration of the non-valid wind data condition exceeding a
threshold, a last valid measurement being above a cut-out
wind speed (or any other wind speed threshold based on a sen-
sor capability or loads experienced by the wind turbine as it
vaws downwind), tower and blade bending moments and tower and
nacelle accelerations indicating a turbine loading exceeding
a threshold.

Additionally, 1f a wind direction of the incoming wind field
changes between a wind sensor failure and a triggering of a

manipulating of a current position of the nacelle by the ac-
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tuation device, in the direction towards the downwind orien-
tation, the vaw motor current in combination with the detect-
ed loads as described above may be used by the detection de-

vice for determining a downwind yaw direction.

In other words, the control system may be used to yaw the na-
celle to and maintain any target vyvaw angle or target position
of the nacelle out of alignment with the turbine’s normal op-
erational orientation, e.g., for downwind idling (180° yaw
angle) or for Helihoist (90° vyaw angle) or service operation
vessel approach modes (90° yaw angle), without upgrading wind
sensors. Further, an availlability of that capability may be

increased without reducing an annual energy production.

Thereby, a use of parameters indicative of wind forces acting
on at least one component of a wind turbine may supplement,
cross—check or replace wind (direction) sensor information
when vawing to or maintaining the downwind orientation under
extreme weather situations where the wind sensors fail or
provide erroneous readings. Additiocnally, time and/or a last
known reliable data when wind sensor data i1s not available
may be used. Particularly, a time delay may be used before
stopping yvawing to or from the downwind orientation due to a
failure of the wind (direction) sensor, in order to transit
the nacelle through a blocked sector. Alternatively, when the
nacelle 1s at a position where the current yaw angle corre-
sponds to the upwind orientation, a last known reliable data
from the failed wind sensor may be used in combination with
the parameter indicative of wind forces acting on at least
one component of the wind turbine, to initiate the manipulat-
ing of the current nacelle position until the current yaw an-
gle is aligned with target yaw angle corresponding to the

downwind orientation.

It has to be noted that embodiments of the invention have
been described with reference to different subject-matters.
In particular, socme embodiments have been described with ref-

erence to apparatus type claims whereas other embodiments
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have been described with reference to method type claims.
However, a person skilled in the art will gather from the
above and the following description that, unless otherwise
notified, in addition to any combination of features belong-
ing to one type of subject matter also any combination be-
tween features relating to different subject matters, in par-
ticular between features of the apparatus type claims and
features of the method type claims is considered as to be

disclosed with this application.

Brief Description of the Drawings

The aspects defined above and further aspects of the present
invention are apparent from the examples of embodiment to be
described hereinafter and are explained with reference to the
examples of embodiment. The invention will be described in

more detail hereinafter with reference to examples of embodi-

ment but to which the invention is not limited.

Fig. 1 shows a side view of a wind turbine comprising a con-
ftrol system according to an exemplary embodiment of the pre-

sent invention.
Fig. 2 shows a top view of a wind turbine comprising a con-
trol system according to an exemplary embodiment of the pre-

sent invention.

Detailed Description

The illustrations in the drawings are schematically. It is
noted that in different figures, similar or identical ele-

ments are provided with the same reference signs.

Fig. 1 shows a side view of a wind turbine 100 comprising a
control system 110 according to an exemplary embodiment of
the present invention. The wind turbine 100 further comprises
a tower 120, a nacelle 130 mounted to the tower 120, and a
hub 140 mounted to the nacelle 130. The nacelle 130 is mount-
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ed to the tower 120 and is rotatably around a yaw axis 171
via a yvaw motor 180 providing a vawing around the yaw ax-

is 171. Three blades 150, from which solely two blades 150
are shown in Fig. 1, are mounted to the hub 140. The

blades 150 rotate around a rotor axis 172. The control sys-
tem 110 is mounted to the nacelle 130. The wind turbine 100
further comprises a wind direction sensor 160 mounted to a
top side of the nacelle 130 at a position adjacent to the

hub 140 seen in the direction of the rotor axis 172. The con-
trol system 110 comprises a strain gauge 111 mounted to a
blade root of each blade 150. The strain gauge 111 may be a
bending moment sensor 111, particularly a blade load sensor.
Even though solely one strain gauge 111 is shown in Fig. 1
mounted to the blade root of each blade 150, it may be under-
stood that multiple strain gauges 111 may be mounted to each
blade root of each of the three blades 150.

Further, the control system 110 comprises three further
strain gauges 112 on the tower 120. Each of the three further
strain gauges 112 may be a bending moment sensor 112. A first
of the further strain gauges 112 is positioned at a tower top
position, a second of the further strain gauges 112 is posi-
tioned at a mid-tower position of the tower 120 and a third
of the further strain gauges 112 is positioned at a tower
bottom position. The three further strain gauges 112 on the
tower 120 and the strain gauges 111 on the blades 150 togeth-
er may provide tower bending moments of the tower 120 along
with root bending moments of each blade 150. It may be under-
stood that one or two further strain gauge(s) 112 may be po-
sitioned on the tower 120. Additionally, 1t may be understood
that solely one further strain gauge 112 may be positioned on

the tower 120, particularly on the tower ftop position.

The control system 110 further comprises three further accel-
erometers 113 positioned on the tower 120. Fach of the three
further accelerometers 113 may be a bending moment sen-

sor 113. A first of the further accelerometers 113 is posi-

tioned at the tower top position, a second of the further ac-
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celerometers 113 is positioned at the mid-tower position and
a third of the further accelerometers 113 is positioned at
the tower bottom position. Additionally, it may be understood
that solely one further accelerometer 113 may be positioned
on the tower 120, particularly at the tower top position.
FEach of the three further accelerometers 113 is positioned on
the same height as a respective one of the three further
strain gauges 112, Additiconally, an accelerometer 116 is po-
sitioned at the nacelle 130. The accelerometer may be a bend-
ing moment sensor 116. The data provided by the further ac-
celerometers 113 on the tower 120 and/or the data provided by
the accelerometer 116 on the nacelle 130 may provide a cross-
check for the tower bending moment determined based on the
data provided by the further strain gauges 112 on the ftow-

er 120,

Additionally, a plurality of accelerometers 116 may be posi-
tioned around the nacelle 130. Further, a rotor azimuth sen-
sor 117, for example an accelerometer or encoder, is posi-

tioned in the hub 140 as shown or in the nacelle 130.

The wind turbine 100 further comprises at least one yvaw mo-
tor 180 comprising a sensor 118 for detecting at least one of
an electrical current of the vaw motor 180 and a temperature
of the yaw motor 180. Additionally, the control system 110
comprises a controller 181 configured for initiating a vyawing
of the nacelle 130, particularly activating or deactivating

the yaw motor 180.

A memory unit 193 is arranged at the nacelle 130 in which
values for the at least one parameter is/are stored, the wval-
ues being assigned to respective yaw angles 281 (shown in
Fig. 2).

Fig. 2 shows a top view of a wind turbine 100 comprising a
control system 110 according to an exemplary embodiment of

the present invention.
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The current yaw angle 281 of the nacelle 130 relative to the
wind direction of the incoming wind field 280 is shown in
Fig. 2. Additionally, a yaw direction 273 corresponding to
the clockwise direction and an opposite yaw direction 274
corresponding to the anti-clockwise direction are illustrated
in Fig. 2. Further, according to the exemplary embodiment as
illustrated in Fig. 2, the target vyvaw angle 282 is the down-
wind orientation. It may be understood that the target vyaw
angle 282 may be any other yaw angle than the downwind orien-
tation. The yaw direction 273 and the opposite yaw direc-
tion 274 correspond to both vaw directions 273, 274 in which
the nacelle 130 may periodically be yawed by the yaw mo-

tor 180 relative to the current vyaw angle 281. The strain
gauges 111, the further strain gauges 112 and the sensor 118
may determine an extent of misalignment of the current vyaw
angle 281 with the target yaw angle 282 and may determine the
vaw direction 273 towards the target yaw angle 282. In Fig. 2
the nacelle 130 and the hub 140 may be yawed in the yaw di-
rection 273 or 274 until the current yaw angle 281 is aligned

with target yaw angle 282,

The wind turbine 100 further comprises two further wind di-
rection sensors 260 each arranged on one side of the na-
celle 130 seen relative to the rotor axis 172. The two fur-
ther wind direction sensors 260 are arranged adjacent to the
hub 140 seen in the direction of the rotor axis 172. Further,
the two further wind direction sensors 260 are arranged dis-
tanced by a respective 90° angle with respect to the wind di-

rection sensor 160.

A first rotor speed sensor 219 is positioned on the hub 140
and a second rotor speed sensor 219 1s positioned on the na-
celle 130. The rotor comprises the hub 140 and the blades
150. The rotor speed sensor 219 is positioned on the hub 140
and/or the nacelle 130 dependent on the specific type of used
rotor speed sensor 219. The rotor speed sensors 219 may be
used to provide a wind speed estimate to replace the wind

speed signal from the wind sensor when it is not available or
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invalid, or as cross-check to determine when the signals from

the wind sensor may be trusted.

The monitoring device 291 is arranged adjacent to one of the

wind direction sensors 260 and the decision device 292 is ar-
ranged at a rear end of the nacelle 130 opposite to the

hub 140. It may be understood that the monitoring device 291

and the decision device 292 may be arranged adjacent to each
other. Additionally, it may be understood that the monitoring
device 291 and the decision device 292 may be arranged dis-

tanced from each other on the nacelle 130.

The nacelle 130 will be aligned with the target vyaw an-

gle 282, particularly the upwind orientation or the downwind
orientation 282, by activating the yaw motor 180, particular-
ly by the controller 181.

It should be noted that the term “comprising” does not ex-

114 i

clude other elements or steps and “a” or “an” does not ex-
clude a plurality. Also, elements described in association
with different embodiments may be combined. It should also be
noted that reference signs in the claims should not be con-

strued as limiting the scope of the claims.
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CLAIMS

1. Control system (110} for aligning a nacelle (130) of a
wind turbine (100) with a target vyaw angle (282), the control
system (110) comprising

a detection device (111, 112, 113, 1le¢, 117, 118) con-
figured for detecting at least one parameter indicative of
wind forces acting on at least one component (120, 130, 150)
of the wind turbine (100) for determining a current yaw an-
gle (281) of the nacelle (130), and

an actuation device (180) configured for manipulating a
position of the nacelle (130) until the current yaw an-
gle (281) is aligned with the target vaw angle (282},
wherein the detection device (111, 112, 113, 116, 117, 118)
further comprises at least one first bending moment sen-
sor (111, 112, 113, 116) on a first component (120, 130, 150)
of the wind turbine (100), and at least one second bending
moment sensor (111, 112, 113, 116) on a second compo-
nent (120, 130, 150) of the wind turbine (100},
wherein the detection device (111, 112, 113, 116, 117, 118)
is further configured for determining a bending moment of the
first component (120, 130, 150) of the wind turbine (100)
based on data received from the first bending moment sen-
sor (111, 112, 113, 116) as the at least one parameter indic-
ative of wind forces acting on the at least one compo-
nent (120, 130, 150) of the wind turbine (100), and a bending
moment of the second component (120, 130, 150) of the wind
turbine (100) based on data measured by the second bending
moment sensor (111, 112, 113, 116), and
wherein the detection device (111, 112, 113, 116, 117, 118)
is further configured for cross-checking the bending moment
of the first component (120, 130, 150) of the wind tur-
bine (100} with the bending moment of the second compo-
nent (120, 130, 150) of the wind turbine (100).

2. Control system (110) according to claim 1,
wherein the target yaw angle (282) is a downwind orientation
of the nacelle (130).
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3. Control system (110} according to claim 1 or 2,

wherein the detection device (111, 112, 113, 116, 117, 118)
comprises a memory unit (193) which is configured for storing
values for the at least one parameter, the values being as-

signed to respective vaw angles (281).

4, Control system (110) according to any one of the claims 1
to 3,

wherein the detection device (111, 112, 113, 116, 117, 118)
comprises at least one strain gauge (111) on at least one
blade (150) of the wind turbine (100), and

wherein the detection device (111, 112, 113, 116, 117, 118)
is further configured for determining a rotor-induced vyaw
load based on data received from the at least one strain
gauge (111) as the at least one parameter indicative of wind

forces acting on the at least one blade (150).

5. Control system according to any one of the claims 1 to 4,
wherein the detection device (111, 112, 113, 116, 117, 118)
further comprises at least one strain gauge (111) on at least
one blade (150), at least one further strain gauge (112) on a
tower (120), and a rotor azimuth sensor (117),

wherein the detection device (111, 112, 113, 116, 117, 118)
is further configured for determining a tower bending moment
and a root bending moment of the at least one blade (150)
over a blade azimuth range based on data received from the at
least one strain gauge (111), the at least one further strain
gauge (112) and the rotor azimuth sensor (117) as the at
least one parameter indicative of wind forces acting on the
at least one blade (150) and the tower (120).

6. Control system according to claim 5,

wherein the detection device (111, 112, 113, 116, 117, 118)
further comprises at least one accelerometer (116) on the na-
celle (130) and/or at least one further accelerometer (113)
on the tower (120),
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wherein the detection device (111, 112, 113, 116, 117, 118)
is further configured for determining accelerometer-based
turbine loads based on data received from the at least one
accelerometer (116) and/or the at least one further accel-
erometer (113), and for cross—checking the tower bending mo-

ment with the accelerometer-based turbine loads.

7. Control system (110) according to any one of the claims 2
to 6,

wherein the detection device (111, 112, 113, 116, 117, 118)
comprises a sensor (118) for detecting at least one of an
electrical current and a temperature of at least one yaw mo-
tor (180) of the nacelle (130),

wherein the actuation device (180) is further configured for
vawing the nacelle (130) until an increase in at least one of
the electrical current and the temperature of the at least

one yaw motor (180) is detected by the sensor (118).

8. Control system (110) according to any one of the claims 1
to 7,

wherein the detection device (111, 112, 113, 116, 117, 118)
is further configured for controlling that the current yaw
angle (281) is aligned with the target vaw angle (282) by
comparing the at least one parameter indicative of wind forc-
es acting on at least one component (120, 130, 150) of the
wind turbine (100) to a threshold indicative for the target
vaw angle (282).

9. Control system (110} according to any one of the claims 1
to 8§,

wherein the actuation device (180) is further configured for
periodically yawing the nacelle (130} in both yaw direc-
Tions (273, 274) relative to a position of the nacelle (130)
at the current yaw angle (281), and

wherein the detection device (111, 112, 113, 116, 117, 118)
is further configured for comparing the at least one parame-
ter indicative of wind forces acting on at least one compo-
nent (120, 130, 150) of the wind turbine (100) at different
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nacelle positions, and for determining an extent of misalign-
ment of the current vaw angle (281) with respect to the tar-

get yaw angle (282).

10. Control system (110) according to claim 9,

wherein the detection device (111, 112, 113, 116, 117, 118)
is further configured for determining a yvaw direction (273,
274) towards the target yaw angle (282) based on the extent
of misalignment of the current yaw angle with respect to the
target yaw angle,

wherein the actuation device (180) is further configured for
manipulating the position of the nacelle (130) in the vyaw di-
rection (273, 274) until the current yaw angle (281) is
aligned with the target yaw angle (282).

11. Control system (110) according to any one of the claims 2
to 10,

wherein the control system (110) further comprises an initi-
ating device (181) configured for activating the detection
device (111, 112, 113, 116, 117, 118) and the actuation de-
vice (180) based on a parameter indicative of a reliable op-
eration of the wind turbine (100) exceeding a predefined
threshold, and

wherein the parameter indicative of the reliable operation of
the wind turbine (100) is at least one of a duration of a
non-valid wind data condition, an estimated wind speed, and a

turbine loading.

12. Wind turbine (100) comprising
a control system (110) according to any one of the claims 1
to 11.

13. Wind turbine (100) according to claim 12, further com-
prising
a wind direction sensor (160, 260),
a monitoring device (291) configured for
detecting a failure of the wind direction sen-
sor (160, 260),
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detecting a failure position of the nacelle (130)
and/or a vyaw velocity at the failure of the wind direction
sensor (160, 260),

determining a recovery position of the na-
celle (130) at which the wind direction sensor (160, 260) is
expected to be recovered from failure, based on the failure
position of the nacelle (130),

determining a vaw distance being a distance between
the failure position of the nacelle (130) and the recovery
position of the nacelle (130),

a yawing device (180, 181) configured for yawing the na-
celle (130) for a time period based on the yaw distance
and/or the vyaw velocity, and

a decision device (292) configured for

detecting a continued failure of the wind direction
sensor (160, 260) after the time period, and

configured for alternatively

activating the detection device (111, 112,
113, 116, 117, 118) and the actuation device (180) based on
the continued failure of the wind direction sensor (160, 260)
when the target yaw angle (282) i1s different from the upwind
orientation, or

stopping the yawing of the nacelle (130) when

the target vyaw angle (282) is the upwind orientation.

14. Method for aligning a nacelle (130) of a wind tur-
bine (100) with a target vaw angle (282), the method compris-
ing

providing at least one first bending moment sensor (111,
112, 113, 116) on a first component (120, 130, 150} of the
wind turbine (100),

providing at least one second bending moment sensor
(111, 112, 113, 116) on a second component (120, 130, 150) of
the wind turbine (100),

detecting at least one parameter indicative of wind
forces acting on at least one component (120, 130, 150) of
the wind turbine (100) for determining a current yaw an-
gle (281) of the nacelle (130), and



10

15

WO 2023/274645 44 PCT/EP2022/064780

manipulating a position of the nacelle (130) until the
current vyaw angle (281) is aligned with the target vyaw an-
gle (282),

determining a bending moment of the first compo-
nent (120, 130, 150) of the wind turbine (100) based on data
received from the first bending moment sensor (111, 112, 113,
116) as the at least one parameter indicative of wind forces
acting on the at least one component (120, 130, 150) of the
wind turbine (100), and a bending moment of the second compo-
nent (120, 130, 150) of the wind turbine (100) based on data
measured by the second bending moment sensor (111, 112, 113,
116), and

cross—checking the bending moment of the first compo-
nent (120, 130, 150) of the wind turbine (100) with the bend-
ing moment of the second component (120, 130, 150) of the
wind turbine (100).
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