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DESCRIPTION

Method for determining a spatial arrangement of a floating

wind turbine relative to its environment

Field of invention

The present invention relates to the technical field of
floating wind turbines as well as to methods of operating

such wind turbines.

Art Background

Standard onshore or offshore non-floating wind turbines do
not have dedicated sensors installed to measure the addition-
al degrees of freedom that a floating wind turbine has. Meas-
uring rigid body rotations is relevant in order to control or
monitor the stability of the wind turbine system. For exam-
ple, the floater pitch angle information is relevant, since a
floating wind turbine may have to be stabilized by control of
floater pitch. However, this information is in general not

available.

Conventionally, two approaches are known. According to a
first approach, information is determined indicating change
in floater pitch or floater pitch movement from nacelle ac-
celerometers or tower accelerometers that are typically pre-
sent as standard sensors in most wind turbines. However, the
absolute floater pitch angle can hardly be known from this

approach.

According to a second approach, information about the floater
pitch angle is determined by adding further sensors to the
system, such as a sensor determining the inclination angle of
the turbine, the tower, or the support structure of the

floating wind turbine.
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Accordingly, there may be a need for a reliable and efficient
method to determine spatial degrees of freedom of the float-

ing wind turbine such as floater pitch.

Summary of the Invention

This need may be met by the subject matters according to the
independent claims. Advantageous embodiments of the present

invention are described by the dependent claims.

According to an aspect of the invention, a sensor system for
a floating wind turbine comprises a wind sensor configured to
provide a wind sensor signal indicative of a wind flow. The
sensor system further comprises a processing unit configured
to receive the wind sensor signal and to determine, based on
the wind sensor signal, information indicative of a spatial
arrangement of a floating base of the floating wind turbine

relative to an environment of the floating wind turbine.

According to a further aspect of the invention, a method of
operating a floating wind turbine comprises (i) providing, by
means of a wind sensor, a wind sensor signal indicative of a
wind flow; (ii) receiving, by means of a processing unit, the
wind sensor signal; and (iii) determining, by means of the
processing unit and based on the wind sensor signal, infor-
mation indicative of a spatial arrangement of a floating base
of the floating wind turbine relative to an environment of

the floating wind turbine.

In the context of the present application, a “wind turbine”
is any device that is configured to convert wind energy into
electrical energy, in particular for distribution to a grid
and/or for local energy supply. A wind turbine may comprise a
tower, a wind rotor, a nacelle, a shaft, in particular a low-
speed shaft and/or a high-speed shaft, a gearbox, a genera-
tor, a brake assembly, a pitch drive, and/or a yaw drive. The
wind rotor may be a rotor assembly and may comprise one or

more blades and a central hub, to which the blades are at-
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tached. The wind rotor may further comprise pitch bearings
connecting the rotor hub with the blades. With the pitch
bearings, an orientation of the blades may be adjustable, the
so-called blade pitch. The wind rotor may be, but need not
be, tilted upwards or downwards at a tilt angle. The tilt an-
gle may be zero if the tower of the wind turbine is parallel
to the rotor plane and/or if a central axis orthogonal to the

rotor plane extends horizontally.

A “"floating” wind turbine may be defined as any wind turbine
having spatial degrees of freedom with respect to a geograph-
ic coordinate system and/or with respect to a part of the
earth’s surface, on or above which the floating wind turbine
is arranged. The earth’s surface may be a sea floor above
which the floating wind turbine is arranged. The spatial de-
grees of freedom may be additional spatial degrees of freedom
of a floating wind turbine compared with a non-floating or
fixed-foundations wind turbine. A floating wind turbine may
be installed for example in the sea, in particular in the
ocean, or in a lake. It may be installed at water depths,
where fixed-foundation turbines are not feasible. A plurality
of floating wind turbines may be installed in an array, e.d.

an offshore wind farm.

The floating wind turbine may comprise a “floating base,”
with respect to which the above-described spatial degrees of
freedom may be defined. The floating base may be a floating
platform or a floating foundation. On the floating base, the
wind turbine, in particular a tower of the flcocating wind tur-
bine, may be mounted. EFach floating wind turbine of a plural-
ity of floating wind turbines may comprise a respective
floating base or the floating base may be shared by two or
more floating wind turbines. The motion of the flcocating base,
in particular its spatial degrees of freedom, may be re-
stricted by one or more anchoring elements of the floating
base. Such anchoring elements may connect the floating base

to the sea floor. An anchoring element may for example com-
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prise a mooring line, which may be fixed to the sea floor or

fixed to a weight lying on the sea floor.

An actuation system may be configured to adjust the spatial
arrangement of the floating base, e.g. in such a way that the
spatial arrangement satisfies a given criterion such as a
threshold criterion. Adjusting the spatial arrangement may
refer to any change in the spatial arrangement of the float-
ing base compared with the spatial arrangement determined
solely by the wind loads and the water loads acting on the
floating base. Adjusting the spatial arrangement may include
holding a parameter of the floating base constant, e.g. one
or more degrees of freedom. The processing unit and/or a con-
trol system may be configured to control the actuation sys-
tem. The floating wind turbine may, but need not comprise the
actuation system and/or the control system.

w

The floating wind turbine may comprise the “sensor system.”
The sensor system may be arranged at least partially, in par-
ticular completely, on the floating wind turbine. For exam-
ple, the wind sensor may be arranged on the wind turbine,
while the processing unit may be arranged elsewhere. The sen-
sor system may be configured to provide an output signal to
the control system and/or the actuation system, based on
which the spatial arrangement of the wind turbine, in partic-

ular the floating base, may be adjusted.

The “wind sensor” may be a sensor configured for measuring a
wind flow at a predetermined measuring point, in particular
at and/or close to the location of the wind sensor. The wind
sensor may be mounted on the wind rotor, on the nacelle, on
the tower and/or on the floating base. It may be configured
to measure at least one of a wind velocity, a wind speed
and/or a wind direction, wherein wind velocity is a vector
quantity and wind speed is a corresponding scalar quantity
denoting the absolute value of the wind velocity. Wind direc-
tion may be measured as a horizontal wind direction in a hor-

izontal plane and/or it may be measured as a vertical wind
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direction in a vertical plane. Horizontal and vertical may be
defined conventionally with respect to a geographical coordi-

nate system.

The wind sensor may be a one-dimensional wind sensor capable
of measuring wind speed projected from three-dimensional wind
velocity onto a given direction. It may be a two-dimensional
wind sensor capable of measuring wind direction and wind
speed projected onto a two-dimensional plane. Finally, it may
be a three-dimensional wind sensor capable of measuring wind
velocity, i.e. wind speed and wind direction in three-

dimensional space.

The wind sensor may consist of or comprise at least one of an
optical wind sensor, in particular a lidar wind sensor, an
acoustical wind sensor, in particular an ultrasonic wind sen-
sor, a mechanical wind sensor, in particular a wind vane
and/or a cup anemometer, a thermal wind sensor, and a pres-

sure wind sensor.

The optical wind sensor may be configured to measure wind
flow by analyzing light, in particular laser light, reflected
from air particles and/or particles suspended in the air. The
reflected light may have been emitted by the optical wind
sensor. The optical wind sensor may be configured to measure
wind speed, 1n particular wind speed in direction to or from
the wind sensor. It may be configured to measure wind speed
in different directions and/or at different distances from
the wind sensor, i.e. at different measurement points. The
optical wind sensor may be mounted to a nacelle, a tower,

and/or a floating base of the wind turbine.

The acoustical wind sensor may be configured to measure wind
flow by analyzing a transmission time of acoustical waves
and/or of acoustical pulses on one or more transmission paths
defined by the acoustical wind sensor. If the acoustical
waves and/or acoustical pulses are ultrasonic acoustical

waves and/or ultrasonic acoustical pulses, the acoustical
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wind sensor 1s an ultrasonic wind sensor. The acoustical wind
sensor may be configured to measure wind speed and/or wind
direction at the location of the wind sensor. Depending on
the number of transmission paths, it may be a one-
dimensional, a two-dimensional, or a three-dimensional wind
sensor. Alternatively or additionally, the acoustical wind
sensor may be configured to measure wind flow by analyzing
resonating acoustic waves 1in a cavity, in particular if the

acoustical wind sensor is an acoustic resonance wind sensor.

The mechanical wind sensor may be configured to measure wind
direction and/or wind speed by analyzing a force exerted by
the wind flow on a movable part of the mechanical wind sen-
sor, e.g. cups of a cup anemometer. The mechanical wind sen-
sor may comprise or consist of a cup anemometer and/or a wind
vane. It may be configured as a two-dimensional wind sensor
measuring wind speed projected onto a measurement plane,
which may for example be defined by the arrangement of one or
more cups of the cup anemometer. It may accurately measure
wind speed only if the wind velocity 1s parallel to the meas-

urement plane.

A “processing unit” of the sensor system may be defined as
any device capable of processing an input signal, in particu-
lar the sensor signal. The processing unit may consist of or
comprise a processor capable of performing logical and/or
arithmetic operations. It may comprise an input at which the
wind sensor signal may be received and/or an output, at which
the information indicative of the spatial arrangement may be

provided.

A “spatial arrangement” of the floating base relative to an
environment may refer to any translational or rotational de-
gree of freedom of the floating base relative to the environ-
ment. For example, there may be three translational degrees
of freedom, e.g. floater heave, floater sway and floater
surge, and three rotational degrees of freedom, e.g. floater

pitch, floater roll and floater vyaw. Floater heave, floater
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sway and floater surge may denote mutually orthogonal direc-
tions. Floater roll may be defined as a rotation around the
floater surge axis. Floater pitch may be defined as a rota-
tion around the floater sway axis. Finally, floater yaw may
be defined as a rotation around the floater heave axis. The
spatial arrangement may refer to a single state at a given
moment in time or it may refer to changes in state over a
given time period, e.g. an oscillation in one or more of the

degrees of freedom of the floating base.

The degrees of freedom may be defined based on an orientation
of the wind rotor plane of the wind turbine, on a yaw angle
of the nacelle of the wind turbine, on an inclination of the
tower of the wind turbine, on a wind direction at the float-
ing wind turbine and/or on a wave direction at the floating
wind turbine. Alternatively or additionally, they may be de-
fined based on a local geographic coordinate system, e.g.
based on a vertical direction and/or on a horizontal plane.
Floater heave, floater sway and floater surge may be, but
need not be, orthogonal to each other. These directions may
depend on an actual spatial arrangement of the wind turbine,
e.g. the current arrangement, or they may be universally de-
fined independently of an actual spatial arrangement of the

wind turbine.

For example, floater surge may be in direction orthogonal to
the rotor plane. Floater sway may be orthogonal to floater
surge. In addition, floater sway may be in a horizontal di-
rection and/or orthogonal to a central axis of the tower of

the wind turbine.

Alternatively, floater sway may be in direction parallel to
the rotor plane. In addition, floater sway may be in a hori-
zontal direction and/or orthogonal to a central axis of the
tower of the wind turbine. Floater surge may be orthogonal to
floater sway. In addition, floater surge may be in a horizon-
tal direction and/or orthogonal to the central axis of the

tower of the wind turbine.
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Instead of being defined relative to the rotor plane, floater
sway and floater surge may also be defined relative to a wind
plane, which is orthogonal to the wind direction of the in-

coming wind. The rotor plane and the wind plane may but need

not coincide.

Floater heave may be in a vertical direction, parallel to a
central axis of the tower of the wind turbine and/or orthogo-

nal to both floater sway and floater surge.

An “environment” of the wind turbine may be determined by any
object different from the wind turbine, in particular objects
in the vicinity of the wind turbine. The environment may be a
reference system, in which this object is static. The envi-
ronment may be the earth’s surface, in particular the earth’s
surface on or above which the wind turbine is arranged, in
particular a sea floor. The environment may be determined by
the wind flow, e.g. by an average wind flow in the vicinity
of the wind turbine and/or by a wind flow undisturbed by the
wind turbine. The environment may be determined by the water
flow, in particular an average water flow in the vicinity of

the wind turbine.

Information “indicative of a spatial arrangement of the
floating base relative to the environment” may comprise a
value or a range of possible values for at least one of the
above-described translational degrees of freedom and/or rota-
tional degrees of freedom. The information may be indicative
of a change in value of at least one of the degrees of free-

dom.

The information may be indicative of an absolute value in
particular of at least one rotational degree of freedom. Such
an absolute value may be defined with respect to an equilib-
rium spatial arrangement of the flcocating wind turbine, e.g. a
spatial arrangement without wind loads and/or in completely

calm water, i.e. without waves and currents. The absolute
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value may be defined with respect to an equilibrium spatial
arrangement of the floating wind turbine determined only by
the structural loads of the wind turbine. It may be but need
not be a spatial arrangement, in which the tower of the wind
turbine is completely vertical and/or an axis of the rotor

plane is completely horizontal.

The information may be indicative of a spatial arrangement of
the wind turbine at a given moment in time. Alternatively or
additionally, it may be indicative of a change in spatial ar-
rangement over time, in particular a periodic change over
time. This periodic change over time may in particular corre-
late with a wave pattern impacting on the floating base of
the wind turbine. It may also depend on the structural char-

acteristics of the wind turbine.

The information may only be implicitly indicative of the spa-
tial arrangement of the floating base relative to the envi-
ronment. For example, the information may be explicitly in-
dicative of the spatial arrangement relative to the environ-
ment of a part of the wind turbine different from the float-
ing base, e.g. of the tower or of the nacelle, while a spa-
tial relationship between this different part and the float-
ing base is known. This spatial relationship may be fix or it
may allow for some degree of freedom between the different
parts of the wind turbine, e.g. between floating base and
tower, between tower and nacelle, and/or between nacelle and
wind rotor. Such a degree of freedom may for example take in-
to account a bending of the tower due to wind load and/or
structural load, it may take into account a tilt angle of the
wind rotor with respect to the tower and/or it may take into
account a further tilt angle of the tower with respect to the

floating base.

The above sensor system, a floating wind turbine comprising
such a sensor system and/or a corresponding method of operat-
ing a floating wind turbine may be advantageous, because in-

formation about the spatial arrangement of a floating wind
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turbine relative to an environment may be useful for optimiz-
ing the operation of a floating wind turbine. For example, an
actuation system and/or a control system could rely on this
information to adjust the spatial arrangement of the floating
wind turbine such that energy yield is increased and/or such
that malfunction and/or damage to the wind turbine is reduced

or avoided.

Using a wind sensor for determining the information may be
advantageous because wind sensors are typically installed in
conventional non-floating wind turbines. Thus, the installa-
tion of additional sensors in a floating wind turbine may not
be required for determining the information. Identical sen-
sors may be usable for onshore wind turbines, offshore wind
turbines with fixed foundation and offshore wind turbines
with floating foundation or base. Accordingly, costs for ad-
ditional sensors can be avoided. Also, design changes with
respect to a conventional wind turbine in order to accommo-
date any additional sensors may not be necessary for a float-

ing wind turbine.

According to an embodiment of the invention, the information
is indicative of a rotation of the floating base relative to
the environment, in particular at least one of a floater
pitch, a floater roll, and a floater yvaw of the floating
base. The determination of rotational degrees of freedom may
be especially important because a rotation of the floating
base can lead to misalignment of the wind rotor relative to
the incoming wind direction, whereas this is typically not
the case for translational degrees of freedom. Furthermore,
the rotation of the floating base may lead to increased loads

on components of the wind turbine.

According to a further embodiment of the invention, the in-

formation is indicative of a floater pitch. It may be indica-
tive of an absolute floater pitch angle e.g. with respect to
an equilibrium spatial arrangement of the wind turbine or of

a relative change in floater pitch angle with respect to a
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previous spatial arrangement. It may be indicative of a stat-
ic or equilibrium floater pitch angle that may be determined
by the wind turbine itself, in particular the center of grav-
ity of the wind turbine, and/or by the wind load, in particu-
lar the wind speed at the wind turbine. It may be indicative
of an oscillating floater pitch angle that may depend on the

water motion at the floating base.

Determining floater pitch may be advantageous, because float-
er pitch may correlate with misalignment of the rotor plane
relative to the incoming wind direction. Based on the infor-
mation indicative of the floater pitch, such a misalignment
could be reduced or corrected. The information may also be
helpful to distinguish between a static or equilibrium angle
and an oscillating angle, wherein it may be advantageous to
adjust only the static or equilibrium floater pitch angle of
a floating wind turbine, but not the oscillating angle of the
floating wind turbine. For example, a corresponding actuation
system may not be able to react fast enough to adjust the os-
cillating angle and/or it may not be efficient to adjust the
oscillating angle, e.g. because the adjustment may require
more energy than is gained. Alternatively, the actuation sys-
tem may be configured to dampen oscillations of the floater

pitch angle.

According to a further embodiment of the invention, infor-
mation indicative of the floater pitch can be determined if
the sensor signal is indicative of a vertical angle between a
wind direction and an orientation of the wind sensor and/or
an orientation of the part of the wind turbine on which the
wind sensor 1s mounted. The latter orientation may for exam-
ple be a central axis of the tower of the wind turbine or a

plane orthogonal to the central axis.

According to a further embodiment of the invention, the wind
sensor 1s the only sensor providing a sensor signal based on
which the information is determined. Such an embodiment may

be advantageous in order to avoid any expenses related to ad-
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ditional sensors. Such an embodiment may be especially simple

and efficient.

According to a further embodiment of the invention, the wind
sensor signal provided by the wind sensor is used for deter-
mining further information indicative of an orientation of a
wind rotor of the floating wind turbine relative to a tower
and/or the floating base of the floating wind turbine and/or
further information on the basis of which a mode of operation
of the wind turbine may be set, in particular whether or not

to shut down the wind turbine.

Thus, the wind sensor may be usable for other purposes than
determining a spatial arrangement of the floating base with
respect to the environment. Accordingly, wind sensors may be
used for determining the spatial arrangement that are already
installed in the wind turbine for these other purposes, which
may comprise conventional yaw error control, the monitoring
of startup and shutdown limits, and/or the reaction to wind

gusts, e.g. by using lidar-assisted control.

According to a further embodiment of the invention, the wind
sensor, 1in particular an optical wind sensor such as a lidar
wind sensor, 1is configured to measure the wind flow at at
least two measurement points and/or in at least two measure-
ment directions. The sensor signal may comprise a plurality
of sensor signal components, wherein each of the sensor sig-
nal components may correspond to a measurement point and/or a

measurement direction.

Such an embodiment may be advantageous to improve or extend
the information about the spatial arrangement of the floating
base. For example, the wind sensor may be a one-dimensional
wind sensor capable of measuring wind speed only along a giv-
en direction. In this case, further measurements may be help-
ful to determine wind speed in other directions. The combined
measurements may for example be useful for determining wind

direction. Also, an angle, in particular a floater pitch an-
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gle, may be derived from at least two wind speed measure-
ments, e.g. of a lidar wind sensor, and the corresponding
sensor signal components based on a model and corresponding

modelling assumptions.

Furthermore, such an embodiment may allow to determine infor-
mation indicative of a wind flow field, especially in case

the wind flow is not constant, but changes in vertical direc-
tion and/or across the horizontal plane, in particular in the

vicinity of the wind turbine.

According to a further embodiment of the invention, the pro-
cessing unit is further configured to determine a wind shear
based on the wind sensor signal indicative of the wind flow
at the at least two measurement points and the processing

unit determines the information based on the wind shear. The
wind shear may be a vertical or a horizontal wind shear. For
this embodiment, an optical wind sensor, in particular a 1li-

dar wind sensor, may be especially suitable.

Especially if the wind shear is and/or is assumed to be a
vertical wind shear, the determined wind shear may be useful
as information indicative of a roll angle of the floating
wind turbine. After all, the direction of the wind shear as
seen from the wind sensor will differ depending on the roll
angle. In this way, the absolute roll angle relative to the

vertical direction may be determined.

According to a further embodiment of the invention, the in-

formation is indicative of a floater roll.

According to a further embodiment of the invention, the wind
sensor comprises two different wind sensor units, which are
each configured to provide a respective wind sensor signal
indicative of a wind flow, 1in particular the wind flow at the
respective wind sensor. These wind sensors may be mounted on
different parts of the wind turbine, for example one on the

nacelle, and one on the tower and/or on the floating base.
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Such an embodiment may allow to distinguish between conven-
tional yaw, e.g. of the nacelle relative to the tower, and
floater yaw between the floating base and the environment, in
particular the wind direction of the environment. Distin-
guishing between conventional yaw and floater yaw may be ad-
vantageous, if the floating base is asymmetric and there is a
preferred orientation of the floating base relative to the
environment, in particular to the wind direction and/or the
wave direction of the environment. The preferred orientation
of the floating base may result from structural and/or geo-
metric properties of the floating base, which may for example
help to prevent that the absolute value of the floating pitch

angle becomes too large.

According to a further embodiment of the invention, the in-

formation is indicative of a floater yaw.

According to a further embodiment of the invention, the wind
sensor signal is indicative of a vertical angle of the wind
flow. Accordingly, the wind sensor may be configured to meas-
ure the vertical angle of the wind flow. A vertical angle of
the wind flow may be defined as the vertical angle between
the wind flow and a reference direction defined by the wind
turbine. For this purpose, a three-dimensional ultrasonic
sensor and/or a two-dimensional ultrasonic or mechanical sen-
sor may be especially suitable. Such a two-dimensional sensor
may be flipped from an essentially horizontal alignment, e.g.
in a conventional wind turbine, to an alignment along a ver-
tical plane in floating wind turbine, in particular a verti-
cal plane orthogonal to the rotor plane. The essentially hor-
izontal alignment may be advantageous for conventional yaw
error control, while the alignment along the vertical plane

may be advantageous for determining the floater pitch.

According to a further embodiment of the invention, the in-
formation is indicative of an oscillating motion of the

floating base relative to the environment, in particular a
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frequency and/or an amplitude of the oscillating motion, in
particular an oscillating rotation. The oscillating motion
may correspond to a dynamic angular component. The oscillat-
ing motion may result from waves, ocean currents, the wind,
and/or controller actuations. The frequency of the oscilla-
tions may be between 1/2 Hz and 1/60 Hz, in particular be-
tween 1/15 Hz and 1/45 Hz, in particular approximately 1/30
Hz.

The oscillation may be along one or more translational de-
grees of freedom. If the oscillation is along a translational
degree of freedom, a wind speed measured by the wind sensor
may change periodically, while the wind direction may remain
constant. Alternatively or additionally, the oscillation may
be around one or more rotational degrees of freedom. If the
oscillation is around a rotational degree of freedom, the
wind direction measured by the wind sensor may change period-

ically, while the wind speed may be constant.

Information indicative of an oscillating motion may be advan-
tageous in order to adequately control an actuation system,
for example to dampen the oscillation. Dampening an oscilla-
tion may be helpful to increase energy yield and/or to pre-

vent malfunction or damage to the wind turbine.

According to a further embodiment of the invention, the in-
formation is indicative of an offset, in particular a rota-
tional offset, of the floating base relative to the environ-
ment. The rotational offset may be a static or equilibrium
angle. If there were no forces from wind, current or waves,
the rotational offset may be based on a center of gravity of
the wind turbine. The rotational offset, in particular of
floater roll and floater pitch, may be defined to be zero, 1if
a central axis of the wind turbine, in particular of the tow-
er of the wind turbine, is wvertical. Thus, the rotational
offset may denote an inclination of the wind turbine. In the
absence of wind or waves, in particular at 0 m/s wind speed,

the wind turbine may lean a bit forward due to a heavy nose
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or front part of the nacelle. Such leaning forward may corre-

spond to a floater pitch offset slightly larger than zero.

Wind loading may change the thrust, i.e. force, on the wind
turbine, in particular on the wind rotor, resulting in a
floater pitch offset different from the above-described
floater pitch offset at 0 m/s. At low wind speeds, the float-
er pitch offset may be smaller but still positive, e.g. +0.3
degrees at 3 m/s wind speed. At larger wind speeds and corre-
sponding higher wind loading, the floater pitch offset may be
negative, i.e. the wind turbine may lean backward. For exam-
ple, the floater pitch offset may be -5.0 degrees at 10 m/s
wind speed and -4.0 degrees at 12 m/s wind speed. A wind-
driven ocean current may create a force opposing the thrust
force of the wind. This force by the ocean current may in-
crease as a function of wind speed. At very large wind
speeds, in particular at wind speeds above rated wind, a
blade pitch of the wind rotor may be adjusted so that the
thrust force of the wind is decreased. Thus, at very high
wind speeds, the force by the ocean current in combination
with the opposing thrust force of the wind may result in a
larger but typically still negative floater pitch offset com-
pared with the floater pitch offset at rated wind, e.g. be-
tween -3.0 to +0.5 at 25 m/s. The rotational offset, in par-
ticular the floater pitch offset, may depend on a design of
the floating base and/or the sensitivity of the floating base

to currents.

A dynamic angular component may oscillate about the offset.
The offset may be defined as a mean value averaged over the
oscillating motion. The dynamic angular component may result
from an interaction between a structure of the wind turbine
and its environment, in particular wind, current and waves.
For example, the oscillation may be +/- 0.5 degrees around
the floater pitch offset at 3 m/s wind speed, +/- 3.0 degrees
around the floater pitch offset at 10 m/s wind speed, +/- 2.5

degrees around the floater pitch offset at 12 m/s wind speed,



10

15

20

25

30

35

WO 2021/190888 PCT/EP2021/055295
17

and/or +/- 1 degrees around the floater pitch offset at 25

m/s wind speed.

Information indicative of an offset, in particular a rota-
tional offset, may be advantageous in order to adequately ar-
range the wind turbine with respect to the wind, e.g. such
that energy yield is increased. For example, if the rotation-
al offset is a floater pitch offset, it may be advantageous
to arrange the wind turbine by means of an actuation system
such that the absolute value of the floater pitch offset is
zero or is at least smaller than a predetermined threshold,
e.g. 6 degrees. Such an actuation system may be configured to
keep the wind turbine upright under strong winds. For exam-
ple, a floating wind turbine of a spar-buoy type may operate
with a floating pitch offset of around 3 to 6 degrees at rat-

ed wind.

If the rotational offset is a floater yaw offset, it may be
advantageous to arrange the wind turbine by means of an actu-
ation system such that the absolute value of the floater yaw
offset is zero or is at least smaller than a predetermined
threshold, e.g. 10 degrees. Exceeding the predetermined
threshold may have adverse consequences for example on a

mooring system of the floating wind turbine.

According to a further embodiment of the invention, the pro-
cessing unit is further configured to determine whether the
spatial arrangement of the floating base satisfies a thresh-
0ld criterion. When the spatial arrangement ceases to satisfy
the threshold criterion, an operational mode of the wind tur-

bine may be changed by a control system.

For example, the threshold criterion may specify a predeter-
mined angle, e.g. a maximum floater pitch angle or a maximum
floater roll angle. If the corresponding angle of the float-
ing base exceeds the predetermined angle, the wind turbine
may shut down. As another example, the threshold criterion

may specify a predetermined frequency, e.g. a maximum fre-
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quency of oscillations of the floater pitch and/or of the
floater roll. If the corresponding frequency of the floating
base motion exceeds the predetermined frequency, the wind

turbine may shut down.

According to a further embodiment of the invention, the in-
formation is determined based on the assumption that a wind
direction of the wind flow is horizontal. Horizontal wind
flow may include slight deviations, e.g. by 5 degrees, in
particular by 1 degree. The mentioned assumption may be rea-
sonable, i1if the wind turbine is a floating wind turbine in-
stalled in a lake or in the sea, where mountains or related
geographical features, which might lead to non-horizontal

wind flow, are typically absent.

Assuming horizontal wind flow may be advantageous to deter-
mine a rotation of the floating base relative to a static en-
vironment, in particular relative to the part of the earth’s
surface above which the wind turbine is arranged. Without the
mentioned assumption, it may only be possible to determine
the spatial arrangement of the floating base with respect to

the wind flow given that a wind sensor is used.

According to a further embodiment of the invention, the in-
formation is indicative of a non-horizontal wind flow, for
example if the wind turbine is located close to a mountainous
shore. Non-horizontal wind flow may be identifiable by pro-

cessing, e.g. filtering, of the wind sensor signal.

According to a further embodiment of the invention, the in-
formation is indicative of a wind direction relative to a
reference direction, wherein the reference direction is de-
fined relative to the floating wind turbine, in particular
relative to the floating base and/or a tower of the floating
wind turbine. The reference direction may be defined relative
to a central axis of the tower of the wind turbine. It may be
parallel to a central axis of the tower of the wind turbine.

The reference direction may be parallel to a plane that is
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orthogonal to the central axis of the tower of the wind tur-
bine. In addition, the reference direction may be parallel to
an orthogonal axis of the rotor plane when projected on the
above-described orthogonal plane and/or it may be parallel to
the wind direction when projected on the above-described or-
thogonal plane. Defining a reference direction may be advan-
tageous to determine the spatial arrangement of the wind tur-

bine relative to the wind and/or relative to the environment.

According to a further embodiment of the invention, a float-
ing wind turbine comprises the sensor system according to any

one of the above-described aspects or embodiments.

According to a further embodiment of the invention, the
floating wind turbine comprises a control system, which may
comprise the processing unit. The information is indicative
of a wind direction relative to a reference direction, where-
in the reference direction is defined relative to the float-
ing wind turbine, in particular relative to the floating base
and/or a tower of the floating wind turbine. The control sys-
tem is configured to rotate, in particular by means of an ac-
tuation system, the floating wind turbine such that the ref-

erence direction is aligned with the wind direction.

Alignment need not be exact, but may allow for slight devia-
tions, e.g. of 5 degrees, in particular of 1 degree. Align-
ment may regard an offset and/or oscillations about the off-
set, in particular only the offset. Alignment may require a
predetermined angle or range of angles between the wind di-
rection and the reference direction. Such an embodiment may
be advantageous to increase energy yield of the wind turbine
and/or to prevent or reduce malfunction of or damage to the

wind turbine.

Some embodiments have been described with reference to appa-
ratus type claims whereas other embodiments have been de-
scribed with reference to a method type claim. However, a

person skilled in the art will gather from the above and the
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following description that, unless otherwise indicated, any
combination of features relating to the method type claim and
of features relating to apparatus type claims, is disclosed

with this document.

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.

Brief Description of the Drawings

Figure 1 shows a floating wind turbine with a sensor system

according to an exemplary embodiment of the invention.

Figure 2 shows the floating wind turbine of Figure 1 aligned

with a wind flow.

Figure 3 shows the floating wind turbine of Figure 1 misa-

ligned with a wind flow.

Detailed Description

The illustrations in the drawings are schematic. In different
drawings, similar or identical elements are provided with the
same reference signs. For the sake of clarity and comprehen-
sibility, reference signs are sometimes omitted for those
features, for which reference signs have already been provid-

ed in earlier figures.

Before, referring to the drawings, exemplary embodiments will
be described in further detail, some basic considerations
will be summarized based on which exemplary embodiments of

the invention have been developed.

Rigid body rotations of a floating wind turbine may be deter-
mined and used as input for control and monitoring systems,

using wind sensors applicable to other/existing wind turbine
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applications. The floating wind turbine floats in the water
and is held in position by the mooring lines. The floating
wind turbine has six individual degrees of freedom in which
the floating wind turbine may move, namely three transla-
tions, i.e. floater surge, floater sway and floater heave,
and three rotations, i.e. floater roll, floater pitch and

floater vyaw.

The degrees of freedom may depend on a given reference coor-
dinate system. Internally for controlling purposes, they may
be defined globally with respect to the rotor plane. Thus,
surge may be in the direction orthogonal to the rotor plane,
while floater roll is the rotation around the surge axis,
comparable to tower fore-aft. Sway may be orthogonal on the
surge direction and floater pitch is a rotation around the
sway axls, comparable to tower side-side. Heave may be point-
ing upwards along the tower, while yaw is the rotation around
the heave axis. Floater yaw and nacelle yaw may coincide but

may also be distinguished.

According to a preferred embodiment, a method exploits wind
sensors, in particular wind direction from wind sensors, to
determine rotation information of a floating wind turbine.
Instead of costing in additional sensors to determine rota-
tion information explicitly, the idea is to use wind sensors
that are used, or can be used, for other/existing functional-
ities. These sensors may therefore be present without any ad-

ditional cost or complexity.

The measurement concept is to use a wind sensor to determine
the wind direction relative to a reference line and translate

that into a rotation information value.

As a wind sensor, a nacelle-mounted lidar may be used. A na-
celle-mounted lidar normally measures wind speed and possibly
relative wind direction. In some configurations, it comes

with additional measures and derived features. A lidar typi-
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cally uses several scanning points, and i1t may be necessary

to average over multiple scanning points for robustness.

The lidar may measure the wind direction in more dimensions.
For estimating floater pitch, the wind inflow angle is meas-
ured. For determining floater roll, the wind direction in 3D
may be measured to have information available to measure the
roll angle relative to a reference. Floater yaw angle is
measured at the relative wind direction and covers both
floater yaw orientation and nacelle or conventional yaw ori-
entation. Normally, the relative wind direction is used to

vaw the nacelle into the wind.

As a wind sensor, a nacelle-mounted ultrasonic sensor may be
used. A nacelle-mounted ultrasonic sensor may normally meas-—
ure wind speed and relative wind direction. An ultrasonic
sensor may have to be flipped by 90 degree to measure wind
direction relative to a reference line or direction, e.g. a

horizontal line at 0 degree floater pitch.

In general, processing, such as filtering, may be applied to
compensate a non-horizontal wind inflow. This 1s less likely
offshore, where floating turbines are installed. Filtering

may be applied to clean the signal.

When the floater rotation has been determined, it can be used
by the control and monitoring system. For example, it can be

used to ensure that the controller or a control system atten-
uate the mean floater pitch angle or that the control system

does not react to any oscillating floater pitch angles. Moni-
toring systems may curtail or shutdown a turbine if the

floater pitch angle exceeds a threshold.

An advantage of the above-described approach is to exploit
existing sensors to determine information that is useful in a
control system of a floating turbine. As a further advantage,
wind direction information can be exploited to determine

floater rotation, e.g. floater pitch or floater roll. Floater
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yvaw relates to yaw control and may be addressed already via
yvaw error control, i.e. aligning turbine nacelle into the
wind, though the platform yaw needs to be controlled also.
Finally, identical sensors may be used for onshore wind tur-
bines, offshore fixed foundation wind turbines and offshore
floating foundations wind turbines. To use similar hardware

with only software changes is a cost/complexity advantage.

Figure 1 shows a floating wind turbine 100 with a sensor sys-
tem. The floating wind turbine 100 comprises a wind rotor
140, a nacelle 150, a tower 130, and a floating base 120. The
tower 130 is mounted on the floating base 120. The floating
base 120 floats in the sea water 109 at or below a sea sur-
face 107. The flocating base 120 is anchored to the sea floor
108 by two mooring lines 121. The mooring line 121 is fixed
to the floating base 120 by a first mooring line fixation 122
and to the sea floor 108 by a second mooring line fixation
123.

Compared with a conventional non-floating wind turbine, the
floating wind turbine 100, in particular the floating base
120 of the floating wind turbine 100, has six additional de-
grees of freedom, in which the floating wind turbine 100 may
move. The additional degrees of freedom are three transla-
tional degrees of freedom, namely floater surge 103, floater
sway 102 and floater heave 101, and three rotational degrees
of freedom, namely floater roll 106, floater pitch 105 and
floater yaw 104.

Floater surge 103 is horizontal and in direction orthogonal
to the rotor plane, while floater roll 106 regards rotation
around the floater surge axis 103. Floater sway 102 is hori-
zontal and in direction orthogonal to floater surge 103,
while floater pitch 105 regards rotation around the floater
sway axis 102. Floater heave 101 points upwards along the
tower 130, while floater yaw 104 regards rotation around the

floater heave axis 101.
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The sensor system comprises a wind sensor 160, which is
mounted on the nacelle 150. The wind sensor 160 is configured
to provide a wind sensor signal indicative of a wind flow
110. The sensor system 160 further comprises a processing
unit 170, which is arranged in the nacelle 150. The pro-
cessing unit 170 is configured to receive the wind sensor
signal and to determine, based on the wind sensor signal, in-
formation indicative of a spatial arrangement of the floating
base 120 relative to an environment of the flocating wind tur-
bine 100, for example relative to the sea floor 108. The spa-
tial arrangement can be described in terms of the mentioned

six additional degrees of freedom.

Figure 2 shows the floating wind turbine 100 of Figure 1,
wherein floater pitch 105 of the floating wind turbine 100 is
determined by comparing a wind direction 211 measured by the
nacelle-mounted wind sensor 160 with a reference direction
213. The wind direction 211 is but need not be parallel to a
wave direction 214 of the sea water 109. The reference direc-
tion 213 is defined with respect to a reference line 212,
which is defined relative to the tower 130 of the wind tur-
bine 100. The reference line 212 lies in a plane orthogonal
to a central axis of the tower 130 of the wind turbine 100
pointing in the direction, in which the wind rotor 140 is
oriented. Alternatively, the reference line 212 may be de-
fined orthogonal to the wind rotor plane. The reference di-
rection 213 is parallel to the reference line 212 and points
towards the wind turbine 100. In Figure 2, the reference di-
rection 213 is aligned with the wind direction 211, both di-
rections 211, 213 are parallel and point towards the wind
turbine 100. This information regarding the alignment of wind
direction 211 and reference direction 213 may indicate that a
floater pitch angle o (not shown) of the floater pitch 105 is

zero degrees.

Figure 3 shows the floating wind turbine 100 of Figure 1,
wherein floater pitch 105 of the floating wind turbine 100 is

determined by comparing a wind direction 211 measured by the
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nacelle-mounted wind sensor 160 with a reference direction
213. The reference direction 213 is defined in the same way
as described with respect to Figure 2. In Figure 3, the ref-
erence direction 213 is misaligned with the wind direction
211, it deviates from the wind direction 211 by a reference
angle of B degrees. If the wind turbine 100 tilts towards the
wind and/or in direction of the wind rotor 140, B may be de-
fined to be negative. If the wind turbine 100 tilts away from
the wind and/or in direction opposite to the orientation of
the wind rotor 140, B may be defined to be positive. Accord-
ing to these definitions, B is negative in Figure 3, e.g. -15
degrees. The floater pitch angle o is defined as the angle
between a horizontal direction 315 orthogonal to floater sway
102 and a direction 316, which is orthogonal to floater sway
102 and orthogonal to a central axis 131 of the tower 130. If
the wind turbine 100 tilts towards the wind and/or in direc-
tion of the wind rotor 140, the floater pitch angle o may be
defined to be negative. If the wind turbine 100 tilts away
from the wind and/or in direction opposite to the orientation
of the wind rotor 140, the floater pitch angle o may be de-
fined to be positive. In Figure 3, o equals B. Thus, the in-
formation regarding the misalignment between wind direction
211 and reference direction 213 by the reference angle B is

indicative of a floater pitch angle o of the same amount.

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

clude other elements or steps and the use of articles “a” or

w 144

an” does not exclude a plurality. Also, elements described
for 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. A sensor system for a floating wind turbine (100), the
sensor system comprising

a wind sensor (160) configured to provide a wind sensor
signal indicative of a wind flow (110); and

a processing unit (170) configured to receive the wind
sensor signal and to determine, based on the wind sensor sig-
nal, information indicative of a spatial arrangement (101,
102, 103, 104, 105, 106) of a floating base (120) of the
floating wind turbine (100) relative to an environment (108)
of the floating wind turbine (100).

2. The sensor system according to the preceding claim,
wherein the information is indicative of a rotation (104,
105, 106) of the floating base (120) relative to the environ-
ment (108), in particular at least one of a floater pitch
(105), a floater roll (106), and a floater yaw (104) of the
floating base (120).

3. The sensor system according to any one of the preceding
claims, wherein the wind sensor signal provided by the wind
sensor (160) is used for determining further information in-
dicative of an orientation of a wind rotor (140) of the
floating wind turbine (100) relative to a tower (130) and/or
the floating base (120) of the floating wind turbine (100).

4. The sensor system according to any one of the preceding
claims, wherein the wind sensor (160) is configured to meas-
ure the wind flow (110) at at least two measurement points

and/or in at least two measurement directions.

5. The sensor system according to the preceding claim,
wherein the processing unit (170) is further configured to
determine a wind shear based on the wind sensor signal indic-
ative of the wind flow (110) at the at least two measurement

points and
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wherein the processing unit (170) determines the information

based on the wind shear.

6. The sensor system according to any one of the preceding
claims, wherein the wind sensor signal is indicative of a

vertical angle (B) of the wind flow (110).

7. The sensor system according to any one of the preceding
claims, wherein the information is indicative of an oscillat-
ing motion of the floating base (120) relative to the envi-

ronment (108), in particular a frequency and/or an amplitude
of the oscillating motion, in particular an oscillating rota-

tion.

8. The sensor system according to any one of the preceding

claims, wherein the information is indicative of a rotational
offset of the floating (120) base relative to the environment
(108).

9. The sensor system according to any one of the preceding
claims, wherein the processing unit (170) is further config-
ured to determine whether the spatial arrangement (101, 102,
103, 104, 105, 106) of the floating base (120) satisfies a

threshold criterion.

10. The sensor system according to any one of the preceding
claims, wherein the information is determined based on the
assumption that a wind direction (211) of the wind flow (110)

is horizontal.

11. The sensor system according to any one of the preceding
claims, wherein the information is indicative of a wind di-
rection (211) relative to a reference direction (213), where-
in the reference direction (213) is defined relative to the
floating wind turbine (100), in particular relative to the
floating base (120) and/or a tower (130) of the floating wind
turbine (100).
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12. A floating wind turbine (100) comprising the sensor sys-

tem according to any one of claims 1 to 10.

13. The floating wind turbine (100) according to the preced-
ing claim, further comprising

a control system;
wherein the information is indicative of a wind direction
(211) relative to a reference direction (213), wherein the
reference direction (213) is defined relative to the floating
wind turbine (100), in particular relative to the floating
base (120) and/or a tower (130) of the floating wind turbine
(100);
wherein the control system is configured to rotate the float-
ing wind turbine (100) such that the reference direction
(213) is aligned with the wind direction (211).

14. A method of operating a floating wind turbine (100) com-
prising

providing, by means of a wind sensor (160), a wind sen-
sor signal indicative of a wind flow (110);

receiving, by means of a processing unit (170), the wind
sensor signal; and

determining, by means of the processing unit (170) and
based on the wind sensor signal, information indicative of a
spatial arrangement (101, 102, 103, 104, 105, 106) of a
floating base (120) of the floating wind turbine (100) rela-
tive to an environment (108) of the floating wind turbine
(100) .
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