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A WIND TURBINE AND A METHOD OF
OPERATING A WIND TURBINE WITH A
ROTATIONAL SPEED EXCLUSION ZONE

FIELD OF THE INVENTION

[0001] The present invention relates to a wind turbine and
a method of operating a wind turbine with a rotational speed
exclusion zone, wherein the wind turbine comprises a con-
trol system configured to control the rotational speed of the
rotor or generator. The control system monitors the rota-
tional speed and changes the rotational speed to avoid
critical rotational speeds located within an exclusion zone.

BACKGROUND OF THE INVENTION

[0002] It is known that the operation of variable speed
wind turbines is controlled to maximise the power produc-
tion while reducing the loads in the wind turbine. A particu-
lar concern is the oscillating motions occurring in the wind
turbine tower due to resonance which in turn results in
increased bending moments and increased fatigue loads.
These increased loads reduce the operating time of the wind
turbine tower. Vibrations in the drive train may also cause
the wind turbine tower to resonate if the frequency of the
torsional moment coincides with the eigenfrequency of the
wind turbine tower. The rotational frequency of the rotor or
the passing frequency of the wind turbine blades may also
coincide with the eigenfrequency of the wind turbine tower
causing it to resonate.

[0003] One way to solve this problem is to increase the
structural strength of the wind turbine tower by adding
additional material so that the eigenfrequency of the wind
turbine tower is located away from the frequency ranges of
the rotor and the passing wind turbine blades. However, this
increases the weight and costs of the wind turbine tower.
[0004] Another solution is to design the wind turbine
tower so that the eigenfrequency of the wind turbine tower
is located between the frequency ranges of the rotational
frequency and the blade passing frequency. However, this
solution presents some design challenges, particularly if the
wind turbine is intended to be placed on an offshore foun-
dation. The wind turbine tower may be designed so that the
eigenfrequency of the wind turbine tower is located below
the frequency range of the rotational frequency. However,
this presents a structural strength issue and makes the wind
turbine tower sensitive to wind and wave movements. Yet
another solution is to install damper units in the wind turbine
to dampen the movements caused by vibrations. However,
this adds to the complexity and total costs of the wind
turbine.

[0005] It has been proposed by John Licari, et al. to
implement an exclusion zone in the rotor speed region of the
wind turbine control system to prevent the rotation fre-
quency of the rotor from getting close to the eigenfrequency
of the wind turbine tower. It is proposed to use an exclusion
zone having a fixed width relative to the eigenfrequency of
the wind turbine tower. However, a large exclusion zone will
result in a large power loss, while a narrow exclusion zone
will result in increased vibrations and fatigue loads.

[0006] WO 2015/085465 Al discloses a wind turbine
comprising a control system monitoring operating condi-
tions, wherein a sensor measures an operating parameter or
wind parameter. A controller then analyses the measured
signal and determines the operating conditions. The control-
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ler further detects oscillations with a resonance frequency as
variances in the operating conditions and changes the oper-
ating set point of a control signal accordingly. The frequency
of the operating conditions is thereby moved out of the
exclusion zone located around the resonance frequency. The
width of the exclusion zone can be determined dynamically
by using perturbation tests performed on the collected data,
however, further details about the perturbation test and how
to analyse the test results in order to determine the width of
the exclusion zone are not provided. This automated pertur-
bation test and subsequent analysis further increase the
amount of data processing required.

[0007] Thus, there is a need for an improved control
method for preventing resonance in the wind turbine tower
and reducing fatigue loads.

OBIJECT OF THE INVENTION

[0008] An object of the invention is to provide a control
method that monitors the vibration level in the wind turbine
tower.

[0009] An object of the invention is to provide a control
method that reduces the power loss and at the same time
reduces vibrations in the wind turbine tower.

[0010] An object of the invention is to provide a control
method that detects the eigenfrequency of the wind turbine
tower.

[0011] An object of the invention is to provide a wind
turbine capable of monitoring the vibration level in the wind
turbine tower.

[0012] An object of the invention is to provide a wind
turbine having a wind turbine control system that minimises
the power loss while reducing vibrations in the wind turbine
tower.

DESCRIPTION OF THE INVENTION

[0013] An object of the invention is achieved by a method
of controlling a wind turbine for reducing fatigue loads, the
wind turbine comprising a wind turbine tower, a nacelle
arranged on top of the wind turbine tower, a rotatable rotor
with at least two wind turbine blades arranged relative to the
nacelle, and a wind turbine control system, wherein the wind
turbine control system comprises a controller configured to
control the operation of the wind turbine and a sensor unit
configured to measure the rotational speed of the rotor,
wherein the method comprises the steps of:

[0014] measuring a rotational speed of the wind turbine,

[0015] comparing the measured rotational speed to at
least one exclusion zone defined by a first rotational
speed and at least a second rotational speed,

[0016] adjusting the operation of the wind turbine
within that at least one exclusion zone so that the
rotational speed is changed to a rotational speed located
outside the at least one exclusion zone, wherein the
method further comprises the step of:

[0017] measuring a vibration signal indicative of vibra-
tions in the wind turbine, wherein the width of the at
least one exclusion zone is varied as function of the
measured vibration signal.

[0018] The terms “varied”, “variable” and “varying” mean
that the width of'this exclusion zone is not fixed, but changed
relative to the current level of vibrations. In conventional
exclusion algorithms, the width is fixed and thus not
changed regardless of the level of vibrations. The conven-
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tional exclusion algorithms are not enabled to adapt to the
different conditions causing vibrations in the wind turbine
tower. The present control method advantageously mini-
mises the power loss in the wind turbine while preventing
excessive vibrations in the wind turbine due to resonance.
The present control method is also capable of adapting to the
different conditions causing vibrations in the wind turbine.
The vibrations may be generated in the wind turbine blades
and/or in the drive train and then transferred to the wind
turbine tower via their connecting structural elements. The
vibrations may be due to an aerodynamic imbalance or a
mass imbalance in the rotor. The vibrations may also be due
to a yaw error in the wind turbine or a wake or turbulence
generated by another wind turbine located upwind relative to
the wind turbine. The vibrations may be generated by
resonance between the harmonic frequencies of the rotor
speed and the eigenfrequency of the wind turbine.

[0019] The vibrations are measured along one or more
reference axis of the wind turbine, such as in an axial
direction parallel to the wind direction and/or in a lateral
direction perpendicular to the wind direction. The axial and
lateral directions may instead be defined relative to a rota-
tion axis of the rotor/rotation shaft wherein the axial direc-
tion is defined by the rotation axis. Preferably, the vibrations
are measured in the lateral direction.

[0020] The rotational speed is measured, either directly or
indirectly, around the rotation axis of the wind turbine. The
rotational speed may be measured in the drive train, e.g. on
the rotor shaft connected to the rotor or on the rotation shaft
connected to the rotor assembly in the generator. Alterna-
tively, the rotation speed may be measured in the plane of the
rotor.

[0021] According to one embodiment, the method further
comprises the step of applying a transfer function to the
vibration signal, wherein the transfer function is indicative
of at least one transition phase in which the variable width
is changed between a first width and a second width.
[0022] The signal from the vibration sensor, e.g. the
vibration signal, and the rotational speed sensor, e.g. the
rotational speed signal, are transmitted to a controller, e.g.
PLC-circuit or a microprocessor, in the wind turbine control
system for further processing. The measured signals may be
suitable filtered, amplified and/or A/D converted prior to
being processed in the controller. The vibrations and rota-
tional speed may be measured within one or more time
windows, preferably individual time windows. At least one
of the two measured signals, e.g. the vibration signal, may
further be transformed into the frequency domain via a Fast
Fourier Transform (FFT) algorithm or another suitable spec-
tral analysis algorithm. The amplitude of this frequency
transformed signal, e.g. the amplitude at the eigenfrequency
of the wind turbine tower, may be used to determine the
vibration level of the wind turbine. The controller may
further be configured to analyse the frequency transformed
signal to detect the eigenfrequency of the wind turbine tower
or to calculate the eigenfrequency of the wind turbine tower
based on one or more control parameters. This allows the
controller to monitor the vibration level and rotational speed
when the wind turbine is operated at the resonance rotational
speed. The resonance rotational speed is defined as any
power production mode or idling mode wherein an overlap
between a multiple of the rotational speed and the eigenfre-
quency of the wind turbine tower may occur. In example, the
value of said multiple may be one, two, three, etc.
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[0023] The controller then applies a transfer function to
the vibration level, e.g. the vibration signal, wherein the
output signal of this function is used to determine the width
of the respective exclusion zone. The transfer function
comprises at least one line segment indicative of a first
region or transition phase wherein the width is changed from
an upper level to a lower level, or vice versa. The first width
defines the lower level, and the second width defines the
upper level. This allows the width of the exclusion zone to
be reduced as the vibration level drops towards zero, and
vice versa. The width of each exclusion zone may be defined
by any real positive number, i.e. one, two, three, etc.,
depending on the output signal of the transfer function. This
provides a simple and easy way of determining the width of
the exclusion zone unlike WO 2015/085465 A1 which uses
a perturbation test and a subsequent analysis of the test
results in order to determine the width.

[0024] When the vibration level is below a first vibration
value defined by the first width, the width may remain at the
lower level. This allows a minimum width or no exclusion
zone to be deployed when only small vibrations are detected.
When the vibration level is above a second vibration value
defined by the second width, the width may remain at the
upper level. This allows a maximum width to be deployed
when extreme vibrations are detected.

[0025] The transition phase enables the respective exclu-
sion zone to be gradually introduced and thus creates a
smooth activation of the exclusion algorithm. This allows
the wind turbine to be operated closer to the eigenfrequency
of the wind turbine tower and, thus, closer to the optimal
operating point for maximum power production. The eigen-
frequency of the wind turbine tower may be associated with
a corresponding critical rotational speed. This in turn
increases the vibrations in the lateral direction, but within a
suitable level that does not require additional structural
strength in the wind turbine tower.

[0026] Conventional control methods use an activation
threshold to activate the exclusion algorithm and thus, to
some extent, provide a soft introduction of its exclusion
zone. However, the exclusion zones used in these conven-
tional control methods will have an unnecessary large width
at low vibration levels which leads to a greater power loss.
In the present invention, the width of the respective exclu-
sion zone is completely variable and may be adjusted over
time. This enables the controller to adjust the width each
time the exclusion algorithm is activated or when it is
deemed necessary, e.g. when the vibration level changes
from one level to another level.

[0027] In apreferred embodiment, the width is maintained
at the first width at vibrations below the transition phase and
maintained at the second width at vibrations above the
transition phase.

[0028] The transfer function preferably comprises a sec-
ond line segment and at least a third line segment. The
second line segment is indicative of a second region in
which the width is maintained at the first width. The third
line segment is indicative of a third region in which the
width is maintained at the second width. The first width may
have a value between zero and +5%, preferably between
zero and +£2.5%, of the critical rotational speed. This allows
the rotational speed of the wind turbine to follow the normal
operating level at all times. The second width may have a
value between +5% and 15%, preferably between +7.5%
and +£12.5%, of the critical rotational speed. This allows the
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rotational speed of the wind turbine to be adjusted away
from the critical rotational speed to avoid resonance and,
thus, large vibrations in the wind turbine.

[0029] According to a special embodiment, the transfer
function is at least a linear function, a stepped function, a
S-function, an exponential function, or a logarithmic func-
tion.

[0030] The transfer function may be selected based on the
desired wind turbine configuration, the installation site and
foundation thereof, or another criterion. The transfer func-
tion, e.g. the line segment describing the transition phase,
may be a linear function, a stepped function, a S-function, an
exponential function, or a logarithmic function. The transfer
function preferably describes a smooth transition around the
first and second widths so that the transfer function describes
a continuously smoothed function. This enables the rota-
tional speed of the wind turbine to be smoothly adjusted
without introducing unnecessary vibrations and loads in the
wind turbine.

[0031] According to one embodiment, the step of adjust-
ing the operation of the wind turbine comprises changing a
value of at least one control signal, e.g. a torque control
signal, relative to a normal operating level, and maintaining
the rotational speed at the first or second rotational speed.
[0032] The respective exclusion zone divides the normal
operating range of the rotational speed into a lower zone and
an upper zone. As wind speed increases from the cut-in wind
speed, the rotational speed follows the normal operating
level in the lower zone. The normal operating level may be
determined by the controller as the optimal set-point for the
respective control signal for maximum power production.
As the wind speed continues to increase, the controller may
maintain the rotational speed control signal at the first
rotational speed. The controller then adjusts the value of at
least one other control signal relative to the normal operating
level of that control signal. The other control signal may be
selected from the torque control signal, the pitch control
signal, the power control signal, or another suitable control
signal. Alternatively or additionally, the controller activates
a braking system arranged relative to the rotor or rotor shaft
to slow down the rotational speed of the wind turbine. This
allows the wind turbine to accumulate excess energy before
crossing the exclusion zone.

[0033] As the wind speed decreases from the cut-out wind
speed in the upper zone, the rotational speed follows the
normal operating level in this upper zone. As the wind speed
continues to decrease, the controller may maintain the
rotational speed control signal at the second rotational
speed. The controller then adjusts the value of the other
control signal relative to its normal operating level. Alter-
natively or additionally, the controller activates a braking
system arranged relative to the rotor or rotor shaft to slow
down the rotational speed of the wind turbine. This allows
the wind turbine to reduce the amount of generated energy
before crossing the exclusion zone.

[0034] According to one embodiment, the step of adjust-
ing the operation of the wind turbine comprises changing the
value of at least one control signal, e.g. a torque control
signal, relative to a normal operating level, when the mea-
sured rotational speed is between a third rotational speed and
the first or second rotational speed.

[0035] This configuration differs from the configuration
described above by monitoring the increasing rotational
speed in the controller to detect when it passes a third
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rotational speed prior to reaching the first rotational speed.
Once the rotational speed passes the third rotational speed,
the controller adjusts the rotational speed control signal and
the value of the other control signal relative to their normal
operating levels. This allows the wind turbine to accumulate
excess energy within a pre-zone located adjacent to that
respective exclusion zone.

[0036] The controller in this configuration further moni-
tors the decreasing rotational speed to detect when it passes
a fourth rotational speed prior to reaching the second rota-
tional speed. The controller then adjusts the rotational speed
control signal and the value of the other control signal
relative to their normal operating levels. Alternatively, or
additionally, the controller activates a braking system
arranged relative to the rotor or rotor shaft in order to slow
down the rotational speed of the wind turbine. This allows
the wind turbine to reduce the amount of generated energy
before crossing the exclusion zone.

[0037] According to a special embodiment, the rotational
speed is changed from one of the first and second rotational
speeds to the other of the first and second rotational speeds
when the value of said at least one control parameter passes
a predetermined threshold value.

[0038] The controller may in either one of the configura-
tions described above monitor the control signal to detect
when it passes an upper threshold value. Once the control
signal passes the upper threshold value, the controller
increases the value of the rotational speed control signal to
a higher value, e.g. the second rotational speed. The con-
troller optionally maintains one or more of the other control
signals at their respective operating levels. Alternatively or
additionally, the controller may send a control signal to the
braking system which in turn releases the rotor so that it is
able to pick up speed. The controller continues to monitor
the rotational speed to detect when it passes the second
rotational speed. Once the rotational speed passes the second
rotational speed, the controller adjusts the rotational speed
control signal and the other control signals back to their
normal operating levels. As the wind speed continues to
increase towards the cut-out wind speed, the wind turbine
returns to the normal power production mode and the
rotational speed follows the normal operating level of the
upper zone. This allows the wind turbine to cross the
respective exclusion zone using this accumulated excess
energy.

[0039] Similarly, the controller may in either one of the
configurations described above monitor the control signal to
detect when it passes a lower threshold value. Once the
control signal passes the lower threshold value, the control-
ler decreases the value of the rotational speed control signal
to a lower value, e.g. the first rotational speed. The controller
optionally maintains one or more of the other control signals
at their respective operating levels. Alternatively, or addi-
tionally, the controller may send a control signal to the
braking system which in turn slows down the rotational
speed of the rotor. The controller continues to monitor the
rotational speed to detect when it passes the first rotational
speed. Once the rotational speed passes the first rotational
speed, the controller adjusts the rotational speed control
signal and the other control signals back to their normal
operating levels. As the wind speed continues to decrease
towards the cut-in wind speed, the wind turbine returns to
the normal power production mode and the rotational speed
follows the normal operating level of the lower zone. This
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allows the wind turbine to cross the respective exclusion
zone without accumulating too much excess energy.

[0040] According to one embodiment, the method further
comprises the step of measuring at least a third parameter of
the wind turbine and wherein the variable width is deter-
mined based on the vibration signal and the at least third
parameter.

[0041] A wind speed, a wave speed or another third
parameter may be measured, and this third signal may
afterwards be processed in the controller. The third signal
may be combined with the vibration level to determine the
width of the exclusion zone. Alternatively, the third signal
may be combined with the other control signal described
above to determine when it is safe for the wind turbine to
cross the exclusion zone.

[0042] According to a special embodiment, the at least one
exclusion zone includes a first exclusion zone defined by the
first and second rotational speeds and at least a second
exclusion zone defined by a third rotational speed and at
least a fourth rotational speed.

[0043] Conventional control only teaches the use of a
single exclusion zone relating to the eigenfrequency of the
wind turbine tower. The present invention enables the exclu-
sion algorithm to comprise a plurality of exclusion zones
each dedicated to a predetermined frequency. The exclusion
algorithm may further comprise a plurality of transter func-
tion used to determine the width of these exclusion zones.

[0044] In example, the first and second rotational speeds
may define a first exclusion zone which is located around the
critical rotational speed associated with the eigenfrequency
of the wind turbine tower as described earlier. A third and a
fourth rotational speed may define a second exclusion zone
associated with the passing frequency of the wind turbine
blades, e.g. the 2P-frequency or the 3P-frequency. The
second exclusion zone may have a fixed width or a variable
width as described earlier. Alternatively, a third exclusion
zone associated with another critical frequency or rotational
speed may be applied to the rotational speed range. This
enables the resonance loads occurring at different frequen-
cies to be reduced while minimising the power loss at low
vibration levels.

[0045] The controller may apply a second transfer func-
tion to the measured vibration level to determine the width
of the second exclusion zone. This second transfer function
may have the same configuration as the transfer function of
the first exclusion zone described earlier or a different
configuration. In example, the second transfer function may
also comprise a first line segment defining a transition phase
in which the controller varies the second exclusion zone
from a third width to a fourth width as the measured
vibrations increase from a third vibration level or value to a
fourth vibration level or value, and vice versa. At least
another line segment may define another region in which the
second exclusion zone is maintained at the third or fourth
width as described earlier. The controller may adjust the
operation of the wind turbine as described earlier to move
the rotational speed out of the second exclusion zone and,
thus, reduce the vibrational movements and fatigue loads.

[0046] The controller may optionally be configured to
further analyse the frequency transformed vibration signal to
detect the passing frequency of the wind turbine blades or to
calculate this passing frequency based on one or more
control parameters.
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[0047] An object of the invention is also achieved by a
wind turbine comprising a wind turbine tower, a nacelle
arranged on top of the wind turbine tower, a rotatable rotor
with at least two wind turbine blades arranged relative to the
nacelle, and a wind turbine control system, wherein the wind
turbine control system comprises a controller configured to
control the operation of the wind turbine and a sensor unit
configured to measure the rotational speed of the rotor,
wherein the controller is further configured to adjust the
operation of the wind turbine within at least one exclusion
zone defined by a first rotational speed and at least a second
rotational speed so that the rotational speed of the rotor is
changed to a rotational speed located outside the at least one
exclusion zone, wherein the wind turbine control system
further comprises a second sensor unit configured to mea-
sure a vibration signal indicative of vibrations in the wind
turbine tower, wherein the at least one exclusion zone has a
variable width which is determined by the controller based
on the measured vibration signal.

[0048] The control method described above is imple-
mented in the controller of the wind turbine control system,
e.g. as an exclusion algorithm. The controller is further
connected to one or more vibration sensors arranged on one
or more components of the wind turbine. Unlike conven-
tional wind turbine control systems, the present wind turbine
control system is capable of adapting the operation of the
wind turbine to the different conditions causing vibrations in
the wind turbine by varying the width of the respective
exclusion zone. Preferably, the wind turbine control system
is configured to adjust the operation of the wind turbine
according to a first and at least a second exclusion zone as
described earlier. The controller is configured to determine
the width of one or more of these exclusion zones based on
the vibration level measured by the vibration sensors unlike
conventional wind turbine control systems which all teach
the use of a single exclusion zone with a fixed width. This
allows the wind turbine control system to change the rota-
tional speed within the rotational speed range to avoid any
critical rotational speeds that may cause resonance and, thus,
increased vibrations in the wind turbine.

[0049] The vibration sensor may be an accelerometer,
strain gauge, position sensor, velocity sensor or another
suitable sensor. The vibration sensor may be arranged on the
rotor hub, wind turbine blade, nacelle, gearbox unit, main
bearing unit, generator or another suitable component of the
wind turbine. Preferably, a first/lateral sensor is used to
measure the vibrations in the lateral direction, and optionally
a second/axial sensor is used to measure the vibrations in the
axial direction. The rotational speed sensor may be an
encoder, tachometer, stroboscope, or another suitable sensor.
The rotational speed sensor may be arranged relative to the
rotor or on a component of the drive train, e.g. the rotor
shaft, rotation shaft or generator. The vibration sensor and
rotational speed sensor may be electrically connected to the
controller via a wired or wireless connection.

[0050] The wind turbine may be an onshore or offshore
wind turbine configured to be mounted on a suitable onshore
or offshore foundation. The wind turbine advantageously has
one, two, three or more wind turbine blades mounted to the
rotor hub. The present control method can also be imple-
mented in existing wind turbine control system having a
vibration sensor and a rotational speed sensor.

[0051] According to one embodiment, the controller is
configured to apply a transfer function to the vibration
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signal, wherein the transfer function is indicative of a
transition phase in which the width is changed between a
first width and a second width.

[0052] The transfer function implemented in the controller
defines at least one transition phase extending from a lower
vibration level, i.e. first vibration value, to an upper vibra-
tion level, i.e. second vibration value. The controller is
configured to vary the exclusion zone from the first width to
the second width as the measured vibrations increase from
the first vibration level to a second vibration level, and vice
versa. Conventional controllers provide, to some extent, a
smooth activation of the exclusion algorithm, whereas the
present controller provides a more well-defined smooth
activation of the exclusion algorithm while adapting the
width of the exclusion zone based on the vibration level. The
wind turbine is thus operated closer to the normal operating
level at low vibration levels and thereby increasing the
power production without requiring additional structural
strength in the wind turbine tower.

[0053] The controller is configured to detect if the current
vibration level is within a second region defined by the
transfer function, e.g. below the lower vibration level. If so,
the exclusion algorithm is not activated and, thus, the
rotational speed is not changed during the power production
mode. The controller is further configured to detect if the
current vibration level is within a third region defined by the
transfer function, e.g. above the upper vibration level. If so,
the exclusion algorithm is fully activated, i.e. maximum
width deployed, and thus the rotational speed is changed
relative to the normal operating level to avoid rotational
speeds located close to the critical rotation speed.

[0054] The first and second rotational speeds may be
centred relative to the eigenfrequency of the wind turbine
tower. This eigenfrequency of the wind turbine tower may,
however, drift during the life time of the wind turbine due to
aging, fatigue loads, etc. This may be solved by using the
measured vibration signals to identify the current eigenfre-
quency of the wind turbine tower and store it in the wind
turbine control system. Alternatively, the current eigenfre-
quency of the wind turbine tower may be calculated based
on one or more predetermined control parameters. The wind
turbine control system, e.g. the controller, may then deter-
mine the values of the first and second rotational speeds
based on this updated frequency. Alternatively, this drift may
be taken into account when determining the width of the
exclusion zone. Similarly, the measured vibration level may
be used to identify the passing frequency of the wind turbine
blades or said passing frequency may be calculated based on
one or more predetermined control parameters.

[0055] The controller may be configured to apply at least
a second transfer function to the measured vibration level to
determine the width of at least a second exclusion zone. The
first and second exclusion zones may be overlapping exclu-
sion zones or separate exclusion zones. The second transfer
function may be a linear function, a stepped function, a
S-function, an exponential function, or a logarithmic func-
tion.

[0056] According to a special embodiment, the wind tur-
bine control system further comprises at least a third sensor
unit configured to measure at least a third parameter,
wherein the controller is configured to determine the width
based on the vibration signal and the at least third parameter.
[0057] In the conventional wind turbine control systems,
the fixed width is determined as a trade-off between the
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power loss and the fatigue loads in the wind turbine. Unlike
conventional wind turbine control systems, the present con-
troller is configured to determine the width of the respective
exclusion zone based on the vibration level alone or in
combination with other suitable parameters measured in or
relative to the wind turbine. In example, the vibration level
may be combined with the measured wind speed and/or
wave speed.

[0058] According to one embodiment, the wind turbine
further comprises at least one unit selected from a pitch
mechanism configured to pitch at least a part of one of the
wind turbine blades, a braking system configured to brake
the rotor, and an electrical generator configured to generate
an electrical power output, and wherein the controller is
configured to change the rotational speed of the rotor by
adjusting the operation of said at least one unit.

[0059] The controller is configured to change the rota-
tional speed of the wind turbine by adjusting the rotational
speed control signal and, optionally, the torque control
signal, the pitch control signal, the power control signal or
any combinations thereof. One or more optimisation mod-
ules connected to or integrated in the controller determine
the optimal set-points of the control signals for the rotational
speed, the generator torque, the pitch angle, and the power
level. One or more of these optimised control signals may be
transmitted to an exclusion module connected to or inte-
grated in the controller. The exclusion module is configured
to adjust these control signals relative to their normal
operating level, e.g. their optimal set-points, as described
above.

[0060] In each of the exclusion zones of the rotational
speed, the control signals are adjusted by the exclusion
module. The measured rotational speed and/or vibration
level may be used as inputs for the exclusion module to
determine the width of the respective exclusion zone and the
adjusted value of the rotational speed control signal as
described above. This prevents large vibrational movements
and fatigue loads in the wind turbine due to resonance.

DESCRIPTION OF THE DRAWING

[0061] The invention is described by example only and
with reference to the drawings, wherein:

[0062] FIG. 1 shows an exemplary embodiment of a wind
turbine,
[0063] FIG. 2 shows a graph of an exemplary measured

vibration signal in the frequency domain,

[0064] FIG. 3 shows an exemplary embodiment of the
transfer function applied to the measured vibration signal,
and

[0065] FIG. 4 shows a graph of exemplary unmodified
torque control signal and three graphs of the torque control
signal having different widths of the exclusion zone.
[0066] In the following text, the figures will be described
one by one and the different parts and positions seen in the
figures will be numbered with the same numbers in the
different figures. Not all parts and positions indicated in a
specific figure will necessarily be discussed together with
that figure.

REFERENCE LIST

1. Wind turbine
2. Wind turbine tower
3. Nacelle

[0067]
[0068]
[0069]
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[0070] 4. Wind turbine blades
[0071] 5. Pitch mechanism
[0072] 6. Tip end

[0073] 7. Blade root

[0074] 8. Trailing edge

[0075] 9. Leading edge

[0076] 10. Controller

[0077] 11. Sensor units

[0078] 12. Braking mechanism

[0079] 13. Vibration signal

[0080] 14. Eigenfrequency of the wind turbine tower
[0081] 15. Passing frequency of the wind turbine blades
[0082] 16. Transfer function

[0083] 17. Torque control signal, normal operating level
[0084] 18. First exclusion zone

[0085] 19. Second exclusion zone

[0086] 20. Torque control signals, changed

DETAILED DESCRIPTION OF THE
INVENTION

[0087] FIG. 1 shows an exemplary embodiment of a wind
turbine 1 comprising a wind turbine tower 2. A nacelle 3 is
arranged on top of the wind turbine tower 2 and connected
to the wind turbine tower 2 via a yaw mechanism (not
shown). A rotor comprising at least two wind turbine blades
4, here three blades are shown, is rotatably connected to a
hub which is further connected to a drive train arranged
inside the nacelle 3 via a rotation shaft. Each wind turbine
blade 4 is rotatably connected to a hub via a pitch mecha-
nism 5 controlled by a pitch controller in the wind turbine
control system. Each wind turbine blade 4 has a tip end 6,
a blade root 7 and a body having an aerodynamic profile
which defines a trailing edge 8 and a leading edge 9.
[0088] The wind turbine control system further comprises
a controller 10, which controls the operation of the wind
turbine 1, and a plurality of sensor units 11 connected to the
controller 10. Said sensor units 11 comprise a rotational
speed sensor configured to measure the rotational speed of
the rotor and a vibration sensor configured to measure the
vibrations of the wind turbine 1. Said sensor units 11 further
comprise at least a third sensor for measuring at least a third
parameter on or relative to the wind turbine 1. In example,
said third sensor may be a wind speed sensor configured to
measure the wind speed of the wind.

[0089] A braking system is optionally arranged relative to
the rotor or the rotation shaft and comprises a braking
mechanism 12 configured to brake the rotational speed of
the rotor and, thus, the wind turbine blades 4. The braking
system is connected to the wind turbine control system,
wherein the controller 10 controls the operation of the
braking system.

[0090] FIG. 2 shows a graph of an exemplary vibration
signal 13 measured by the vibration sensor. The vibration
signal is transferred into the frequency domain using a
spectral analysis algorithm, e.g. a FFT algorithm. The con-
troller 10 then determines the vibration level based on the
amplitude of the frequency transformed vibration signal 13.
[0091] The controller 10 monitors the vibration level to
determine the width of the exclusion zone located around the
eigenfrequency 14 of the wind turbine tower 2. Optionally,
the controller 10 further monitors the vibration level to
determine the width of another exclusion zone located
around the passing frequency 15 of the wind turbine blades
4. Each of these exclusion zones defines a critical rotational
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speed which is in turn used by the controller 10 to change the
operation of the wind turbine 1 so that the rotor is rotating
at the rotational speed located outside that exclusion zone.
[0092] The controller 10 optionally analyses the frequency
transformed vibration signal 13 and determines the eigen-
frequency 14 of wind turbine tower 2 and/or the passing
frequency 15 of the wind turbine blades 4, e.g. by using any
known algorithms.

[0093] FIG. 3 shows a graph of an exemplary transfer
function 16 applied to the measured vibration level. The
transfer function 16 is applied to the vibration level deter-
mined by the controller 10 and is used to determine the
width of the respective exclusion zone. This enables the
width to be varied according to the output of the transfer
function 16.

[0094] A first and a second vibration level define a first
line segment of the transfer function 16. This line segment
defines a transition phase in which the width of the exclusion
zone is changed from a first width to a second width. In
example, the first line segment may be a linear function as
shown in FIG. 3. A second line segment is defined by a first
width or a minimum value, e.g. zero, of the width. A third
line segment is defined by a second width or a maximum
value of the width.

[0095] As shown in FIG. 3, the width may be varied
between 0% and 100% of the maximum value within this
transition region. The transition region may extend from a
lower vibration level of ‘one’ to an upper vibration level of
‘four’. These values are pre-set during the implementation
process of this described method and optionally updated, i.e.
changed, when needed.

[0096] FIG. 4 shows an exemplary control signal as func-
tion of the rotational speed of the rotor of the wind turbine
1. Here, the control parameter is a torque control signal. The
torque control signal and the rotational speed are here
normalised by using any known normalisation algorithm for
illustrative purposes.

[0097] A first graph 17 shows the torque control signal
determined by the controller 10 according to a normal
operating level. The controller 10 determines the optimal
set-point of the control signals based on the measurements
from the sensor units 11. A first exclusion zone 18 and
optionally a second exclusion zone 19 are applied to the
rotational speed as illustrated in FIG. 4. At least the torque
control signal is then transmitted to the controller 10 which
determines the width of the first exclusion zone 18 using the
output of the transfer function 16. Similarly, the controller
10 determines the width of the second exclusion zone 19
using the output of another transfer function 16. In this
normal operating level, the measured vibration level is
below the lower vibration level and thus the exclusion
algorithm is not activated.

[0098] A second graph 20 shows the torque control signal
after the exclusion algorithm is fully activated. In this
operating level, the vibration level is above the upper
vibration level, and thus the width of the first and/or second
exclusion zones 18, 19 has a maximum value. When the
exclusion algorithm is activated, the controller 10 adjusts the
operation of the wind turbine 1 so that the rotational speed
of the rotor is changed to another rotational speed situated
outside the respective exclusion zone(s). In example, the
controller 10 changes the set-point of the torque control
signal relative to the normal operating level as indicated in
FIG. 4.
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[0099] A third and a fourth graph 20', 20" shows the
changed torque control signal when the measured vibration
level is between the lower and upper vibration levels. In this
operating level, the exclusion algorithm is partly activated,
and thus the width of the first exclusion zone 18 is between
the first and second widths and/or the width of the second
exclusion zone 19 is between a third width and a fourth
width. As the rotational speed is increased, the vibration
level is initially increased past the lower vibration level. This
activates the exclusion algorithm and the width of the first
exclusion zone 18 is gradually varied from the first width
towards the second width as indicated by graph 20". As the
vibration level continues to increase, the width of the first
exclusion zone 18 is continuously varied as indicated by
graph 20" until it reaches the second width as indicated by
graph 20. Even if the vibration level continues to increase,
the first exclusion zone 18 is maintained at the second width.
Once the vibration level is reduced towards zero, the width
of the first exclusion zone 18 is varied in a reversed order
back towards the first width.

[0100] As the rotational speed is moved out of the first
exclusion zone 18 and continues to increase, the rotational
speed is moved into the second exclusion zone 19. The width
of'the second exclusion zone 19 is varied in a similar manner
between the third and fourth widths according to the chang-
ing vibration level. The rotational speed is then moved out
of the second exclusion zone 19 and towards the maximum
rotational speed. When the rotational speed drops towards
the minimum rotational speed, it is moved through the
second and first exclusion zones 19, 18 respectively.

[0101] This minimises the power loss at the critical rota-
tional speeds at high vibration levels while allowing the
wind turbine to operate at the normal operating level at all
time at low vibration levels.

[0102] Prior to the rotational speed reaching the exclusion
zone 18, 19, the controller 10 adjusts the set-point of at least
one of the control signals, e.g. the torque control signal, as
indicated in FIG. 4 to enable a quick change of rotational
speed from the first or third rotational speed to the second or
fourth rotational speed, or vice versa. This reduces the time
spend at the critical rotational speed and, thus, reduces the
resonance loads.

1. A method of controlling a wind turbine for reducing
fatigue loads, the wind turbine comprising a wind turbine
tower, a nacelle arranged on top of the wind turbine tower,
a rotatable rotor with at least two wind turbine blades
arranged relative to the nacelle, and a wind turbine control
system, wherein the wind turbine control system comprises
a controller configured to control the operation of the wind
turbine and a sensor unit configured to measure the rota-
tional speed of the rotor, wherein the method comprises the
steps of:

measuring a rotational speed of the wind turbine,

comparing the measured rotational speed to at least one
exclusion zone defined by a first rotational speed and at
least a second rotational speed,

adjusting the operation of the wind turbine within that at
least one exclusion zone so that the rotational speed is
changed to a rotational speed located outside the at
least one exclusion zone, wherein the method further
comprises the step of:
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measuring a vibration signal indicative of vibrations in the
wind turbine, wherein the width of the at least one
exclusion zone is varied as function of the measured
vibration signal.

2. The method according to claim 1, wherein the method
further comprises the step of applying a transfer function to
the vibration signal, wherein the transfer function is indica-
tive of at least one transition phase in which the variable
width is changed between a first width and a second width.

3. The method according to claim 2, wherein the transfer
function is at least a linear function, a stepped function, a
S-function, an exponential function, or a logarithmic func-
tion.

4. The method according to claim 1, wherein the step of
adjusting the operation of the wind turbine comprises chang-
ing a value of at least one control signal, e.g. a torque control
signal, relative to a normal operating level, and maintaining
the rotational speed at the first or second rotational speed.

5. The method according to claim 1, wherein the step of
adjusting the operation of the wind turbine comprises chang-
ing the value of at least one control signal, e.g. a torque
control signal, relative to a normal operating level, when the
measured rotational speed is between a third rotational speed
and the first or second rotational speed.

6. The method according to claim 5, wherein the rota-
tional speed is changed from one of the first and second
rotational speeds to the other of the first and second rota-
tional speeds when the value of said at least one control
parameter passes a predetermined threshold value.

7. The method according to claim 1, wherein the method
further comprises the step of measuring at least a third
parameter of the wind turbine and wherein the variable
width is determined based on the vibration signal and the at
least third parameter.

8. The method according to claim 1, wherein the at least
one exclusion zone includes a first exclusion zone defined by
the first and second rotational speeds and at least a second
exclusion zone defined by a third rotational speed and at
least a fourth rotational speed.

9. A wind turbine comprising a wind turbine tower, a
nacelle arranged on top of the wind turbine tower, a rotatable
rotor with at least two wind turbine blades arranged relative
to the nacelle, and a wind turbine control system, wherein
the wind turbine control system comprises a controller
configured to control the operation of the wind turbine and
a sensor unit configured to measure the rotational speed of
the rotor, wherein the controller is further configured to
adjust the operation of the wind turbine within at least one
exclusion zone defined by a first rotational speed and at least
a second rotational speed so that the rotational speed of the
rotor is changed to a rotational speed located outside the at
least one exclusion zone, wherein the wind turbine control
system further comprises a second sensor unit configured to
measure a vibration signal indicative of vibrations in the
wind turbine tower, wherein the at least one exclusion zone
has a variable width which is determined by the controller
based on the measured vibration signal.

10. The wind turbine according to claim 9, wherein the
controller is configured to apply a transfer function to the
vibration signal, wherein the transfer function is indicative
of a transition phase in which the width is changed between
a first width and a second width.

11. The wind turbine according to claim 9, wherein the
wind turbine control system further comprises at least a third
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sensor unit configured to measure at least a third parameter,
wherein the controller is configured to determine the width
based on the vibration signal and the at least third parameter.
12. The wind turbine according to claim 9, wherein the
wind turbine further comprises at least one unit selected
from a pitch mechanism configured to pitch at least a part of
one of the wind turbine blades, a braking system configured
to brake the rotor, and an electrical generator configured to
generate an electrical power output, and wherein the con-
troller is configured to change the rotational speed of the
rotor by adjusting the operation of said at least one unit.

#* #* #* #* #*
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