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DESCRIPTION

Field of invention

[0001] The present invention relates to a method and to an arrangement for controlling a
generator to reduce a harmonic torque ripple. Further, the invention relates to a wind turbine
comprising a generator and the arrangement for controlling the generator to reduce a
harmonic torque ripple.

Art Background

[0002] A wind turbine may comprise a rotor shaft with blades connected thereto and may
comprise a generator, in particular a high power permanent magnet synchronous machine
having a generator rotor which is mechanically connected to the rotor shaft.

[0003] The document US 9,160,260 B1 discloses an adaptive actuator control system for
acoustic quieting and reduction of vibration of an electromechanical actuator by using closed
loop control techniques using vibration feedback from an electromechanical actuator mounted
sensor to modify the current command in the motor drive electronics to minimize the resultant
motor torque ripple.

[0004] Conventionally, torque ripple control may be a big challenge for a high power
permanent magnet synchronous machine. The torque of the machine cannot be measured or
estimated precisely, which applies in particular to harmonics of the torque. Therefore,
conventionally, the torque ripple itself, e.g. higher harmonics of the torque, cannot be used as
a feedback in a controller.

[0005] Conventionally, one approach to minimize the torque ripple may be to inject a
corresponding frequency harmonic current on the g-axis, and force the d-axis harmonic
current to be zero at the meantime. Current injection may for example be achieved by
appropriately controlling a converter having high power input terminals connected with high
power output terminals of the generator, in particular permanent magnet synchronous
machine. For example, for minimizing the 6f (six times the fundamental frequency of the
electrical machine) torque ripple, a 6f harmonic current may be injected on the g-axis as a
reference and the 6f harmonic d-axis current may be set to zero. Further, the 6f I may be
controlled as the reference by a Pl controller. However, in this approach, the amplitude and the
phase angle of the reference harmonic current may change due to different operating
conditions. Therefore, the fixed parameters are not reliable for the long-term operating torque
ripple controller according to the conventional art.

[0006] Another conventional approach to control the torque ripple may be using a
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measurement signal (for example strain gauge or microphone) as the feedback signal. The
strain gauge can provide a reliable feedback but the accuracy for the harmonic components
may not be good enough. The microphone measured signal may contain a big delay which the
normal controller may not be able to handle.

[0007] Conventionally, the torque ripple caused by the permanent magnet on a direct drive
wind generator may bring a big vibration and noise. According to the international standard IEC
61400-11, turbine noise may need to be measured at standard IEC position. However, finding
an accurate and reliable feedback to represent the IEC position noise has always been a
trouble for the closed-loop torque ripple and noise control.

[0008] The torque ripple may be conventionally minimized by injecting a corresponding
frequency harmonic current on the dq reference frame. Using the fixed opening loop harmonic
current frequency may be a simple solution, but the needed reference may change due to the
different generator operating conditions.

[0009] EP 2 552 013 A1 discloses the reduction of noise and vibration of an electromechanical
transducer by using a modified stator coil drive signal comprising harmonic components.

[0010] Thus, there may be a need for a method and arrangement for controlling a generator to
reduce a harmonic torque ripple, wherein at least some of the disadvantages of the prior art
are reduced or even overcome. In particular, there may be a need for a method and
arrangement of controlling a generator to reduce a harmonic torque ripple, which works
reliably under different operating conditions of the generator.

Summary of the Invention

[0011] This need may be met by the subject matter according to the independent claims.
Advantageous embodiments of the present invention are described by the dependent claims.

[0012] According to the present invention it is provided a method of controlling a generator to
reduce a harmonic torque ripple according to claim 1, the method comprising: measuring a first
value of an acceleration using a first accelerometer mounted at a first position of the generator;
measuring a second value of an acceleration using a second accelerometer mounted at a
second position of the generator; deriving a vibration signal based on a combination of the first
value and the second value of the acceleration; deriving, based on the vibration signal, an
amplitude and a phase of a reference harmonic current; injecting a current into the generator
based on the reference harmonic current. The method may be implemented in hardware
and/or software and may in particular be performed by a wind turbine controller or in general a
generator controller. The generator may in particular be or comprise a permanent magnet
synchronous machine, in which plural permanent magnets are attached to a rotor which
rotates relative to a stator, the stator having at least one set of stator windings, for example
one or more sets of three-phase stator windings. The generator may be comprised in a wind
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turbine.

[0013] The first accelerometer and the second accelerometer may measure the acceleration
(in one, two or even three different directions) of portions of the generator. The first value of
the acceleration and the second value of the acceleration may represent measurements of a
mechanical vibration or oscillation of portions of the generator. The first position may be
different from the second position, such as arranged at different axial faces or ends of the
generator. The vibration signal may comprise one or more higher harmonics of a fundamental
electric frequency of the generator, the fundamental frequency being in particular related to a
frequency of revolutions of a generator rotor rotating relative to a fixed stator. For deriving the
vibration signal, the first value of the acceleration measured by the first accelerometer may be
combined with the second value of the acceleration measured by the second accelerometer.
The combination may for example comprise to form a sum or an average of the first value and
the second value. The vibration signal itself may be represented by an optical and/or electrical
signal.

[0014] The amplitude and the phase of a reference harmonic current (in particular
representing a current to be injected in order to reduce a particular harmonic of the torque
ripple) may be derived in dependence and/or associated with the value of the operating point.
The reference harmonic current may be described as a trigonometric function, for example a
sine function or a cosine function having as argument a particular harmonic of the fundamental
frequency of the generator and further having a phase. In particular, the argument of the
trigonometric function may be a sum of a particular harmonic (such as 2, 4, 6 or even higher)
times the electrical angle of the generator added by the phase value. The trigonometric
function may be multiplied by the amplitude as derived according to embodiments of the
present invention, for defining the reference harmonic current.

[0015] One or more harmonic torque ripples or one or more harmonics of torque ripples may
be reduced according to embodiments of the present invention. For each harmonic of the
torque ripple to be reduced, a respective reference harmonic current may be associated and
finally also injected into the generator. In particular, when one or more harmonics of the torque
ripple are desired to be reduced, a current may be injected into the generator based on one or
more reference harmonic currents (which may in particular be derived independently and
added together). Since embodiments of the present invention take into account the operating
region or operating point, the generator is operating in, the reduction of harmonic torque
ripples may be improved.

[0016] The current which is injected may not only be determined based on the reference
harmonic current but may further be determined based on other reference values, such as a
reference fundamental current.

[0017] The injecting the current may be performed by appropriately controlling for example a
converter of the generator, wherein converter power input terminals may be connected to
power output terminals of the generator. The converter may in particular comprise or be an
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AC-DC-AC converter which may be adapted to convert a variable frequency power stream
(e.g. output from the generator) to a fixed frequency power stream. The converter may in
particular comprise a number of high power switches, such as IGBTs or any other suitable
transistors, which may be driven by gate driver circuits.

[0018] According to an embodiment of the present invention, the vibration signal is based on a
sum of the first value and the second value of the acceleration. Due to the construction and
geometry of the generator, the accelerations measured at different positions or the vibrations
of components of the generator at different positions may be different. By taking into account
vibration signals or acceleration measurements performed at different locations of the
generator, the reference harmonic current may be determined in a more accurate manner.

[0019] According to an embodiment of the present invention, the first value of an acceleration
and the second value of an acceleration relate to an acceleration in a circumferential direction
of the generator. The torque of the driving rotor shaft may act in the circumferential direction.
Thus, taking the acceleration in the circumferential direction may effectively be used to
determine torque ripple of the generator. The circumferential direction is perpendicular to a
radial direction and also perpendicular to an axial direction of the generator. The rotation axis
of the rotor is parallel to the axial direction.

[0020] According to an embodiment of the present invention, the first position and the second
position have essentially a same radial position and essentially a same circumferential position,
but different axial positions, in particular being mirror symmetrically arranged.

[0021] When the first and the second accelerometer are essentially arranged at a same radial
position and also same circumferential position, the measured first value and the measured
second value of the acceleration may be advantageously combined to derive the vibration
signal. The mirror plane may be a (imaginary) plane at the axial center of the generator which
is perpendicular to the axial direction.

[0022] According to an embodiment of the present invention, the first accelerometer is
mounted at a first stator plate and the second accelerometer is mounted at a second stator
plate, the stator plates delimiting the stator towards the environment, and in particular being
essentially annular flat plates.

[0023] The first stator plate may cover the generator from a first axial side and the second
stator plate may cover the generator at a second axial phase and may be axially space apart
from the first stator plate. Coils or windings of the stator may be comprised within a space
between the first stator plate and the second stator plate. The accelerometers may be
mounted at the stator plates at axial faces which are accessible from inside. Thereby, the first
accelerometer and the second accelerometer may advantageously measure the acceleration
at different positions which may then be taken into account to derive a reference harmonic
current which is suitable for reducing the particular harmonic torque ripple.
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[0024] According to the present invention, the generator comprises a rotor having permanent
magnets mounted thereon arranged in at least two, in particular between 5 and 20, rings in
different axial positions being skewed relative to each other in the circumferential direction.

[0025] When the different adjacent permanent magnet rings are skewed relative to each other
in the circumferential direction, the cogging torque may advantageously be reduced. This
construction of the permanent magnet may also be referred to as a rotor-skewing design. In
particular, for this rotor-skewing design it may be expected that the accelerations measured at
different positions of the generator may be slightly different. In particular for this rotor skewing
design, it may be advantageous to measure at least two values of the accelerations at two
different positions.

[0026] According to other embodiments of the present invention, more than two
accelerometers measuring more than two values of the acceleration are provided. In particular,
a plurality of acceleration values measured at different positions of the generator may be
combined, such as summed or averaged, in order to derive a vibration signal, based on which
then the reference harmonic current is derived. Thereby, the control method may further be
improved.

[0027] According to an embodiment of the present invention, the method further comprises
determining a value of an operating point of the generator; deriving, based on the vibration
signal and the value of the operating point, the amplitude and the phase of the reference
harmonic current. The operating point may define in which operational state the turbine is.
Depending on the operational state of the turbine, the reference harmonic current may
change. Thereby, also taking into account the operational state of the turbine to derive the
reference harmonic current, still also based on the vibration signal, may improve the control
method.

[0028] According to an embodiment of the present invention, the value of the operating point is
determined based on a, in particular, measured fundamental torque and a, in particular
measured, rotational speed of the generator. The fundamental torque and the rotational speed
of the generator (the rotational speed also referred to as frequency of the generator) may be
appropriate operating parameters to define the working point or the working range the
generator is operating in. In particular, depending on the thus defined working point or working
range, the amplitude and the phase of the reference harmonic current may vary. Thus, it is
reasonable and effective, to derive amplitude and phase of the reference harmonic current in
dependence of the working range or working point the generator is operating in.

[0029] The operating point may define an operating condition of the generator, in particular in
terms of one or more operating parameters. In particular, two operating parameters, such as
the fundamental torque generated by the generator and the electrical frequency (also referred
to as fundamental frequency) of the generator may be appropriate operating parameters to
characterize the operating point. It is also possible to use other operating parameters to define
operating points, for example, turbine power, generator power, rotor speed and generator
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mechanical frequency etc. Embodiments of the present invention may define one or more
operating regions or ranges, for example a region in a two-dimensional (or higher-dimensional)
coordinate system in which two or more operating parameters are indicated on the axis of the
coordinate system. A particular operating region may be defined as the two-dimensional or
higher-dimensional range for which one or more operating parameters deviate less from one
or more center values by a predetermined deviation. Thereby, it becomes possible to control
the generator regarding reduction of a harmonic torque ripple in dependence of the operating
point or operating region the generator is operating in. Thereby, the harmonic torque ripple
reduction may be more effective, thereby in turn improving the performance of the generator
and further reducing wear and damage of components of the converter.

[0030] The method may in particular be performed repeatedly over time. Thereby, the
mechanic vibration may be (for example continuously or in a sampled manner) measured and
also the operating point the generator is operating in may be continuously or in a sampled
manner determined. In turn, the amplitude and phase may repeatedly be derived based on the
respective vibration signal measured in the respective time and the value of the operating at
the corresponding time. Further, continuously or repeatedly or in a sampled manner, a current
may be derived which is based on the reference harmonic current and the current may be
injected into the generator.

[0031] According to an embodiment of the present invention, deriving the amplitude and the
phase of the reference harmonic current comprises filtering the vibration signal thereby
reducing components of the vibration signal other than a particular harmonic (of interest to be
reduced) to obtain a filtered vibration signal, in particular time averaging the RMS value of
filtered vibration signal, looking up an initial amplitude and an initial phase associated with the
value of the operating point from a storage, performing an optimization of the amplitude and
phase based on the initial amplitude and the initial phase so that the vibration signal is
reduced, in particular minimized, and storing, associated with the value of the operating point,
the optimized amplitude and optimized phase in a storage.

[0032] The vibration signal may comprise plural frequency components, such as a component
of a fundamental frequency and one or more harmonics of the fundamental frequency. The
filtering (using an analogue and/or digital filter) the vibration signal may be performed to
reduce non-interesting frequency components, but to pass through at least one frequency
component which is desired to be reduced in the torque ripple.

[0033] The filtered vibration signal is AC signal. RMS value of the AC signal may be used
instead of the AC signal itself. The optional time averaging may further reduce noise in the
filtered vibration signal.

[0034] A look-up table of the initial amplitude and initial phase (associated or corresponding to
the particular working point) may be provided or may be accessible in an electronic storage.
The initial values for amplitude and phase may have been determined previously, for example
by performing controller tuning involving simulations and/or experimental tests. However, the
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initial amplitude and initial phase may not properly reflect the correct value for the reference
harmonic current to be injected to reduce the torque ripple, but other values may be more
effective for reducing the harmonic torque ripple. Therefore, starting from these initial values,
an optimization is performed, wherein amplitude and/or phase is varied with the aim of
reducing the mechanic vibration of one or more desired harmonics, as is reflected by the
vibration signal which may represent a feedback during the optimization. The optimized
amplitude and phase are then also stored, for example in an electronic storage, for future use
and also for the use to derive the current based on the reference harmonic current which may
then finally be injected into the generator.

[0035] According to an embodiment of the present invention, injecting the current into the
generator comprises determining a reference harmonic voltage based on the reference
harmonic current and an actual current in at least one stator winding, each the reference
harmonic current and the actual current in particular represented by components in a dg-
coordinate system, forming a sum of the reference harmonic voltage and a reference
fundamental voltage, and supplying the sum as reference voltage to a control input of a
converter having power input terminals connected to power output terminals of the generator.

[0036] The reference harmonic voltage may represent a voltage reference to be supplied to a
converter which may be effective for reducing the harmonic torque ripple of the particular
harmonics. From the voltage reference the converter may derive pulse width modulation
signals which may control conducting states of the power switches, thereby achieving to
generate an output voltage at converter power output terminals corresponding (or being at
least substantially equal) to the voltage reference.

[0037] The reference fundamental voltage may represent a desired voltage at the fundamental
frequency to be output by the generator, without considering any high harmonics of the output
voltage. When both the reference fundamental voltage and the reference harmonic voltage are
summed and supplied to a driver or to a converter, the converter may switch its power
switches such as to both, achieve the fundamental voltage close to the reference fundamental
voltage and also inject a harmonic current such that the harmonic voltage is close to the
reference harmonic voltage, thereby reducing torque ripples.

[0038] According to an embodiment of the present invention, the method may further comprise
determining the reference fundamental voltage based on the actual current in the at least one
stator winding of the generator and a reference fundamental current.

[0039] The reference fundamental current may be received from a park controller or wind park
controller or from a provider or operator of the utility grid the generator is (e.g. via the
converter) connected to.

[0040] According to the present invention it is provided a wind turbine, comprising: a shaft with
rotor blades connected thereto; a generator mechanically coupled with the shaft,wherein the
generator comprises a rotor having permanent magnets mounted thereon arranged in at least
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two rings in different axial positions being skewed relative to each other in the circumferential
direction; and an arrangement for controlling the generator to reduce a harmonic torque ripple,
the arrangement comprising: a first accelerometer mounted at a first position of the generator
and adapted to measure a first value of an acceleration; a second accelerometer mounted at a
second position of the generator and adapted to measure a second value of an acceleration; a
processor adapted: to derive a vibration signal based on a combination of the first value and
the second value of the acceleration, and to derive, based on the vibration signal, an amplitude
and a phase of a reference harmonic current; and a driver adapted to inject a current into the
generator based on the reference harmonic current.

[0041] According to an embodiment of the present invention the driver in particular configured
as a converter is controlled based on the reference harmonic current.

[0042] The driver may in particular be configured as an AC-DC-AC converter.

[0043] Embodiments of the present invention are now described with reference to the
accompanying drawings. The invention is not restricted to the illustrated or described
embodiments.

[0044] The aspects defined above and further aspects of the present invention are apparent
from the examples of embodiment to be described hereinafter and are explained with
reference to the examples of embodiment. The invention will be described in more detail
hereinafter with reference to examples of embodiment but to which the invention is not limited.

Brief Description of the Drawings

[0045]

Fig. 1 schematically illustrates a wind turbine according to an embodiment of the present
invention including an arrangement for controlling a generator according to an embodiment of
the present invention;

Fig. 2 schematically illustrates an arrangement for controlling a generator according to an
embodiment of the present invention;

Fig. 3 schematically illustrates a generator as may be comprised in the wind turbine illustrated
in Fig. 1 according to an embodiment of the present invention;

Fig. 4 schematically illustrates another generator which may be comprised in a wind turbine
according to an embodiment of the present invention;

Figs. 5 to 8 illustrate graphs for illustrating embodiments of a control method;

Figs. 9 to 12 illustrate graphs for explaining embodiments of the present invention.
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Detailed Description

[0046] The illustration in the drawings is in schematic form. It is noted that in different figures,
similar or identical elements are provided with the same reference signs or with reference
signs, which are different from the corresponding reference signs only within the first digit.

[0047] Fig. 1 illustrates in a schematic form a wind turbine 100 which provides electric energy
to a utility grid 101. The wind turbine comprises a hub 103 to which plural rotor blades 105 are
connected. The hub is mechanically connected to a main shaft 107 whose rotation is
transformed by an optional gear box 108 to a rotation of a secondary shaft 109, wherein the
gear box 108 may be optional in which case the wind turbine may be a direct drive wind
turbine. The main shaft 107 or the secondary shaft 109 drives a generator 111 which may be in
particular a synchronous permanent magnet generator providing a power stream in the three
phases or windings 113, 115 and 117 to a converter 119 which comprises a AC-DC portion
121, a DC-link 123 and a DC-AC portion 125 for transforming a variable AC power stream to a
fixed frequency AC power stream which is provided in three phases or windings 127, 129, 131
to a wind turbine transformer 133 which transforms the output voltage to a higher voltage for
transmission to the utility grid 101.

[0048] The converter 119 is controlled via a converter command 135 (Vdref, Vgref) which is
derived and supplied from a control arrangement 150 according to an embodiment of the
present invention, which receives at least one input signal 137, such as including at least a
vibration signal and optionally including stator winding currents and/or one or more reference
values and/or one or more quantities indicative of the operation of the generator 111 or any
component of the wind turbine 100.

[0049] The generator in Fig. 1 comprises a single three-phase stator winding or multiple three-
phase stator windings. Thereby, the winding 113 carries the stator current I;, the winding 115
carries the stator current I, and the winding 117 carries the stator current I.. The control

arrangement 150 controls the converter 119.

[0050] Fig. 2 schematically illustrates an arrangement 250 for controlling a generator, for
example the generator 111 as illustrated in Fig. 1, to reduce a harmonic torque ripple
according to an embodiment of the present invention.

[0051] The arrangement 250 illustrated in Fig. 2 comprises an input port 241 for receiving a
vibration signal 243 indicating a measured mechanic vibration of the generator, for example
generator 111 illustrated in Fig. 1.

[0052] Furthermore, the arrangement 250 comprises a processor 245 which is adapted to
determine a value 247 of an operating point of the generator, for example represented by the
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two values (T, wp), one of a plurality of predetermined fundamental torques and one of a

plurality of predetermined rotational speeds of the generator.

[0053] The processor 245 is further adapted to derive, based on the vibration signal 243 and
optionally also based on the value 247 of the operating point, an amplitude 251 (e.g. Ages for a

6! harmonic of the basic or fundamental frequency f) and a phase 253 (for example Oger, for

the 6! harmonic of the fundamental frequency) of a reference harmonic current (for example

lqef for a reference current of a 6! harmonic), wherein the harmonic current is also indicated by

reference sign 255.

[0054] Further, the arrangement 250 comprises a driver 257 (e.g. configured as converter 119
in Fig. 1) which is adapted to inject a current into the generator based on the reference
harmonic current (Igref), Idref being in particular set to zero.

[0055] For performing these functions, the arrangement 250 comprises an auto-tuning
controller 259 which receives the vibration signal 243 as well as the value 247 of the load point
and further receives an enable signal 249 which is derived by a load point detection module
261 which derives the value of the load point 247 based on the torque T4 of the generator and

the electrical frequency wg of the electric generator.

[0056] The reference harmonic current is labelled in Fig. 2 also as Iqgref, i.e. a harmonic
current reference or a g-component of a harmonic current reference.

[0057] The arrangement 250 further comprises a harmonic current regulator 263 which
receives (e.g. a representation of) the reference harmonic current (Iqref) as well as the d-
component |dref of the reference harmonic current which is usually zero. Furthermore, the
harmonic current regulator 263 receives the harmonic currents Id, Iq (derived e.g. from Ia, Ib,
Ic by Transformation into the dg-system) of at least one set of stator windings of the generator,
such as generator 111. The d-component and the g-component of the stator current are for
example derived based on the three phase currents la, Ib, Ic by performing a park
transformation.

[0058] The harmonic current regulator 263 comprises circuitry to derive from the input values
a reference harmonic voltage Vdac, Vgac, i.e. components in the d/g-coordinate system which
are supplied to addition elements 265. Using the addition elements 265, a sum of a reference
fundamental voltage Vddc, Vqdc with the reference harmonic voltage Vdac, Vgac is calculated
and output as a reference voltage Vdref, Vgref which is supplied to the driver 257, which may
for example be configured as a converter.

[0059] Fig. 2 shows the torque ripple controller 244 which is used in the direct drive permanent
magnet synchronous generator. The harmonic current references on the d- and g-axes are
given into the harmonic current regulator for minimizing the torque ripple in the generator. In
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the harmonic current reference calculation module, the harmonic current reference on the d-
axis is e.g. set as 0; the harmonic current reference on the g-axis is given as a harmonic
sinusoidal signal, the amplitude and phase angle of this signal are both obtained by the auto
tuning controller.

[0060] In Fig. 2, the load point detection module 261 will give the enable/disable signal and the
load point information (Tn, wm) to the auto tuning controller. The scheme of load point

detection can be expressed as:

|7-7|<aAT
| |< A()—) Enable&(]],a)l)
o — @< Ac

Ir-7|<ar
}m—(u |< Amﬁ Enable & (T, w,)

flr-nj<ar
“a’—(a |<Am—) Enable &(T,,m,)

{T~TK|SAT

‘ |<A —>Enable&(TK,mm)
w-o,|< Ao

[0061] The arrangement 250 comprises the harmonic current reference calculation module or
processor 242 which harbours the auto-tuning controller 259 and the limitation element 252.

[0062] The arrangement 250 further comprises a fundamental current regulator 267 which
receives the stator winding currents Id, Iq as well as fundamental current references Iddcref,
Iqdcref based on which the fundamental voltage references Vddc, Vgdc are calculated.

[0063] The vibration signal 243 illustrated in Fig. 2 is derived based on a combination (derived
by combination module 246) of a first value 240 of an acceleration measurement and a second
value 244 of an acceleration measurement. Thereby, the first value 240 is measured by a first
accelerometer 271 and the second value 244 of the acceleration is measured by a second
accelerometer 273, which are both mounted on a generator, as is schematically illustrated in
Fig. 3.

[0064] Thereby, Fig. 3 schematically illustrates a generator 311 which may be used as a
generator 111 in the wind turbine 100 as illustrated in Fig. 1. For ease of illustration, only a
stator 275 is illustrated, a not illustrated rotor would rotate around a rotation axis 277 also
defining the axial direction. The radial direction 279 (y) is perpendicular to the axial direction (x)
and also the circumferential direction (z) is perpendicular to the radial direction (y) and the
axial direction (x). The stator 275 comprises a not illustrated stator yoke comprising teeth and
slots which are spaced apart in the circumferential direction z. Around the teeth, plural not
illustrated conductor windings are arranged.

[0065] At axial end faces, the generator 275 is covered with a first stator plate 281 and a
second stator plate 283, respectively, which represent end plates of a generator housing. The
first accelerometer 271 is fixed and mounted at the first stator plate 281 at a radial position r1
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and a circumferential direction ¢$1, while the second accelerometer 273 is mounted at the
second stator plate 283 at a radial position r2 and at a circumferential position ($2, wherein r1
=r2 and (¢1 = ($2. However, the two accelerometers 271, 273 are mounted at two different
axial positions a1 and a2 which are measured along the axial direction x or 277.

[0066] According to this embodiment of the present invention, the acoustic noise signal for
some specific harmonics (e.g. 6f, 12f) is represented by using vibration sensors (for example
accelerometers) on the generator stator plates 281 and 283. At least two accelerometers 271,
273 are needed and mounted on two stator plates, respectively. The accelerometers need to
be mounted on each stator plate 281, 283 in a mirrorsymmetric manner, wherein a mirror
plane 285 is perpendicular to the axial direction x or 277 and is arranged in the center (e.g. at
(a2-a1)/2) between the stator plates 281 and 283.

[0067] It is in particular useful to employ at least two accelerometers in the case, that a direct
drive permanent magnet generator employs a rotor-skewing design, as is exemplary illustrated
in Fig. 4. Thereby, Fig. 4 illustrates a generator 411 which may be comprised in the wind
turbine 100 as illustrated in Fig. 1 wherein additionally to a stator 475, also a rotor 487 is
schematically illustrated.

[0068] According to the invention, the rotor 487 comprises plural rings 489a, ..., 489g of
permanent magnets which are skewed relative to each other in the circumferential direction.
While for example the ring 489a (no. 1) is at a circumferential direction ¢ = 0, the rings 489b,
..., 489g (no. 2, 3, 4, 5, 6 and 7) are skewed relative to the first ring by equal circumferential
angle offsets such that ring 489g (no. 7) is offset by an angle A¢. This rotor skewing design
may reduce a cogging torque.

[0069] According to the design illustrated in Fig. 4, injection of harmonic current may have a
different effect for different permanent magnets, i.e. different rings 489a,...,489g which are
skewed relative to each other. For example, when the 6f harmonic stator magnetic field is
reducing the torque ripple from the ring 489a (no. 1), it may increase the torque ripple causing
by the ring 489g (no. 7) at the same time. Therefore, the torque ripples and vibrations on
stator plates 481, 483 will be different. By using the two symmetrically arranged
accelerometers 471 and 473 mounted at the first stator plate 481 and the second stator plate
483, respectively, and adding the tangential direction (circumferential direction z) acceleration
signals together, an overall torque ripple of the generator may be described. Moreover, this
overall torque ripple signal may match the IEC location (international standard IEC61400-11)
noise signal.

[0070] Embodiments of the present invention may provide an accurate and reliable feedback
solution for the wind generator torque ripple and noise control. No turbine individually tuning for
the torque ripple controller may be required.

[0071] The accelerometer may give a faster and more stable signal response compared to a
microphone sound detection signal. The accelerometer signal may be friendlier to the turbine
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controller.

[0072] Two accelerometers in a symmetrical position may describe an overall torque direction
vibration which may cause the noise.

[0073] Varying torque ripple due to the rotor-skewing design may properly be solved.

[0074] IEC position acoustic noise may be monitored in a real-time by using embodiments of
the present invention.

[0075] The Figs. 5 to 8 illustrate graphs in coordinate systems, wherein abscissas 1 denote
the time, while the ordinates 3 denote amplitudes of a 6f harmonic vibration and noise (in Fig.
5). Thereby, the first column 5 relates to the case wherein no 6f current injection is performed,
the column 7 (A and ©) relate to the case, where the optimal amplitude and the optimal phase
of the 6f current is injected, the column 9 (A + 20) relates to the case, where a 6f current is
injected which has the optimal amplitude increased by 20, the column 11 (A - 20) relates to the
case, wherein a harmonic current is injected having the optimal amplitude reduced by 20, the
column 13 (A and ©) relates to the case where the optimal amplitude and optimal phase is
injected, the column 15 (© + 20) relates to the case, where the optimal amplitude but the
phase shifted by +20 relative to the optimal phase is injected and the column 17 (© - 20)
relates to the case, where the current having an optimal amplitude but having a phase which is
reduced by 20 relative to the optimal phase is injected.

[0076] The trace 19 in Fig. 5 indicates a microphone derived signal for the different cases of
harmonic current injection. As can be appreciated from Fig. 5, when the optimal amplitude in
an optimum phase is injected (see column 7 (A and ©)), the resulting vibration is minimal, while
the vibration increases when non-optimal values are used for injecting the harmonic current.

[0077] Fig. 6 illustrates the first value 21 of the acceleration as measured by the first
accelerometer 271 and Fig. 7 illustrates the second value 23 of the acceleration, as is
measured by the second accelerometer 273 (see Fig. 3). As can be seen in Fig. 6, also the
non-optimal values defining the harmonic current injection in columns 9 and 17 (indicated by
arrow 24) result in a relatively low vibration signal, although not the optimal current injection is
performed.

[0078] Further, also Fig. 7 shows a relatively low vibration signal, when the non-optimal
harmonic current is injected, as is indicated by arrows 25.

[0079] Fig. 8 now illustrates the detected vibration, when the first value 21 and the second
value 23 are combined to result in a combination value 27 which may be the sum or the
average of the first signal 21 and the second signal 23. As can be appreciated from Fig. 8, only
for the columns 7 and 13, i.e. the optimal harmonic current injection, the derived vibration
signal 27 is minimal, while for the non-optimal harmonic current injection, the vibration signal is
considerably larger. Thereby, an effective damping of a particular harmonic or a number of
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particular harmonics may be achieved, when the harmonic current is calculated based on
combination signal 27.

[0080] Figs. 9 to 12 illustrate a further example how the first value 21 and the second value
23 of the measured acceleration can be combined to result in a combined value of vibration
signal 27 (for example the sum or the average of the first signal and the second signal 21, 23),
for effectively representing the vibration. Thereby, the columns A-X denote injection of a
current having an amplitude which is reduced by X relative to the optimal amplitude, the
columns A + X represent the vibrations when a harmonic current is injected having an
amplitude which is by X larger than the optimal amplitude. Analogous are the denomination of
the injection having non-optimal phase ©.

[0081] Fig. 9 shows the trace 19 as obtained using a microphone, Fig. 10 shows the trace 21
of the first value of the acceleration, as obtained by the first accelerometer (e.g. 271 or 471 in
Fig. 3 and 4, respectively) and Fig. 11 shows the trace 23 of the second value of the
acceleration, as obtained by the second accelerometer (e.g. 273 or 473 in Fig. 3 and 4,
respectively).

[0082] As can be taken from Fig. 12, the vibration signal 27 as derived by the combination of
the first value 21 of the acceleration and the second value 23 of the acceleration have the
minimum (indicated by an arrow 26) at those columns, which represent injection of the optimal
harmonic current.

[0083] It should be noted that the term "comprising" does not exclude other elements or steps
and "a" or "an" does not exclude a plurality. Also elements described in association with
different embodiments may be combined. It should also be noted that reference signs in the
claims should not be construed as limiting the scope of the claims.
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Patentkrav

1. Fremgangsmade til styring af en generator (111) til reduktion af en harmo-
nisk drejningsmoment-ripple, hvor generatoren (411) omfatter en rotor (487),
som har permanente magneter (488), der er monteret derpa, som er anbragt i
mindst to ringe (4894, ..., 489q) i forskellige aksialpositioner, som er skratstillet
i forhold til hinanden i omkredsretningen (z), hvilken fremgangsmade omfatter:
at male en ferste veerdi (240, 21) af en acceleration ved anvendelse af et ferste
accelerometer (271, 471) monteret ved en farste position (a1) af generatoren
(111);

at male en anden veerdi (244, 23) af en acceleration ved anvendelse af et an-
det accelerometer (273, 473) monteret ved en anden position (a2) af genera-
toren (111);

at udlede et vibrationssignal (243, 27) baseret pa en kombination af den farste
veerdi (240, 21) og den anden veerdi (244, 23) af accelerationen;

at udlede en amplitude (251) og en fase (253) af en harmonisk referencestrem
(Igref) baseret pa vibrationssignalet (243);

at injicere en strem i generatoren (111) baseret pa den harmoniske reference-
strem (Iqref).

2. Fremgangsmade ifelge det foregaende krav, hvorved vibrationssignalet
(243, 27) er baseret pa en sum af den ferste veerdi (240, 21) og den anden
veerdi (244, 23) af accelerationen.

3. Fremgangsmade ifglge et af de foregaende krav, hvorved den ferste veerdi
(240, 21) af accelerationen og den anden veerdi (244, 23) af accelerationen er
relateret til en acceleration i en omkredsretning (z) af generatoren (111, 311,
411).

4. Fremgangsmade ifelge et af de foregaende krav, hvorved den ferste posi-
tion og den anden position har en i det veesentlige samme radialposition (r1,
r2) og en i det vaesentlige samme omkredsposition (81, 62), men forskellige
aksialpositioner (a1, a2), iseer er spejlsymmetrisk anbragt.
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5. Fremgangsmade ifglge et af de foregaende krav, hvorved det ferste acce-
lerometer (271) monteres ved en farste statorplade (281), og det andet acce-
lerometer (273) monteres ved en anden statorplade (283), hvilke statorplader
afgreenser statoren mod omgivelserne, og iseer er i det vaesentlige ringformede
flade plader.

6. Fremgangsmade ifelge et af de foregaende krav, yderligere omfattende:
bestemmelse af en veerdi (247) af et driftspunkt af generatoren (111);
udledning af amplituden (251) og fasen (253) af den harmoniske reference-
strem (lgref) baseret pa vibrationssignalet (243) og veerdien (247) af drifts-
punktet;

7. Fremgangsmade ifelge det foregéende krav, hvorved veerdien (247) af
driftspunktet bestemmes baseret pa et, isaer malt, grunddrejningsmoment (Tg)
og en, isaer malt, rotationshastighed (we) af generatoren.

8. Fremgangsmade ifelge et af de foregéende krav, hvorved udledningen af
amplituden og fasen af den harmoniske referencestrem omfatter:

at filtrere vibrationssignalet (343), hvorved der reduceres andre komponenter
af vibrationssignalet end en bestemt, som er harmonisk for at opna et filtreret
vibrationssignal (371);

at sla en initial amplitude og en initial fase op tilknyttet veerdien af driftspunktet
fra et lager,;

at gennemfare en optimering af amplituden og fasen baseret pa den initiale
amplitude og den initiale fase, saledes at vibrationssignalet reduceres, isaer
minimeres; og

at lagre den optimerede amplitude og optimerede fase i et lager, tilknyttet veer-
dien af driftspunktet.

9. Fremgangsmade ifelge et af de foregaende krav, hvorved injiceringen af
streammen | generatoren omfatter:

at bestemme en harmonisk referencespaending (Vdac, Vgac) baseret pa den
harmoniske referencestram (lgref, Idref) og en faktisk strem (Id, Iq) i mindst en
statorvikling, hvor respektivt den harmoniske referencestrem og den faktiske
strem iseer er repreesenteret af komponenter i et dg-koordinatsystem,
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at danne en sum (Vdref, Vgref) af den harmoniske referencespaending og en
grundreferencespeending; og

at levere summen som referencespaending til en styreindgang af en konverter
(119), der har effektindgangsterminaler, som er forbundet med effektudgangs-
terminaler af generatoren (111).

10. Fremgangsmade ifelge det foregaende krav, yderligere omfattende:

at bestemme grundreferencespeendingen (Vddc, Vqdc) baseret pa den fakti-
ske strem (Id, 1g) i mindst en statorvikling af generatoren og en grundreferen-
cestrgm (lddcref, lqdcref).

11. Vindmglle (100), som omfatter:

en aksel (107) med rotorvinger (105) forbundet dermed,;

en generator (111), som er mekanisk koblet med akslen, hvor generatoren
(411) omfatter en rotor (487), som har permanente magneter (488), som er
monteret derpd, der er anbragt i mindst to ringe (489a, ..., 489q) i forskellige
aksialpositioner, som er skratstillet i forhold til hinanden i omkredsretningen
(2); og

en anordning (150, 250) til styring af generatoren (111) for at reducere en har-
monisk drejningsmoment-ripple, hvilken anordning omfatter:

et farste accelerometer (271), som er monteret ved en ferste position (a1) af
generatoren (311) og indrettet til at male en ferste veerdi (21, 240) af en acce-
leration:;

et andet accelerometer (273), som er monteret ved en anden position (a2) af
generatoren (311) og indrettet til at male en anden veerdi (23, 244) af en acce-
leration:;

en processor (242), der er indrettet til:

at udlede et vibrationssignal (243) baseret pa en kombination af den farste
veerdi (240) og den anden veerdi (244) af accelerationen;

at udlede en amplitude (251) og en fase (253) af en harmonisk referencestrem
(Igref) baseret pa vibrationssignalet (243); og

en driver (257), som er indrettet til at injicere en stream i generatoren (111)
baseret pa den harmoniske referencestrem (Igref).
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12. Vindmaelle (100) ifelge det foregaende krav, hvor driveren er konfigureret
som en konverter, som styres baseret pa den harmoniske referencestream.
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