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DESCRIPTION

[0001] The invention refers to a method and an apparatus for computer-implemented
monitoring of a wind turbine.

[0002] Wind turbines comprise an upper section with a rotor and a nacelle on the top of a
tower, where the upper section can be rotated around the vertical yaw axis in order to vary the
yaw angle of the respective turbine. The yaw angle of a wind turbine is usually adjusted such
that the rotor of the wind turbine faces the wind. To do so, wind sensors (i.e. anemometers)
are installed on the respective wind turbines to estimate the wind direction. The wind turbines
are designed to operate in a specific way, called design operation. However, if sensor
information is wrong or any other fault of a technical component of the wind turbine occurs, a
deviation from design operation is the result. Deviations from the design operation can cause
power loss in the production of electric energy and shall be avoided. In addition, deviations
from design operation can result from an upcoming or already existing fault of the wind turbine
and/or the sensors used to control it.

[0003] EP 2 026 160 A1 discloses a method for event monitoring for a wind turbine. The
method includes measuring a first signal pattern representing a characteristic selected from a
number of characteristics of the wind turbine, measuring a second signal pattern representing
a different characteristic from the number of characteristics of the wind turbine, and analyzing
the first and the second signal patterns or a combination of the first and the second signal
patterns with an analyzing method. The analyzing method provides analyzed data which are
evaluated to provide a result indicative for an event. The analyzing method is based on
analyzing the signal patterns based on their stability, drift over time, space domain, frequency
domains, long-and short-term trend or a combination thereof. The signal patterns are analyzed
as a multi-dimensional curve, where signal points can be interpolated in at least two
dimensions. The analyzing method may be based on rating or weighting by stability, Fourier-
analysis. Short-term trend analysis, mapping to curves, neural net analysis or other self-
learning methods, and fuzzy logic.

[0004] EP 2 487 553 A2 discloses a method for turbine fault analysis. The method includes
collecting a first set of data associated with wind turbine performance, analyzing the first set of
data to determine whether the first set of data can indicate a fault condition, and reviewing a
second set of data associated with wind turbine performance to determine if a fault condition
exists. Analyzing shall be performed by self-organizing feature maps, Principal Component
Analysis, or Auto Associative Neural Networks.

[0005] It is an object of the present invention to provide an easy method in order to detect
deviations from design operation of a wind turbine.

[0006] This object is solved by the independent patent claims. Preferred embodiments of the
invention are defined in the dependent claims.
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[0007] The invention provides a method for computer-implemented monitoring of a wind
turbine, for example a wind turbine in a wind farm. The wind turbine comprises an upper
section on top of a tower, the upper section being pivotable around the vertical yaw axis and
having a nacelle and a rotor with rotor blades. The rotor is attached to the nacelle and the rotor
blades are rotatable by wind around a substantially horizontal rotor axis. Actually, the rotor axis
may be tilted a bit.

[0008] According to the method of the invention, the following steps i) to i) are performed
during the operation of the wind turbine or independent from the operation of the wind turbine.

[0009] In step i), a plurality of sets of measurement data of at least two measurement variables
is obtained from a data storage. The term "obtained” or "obtaining" means that the plurality of
sets of measurement data is received by a processing unit implementing the method of the
invention. The measurement variables are measurement variables of the wind turbine which
have been acquired by one or more first sensors. Alternatively or additionally, the
measurement variables may be measurement variables of the environment of the wind turbine
which have been acquired by one or more second sensors.

[0010] The plurality of sets of measurement data of at least two measurement variables has
been acquired at any time in the past and is stored in the data storage for later retrieval. The
measurement data of a respective set of a measurement data of the at least two measurement
variables is acquired at a same time point in the past. In other words, the measurement data of
the at least two measurement variables being part of a respective set of measurement data
have been acquired at a same time point in the past. The plurality of sets of measurement data
may have been acquired in regular or arbitrary time intervals in the past.

[0011] In step ii), the plurality of sets of measurement data of the at least two measurement
variables is processed by creating an image suitable for visualization. According to this step,
the measurement data are treated as an image.

[0012] In step iii)), a deviation type from a predetermined operation of the wind turbine is
determined by processing the image by a trained data-driven model configured as a
convolutional neural network, where the image is fed as a digital input to the trained data-
driven model and the trained data-driven model provides the deviation type as a digital output.

[0013] The method of the invention provides an easy and straightforward method for
determining deviations from design operation of the wind turbine. The deviation type may be
used as information for an operator about unusual behavior, e.g. with respect to loss of power
production. In addition, the deviation type may be used for control operations of the wind
turbine to avoid its operation leading to a failure or malfunction. To do so, a trained data-driven
model which is configured as a convolutional neural network is used. This model is trained by
training data comprising a plurality of images together with the information about none, one or
more deviation types determined in the respective image of the training data. The images
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result from transforming the plurality of sets of measurement data of the at least two
measurement variables into a multidimensional visualization.

[0014] The trained data-driven model is a convolutional neural network which is particularly
suitable for processing images. Nevertheless, other trained data-driven models may also be
implemented in the method of the invention, e.g. models based on decision trees or Support
Vector Machines or deep learning.

[0015] In a preferred embodiment of the invention, an information based on the deviation type
is output via a user interface. E.g., the deviation type itself may be output via the user interface.
Alternatively or additionally, a warning may be provided via the user interface in case that the
deviation type indicates a potential and/or upcoming failure or malfunction. Thus, a human
operator is informed about a deviation from design operation so that he can initiate an
appropriate counter measures by adjusting control parameters and/or stopping operation of
the wind turbine in order to enhance generated electric power of the wind turbine or avoid
damage. Preferably, the user interface comprises a visual user interface but it may also
comprise a user interface of another type (e.g. an acoustic user interface).

[0016] In another particularly preferred embodiment, the method of the invention may
generate control commands for the wind turbine. The control commands may be such that the
upper section of the wind turbine may be rotated around its corresponding yaw axis to adjust a
yaw angle. This embodiment enables an automatic alignment of the wind turbine to reduce
power loss due to a yaw misalignment. The control commands may be such that operation of
the wind turbine is stopped. This embodiment enables an automatic stop of the wind turbine to
avoid potential damage.

[0017] The image suitable for visualization is created by transforming the plurality of sets of
measurement data of the at least two measurement variables into a multidimensional diagram.
The image may be a two or multidimensional image. In such an image, each set of
measurement data is depicted by a mark (indicated, for example, by a cross, circle, block, and
so on). The image may be, for example, a grey-colored image with a background in black or
white. For example, the image may have two or three axes for a respective measurement
variable where an additional measurement variable may be color-coded in grey. As the
background is black or white, no specific color is assigned to those parts in the image where no
measurement data is depicted. Alternatively, the image may be a colored image where a color
enables visualization of a further measurement variable in addition to those measurement
variables plotted over the axes.

[0018] In another preferred embodiment, transforming the plurality of sets of measurement
data of the at least two measurement variables into the image comprises adding a reference
graph characterizing and/or visualizing a predetermined operation of the wind turbine. The
reference graph enables, in particular for a human operator, an easy comparison whether the
measurement data comprises a deviation from design operation or not. The farther the
measurement data is away from the reference graph, the more likely a deviation from design
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operation exists.

[0019] In another preferred embodiment, the plurality of sets of measurement data of the at
least two measurement variables processed for transformation into the image is dependent on
the failure type and in particular greater than 1000. The bigger the amount of sets of
measurement data is, the more information is present in the image for the determination of a
deviation from design operation. The number of sets of measurement data used for processing
in the method described may result from measurements over a long time period, for example,
a day, a week, several weeks, a month and so on.

[0020] To reduce the amount of sets of measurement data being processed for transformation
into the image, the plurality of sets of measurement data of the at least two measurement
variables may be filtered to exclude, for example, periods of maintenance and/or downtimes.
The measurement data can already be stored as filtered data. However, filtering of the
measurement data to exclude unwanted periods of time, such as maintenance and/or
downtimes, may be done after obtaining the measurement data by the processing unit and
before proceeding the step of creating the image suitable for visualization. Alternatively or in
addition, the measurement data of a respective measurement variable may be stored as
filtered data, for example as a mean of a measurement interval lasting for one or more
minutes, for example ten minutes.

[0021] Besides the above method, the invention refers to an apparatus for computer-
implemented monitoring of a wind turbine, where the apparatus is configured to perform the
method according to the invention or one or more preferred embodiments of the method
according to the invention.

[0022] Moreover, the invention refers to a computer-program product with a program code,
which is stored on a non-transitory machine-readable carrier, for carrying out the method
according to the invention or one or more preferred embodiments thereof when the program
code is executed on a computer.

[0023] Furthermore, the invention refers to a computer-program with a program code for
carrying out the method according to the invention or one or more preferred embodiments
thereof when the program code is executed on a computer.

[0024] An embodiment of the invention will now be described in detail with respect to the
accompanying drawing.

Fig. 1
is a schematic illustration of a wind turbine comprising a controller for performing an
embodiment of the invention;

Fig. 2
is a two-dimensional diagram visualizing a plurality of sets of measurement data of a
wind turbine together with a reference graph characterizing a predetermined operation
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of the wind turbine, wherein the wind turbine operates within design operation;

Fig. 3
is another two-dimensional diagram visualizing a plurality of sets of measurement data
of a wind turbine together with a reference graph characterizing a predetermined
operation of the wind turbine, wherein the measurement data comprises a number of
deviations from design operation; and

Fig. 4
is another two-dimensional diagram visualizing a plurality of sets of measurement data
of a wind turbine without a reference graph, wherein the measurement data comprises a
number of deviations from design operation.

[0025] Fig. 1 shows in a lower part a wind turbine 10. The wind turbine 10 may be part of a
wind farm or may be a single turbine. The method described herein may be applied to a single
wind turbine and to wind turbines in wind farms as well.

[0026] The wind turbine 10 is shown in a plane view from above. A 3D coordinate system CS
for indicating the spatial arrangement of the wind turbine 10 is part of Fig. 1. The vertical
direction is indicated by the z-axis of the coordinate system CS whereas the directions parallel
to the horizontal directions are indicated by the x-axis and y-axis of the coordinate system CS.
The wind direction is along the y-axis of the coordinate system CS.

[0027] The wind turbine 10 comprises an upper section 11 being located on top of a tower (not
shown) which extends in the vertical z-direction. The upper section comprises a nacelle 12
accommodating an electric generator for generating electricity. Furthermore, the upper section
11 comprises a rotor 13 having three rotor blades with an angle of 120° therebetween where
Fig. 1 only shows two of those blades. The rotor 13 is rotated around a substantially horizontal
rotor axis HA by wind resulting in the generation of electricity by the generator within the
nacelle 12. The upper section 11 of the turbine 10 can be pivoted around the vertical yaw axis
VA.

[0028] The turbine 10 is equipped with a number of not shown other sensors 14 (being a first
sensor) for determining operating parameters of the turbine such as rotor values (rotor speed,
rotor acceleration, rotor azimuth), blade pitch values (pitch angle, pitch speed), blade root
moment, produced power and/or torque. Besides the sensor 14, a second sensor 15 may be
installed at or nearby the wind turbine 10. The sensor 15 which can consist of a number of
different sensors is adapted to determine environmental parameters, such as wind speed, wind
direction, turbulence intensity, air density, outside temperature and so on. In addition, further
sensors may be provided to determine further information, such as outside temperature, air
pressure and so on.

[0029] The wind turbine 10 is equipped with a controller which aims to keep the wind turbine
within design operation. The method as described in the following provides an easy method to
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detect deviations from design operation. To do so, the wind turbine 10 acquires, by means of
the sensors 14, 15, measurement data MD of two or more measurement variables Var1, Var2
and stores them in a database. The acquisition of the measurement data of the different
measurement variables preferably takes place periodically, such as every minute, every ten
minutes or every 15 minutes. If the processor and the sensors 14, 15 are adapted to acquire
the measurement data of the measurement variables in a shorter time interval, filtering of the
measurement data of a respective measurement variable may be made and the filtered
measurement data may be stored in the data storage DB. As measurement variables Var1,
Var2, for example, produced power, torque, rotor speed and so on are acquired. However, in
the database any kind of measurement data may be stored.

[0030] Measurement data (values) of different measurement variables Var1, Var2 which are
acquired at the same time are assigned with a same timestamp and denoted as set of
measurement data MD. The data storage DB may be a database consisting of table having a
plurality of columns (consisting of the timestamp, the number of measurement variables Var1,
Var2, ...) where each line represents a set of measurement data MD being acquired at the
same time.

[0031] To detect a deviation from a design operation, i.e. a predetermined operation of the
wind turbine as guaranteed by the manufacturer of the wind turbine, a plurality of sets of
measurement data MD consisting of the at least two measurement variables Var1, Var2 is
obtained from the data storage DB. The sets of measurement data MD are transferred by a
suitable communication link to a controller 100. The controller 100 may be a controller of the
wind turbine 10 or an external computer for supervising operation of the wind turbine 10. The
controller 100 comprises a processing unit PU with a transformation unit TRF to transform the
plurality of sets of measurement data MD into an image IM and for implementing a trained
data-driven model MO receiving a respective image IM as a digital input and providing a
deviation type DT (DT1, DT2, DT3, ...) as a digital output.

[0032] The trained data-driven model MO is based on a convolutional neural network having
been learnt beforehand by training data. The training data comprise a plurality of images IM
together with the information of none, one or more deviation types DT1, DT2, DT3 occurring in
the respective image IM. Convolutional neural networks are well-known from the prior art and
particularly suitable for processing digital images. Convolutional neural network comprise
convolutional layers followed by pooling layers as well as fully connected layers in order to
determine at least one property of the respective image where the property according to the
invention is one or more deviation types DT1, DT2, DTS, ....

[0033] Figs. 2 to 4 show different embodiments of a multidimensional diagram in which a
plurality of sets of measurement data MD of two (Figs. 2 and 3) or three (Fig. 4) has been
transformed into an image IM.

[0034] In examples of Figs. 2 and 3, variable Var1 corresponds to, for example, wind speed.
Variable Var2 corresponds to, for example, produced electricity. Each point in the diagram
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depicted in grey color represents a set of measurement data MD, i.e. a pair of values of
corresponding wind speed and produced electricity. Together with the sets of measurement
data MD consisting of, in particular, more than 1000 sets of measurement data MD having
been acquired in the past over a time period, for example, a month, a reference graph REG
indicating a warranted power from the manufacturer of the turbine is shown.

[0035] As can be seen from Fig. 2, the plurality of sets of measurement data MD and the
reference graph REG correspond to each other, i.e. the wind turbine 10 operates within design
operation. In the embodiment of Fig. 3 three different deviation types DT1, DT2, DT3 indicated
by a respective ellipse are shown in the image. Generally, a power curve can have several
deviations such as speed calibration errors, power boost, unexplained curtailment (denoted in
Fig. 3 as deviation type DT1), faulty anemometer (denoted in Fig. 3 as deviation type DT2),
faulty cluster of points (denoted in Fig. 3 as deviation type DT3), no data, and so on.

[0036] In the images of Figs. 2 and 3, the background containing neither measurement data
MD nor the reference graph RFG is depicted with no color, i.e. in black or white. In this way,
the reference graph REG is distinguishing from the measurement data MD.

[0037] In the example of Fig. 4, another image resulting from a transformation of a plurality of
sets of measurement data MD of three measurement variables Var1, Var2, Var3 is illustrated.
Measurement variable Var1 corresponds to a rotor speed and measurement variable Var2
corresponds to the active power or torque of the wind turbine. The third measurement variable
Var3 corresponds to the ambient temperature and may be visualized in the image IM by color
coding, i.e. the point of values resulting from measurement variables Var1 (rotor speed), Var2
(active power or torque) has the color according to the ambient temperature (Var3) as
indicated by the color gradient on the right hand side. In case that a further measurement
variable is to be visualized in the image IM, the size of the measurement data points may be
chosen in different sizes. By way of example only, two deviation types DT4 and DT5 in the form
of vertical series of points are illustrated in Fig. 4. They may be unexpected deviations and
require further analysis by a human operator.

[0038] In the embodiment of Fig. 1, the deviation type DT (as a general denotation for the
different deviation type DT1, ..., DT5) produced as an output of the model MO results in an
output on a user interface Ul which is shown only schematically. Preferably, the user interface
Ul comprises a display. The user interface provides information for a human operator. The
output based on the deviation type DT may be the deviation type itself so that the operator is
informed about the kind of deviation. Alternatively or additionally, the output may be a warning
in case that the deviation type of a specific type which might cause damage to the wind turbine.

[0039] The deviation type DT determined by the model MO may also result in control
commands which are provided to the wind turbine 10 in order to adjust, for example, the yaw
angle, or to shut the wind turbine down. In this case, the controller 100 enables an automatic
adjustment or shutdown of the wind turbine to avoid further damage.
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[0040] The invention as described in the foregoing has several advantages. Particularly, an
easy and straightforward method in order to detect deviations from design operations is
provided. To do so, measurement data collected in the past is processed and transformed into
an image in order to determine the deviation type via a suitably trained data-driven model
configured as a convolutional neural network. The formalization of a specific failure type is
simpler than classical engineering techniques. The process is fast as a domain expert only
needs to classify training images correctly. The method provides consistent results as the
same image will lead to the same prediction.
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PATENTKRAV

1. Fremgangsmade til computerimplementeret overvagning af en vindmaelle
omfattende et @vre afsnit (11) oven pa et tarn, hvilket avre afsnit (11) kan dreje om
en vertikal krgjningsakse (VA) og har en nacelle (12) og en rotor (13) med
rotorblade, hvilken rotor (13) er fastgjort til nacellen (12), og hvilke rotorblade kan
roteres af vinden om en i det veesentlige horisontal rotorakse (HA), hvilken

fremgangsmade omfatter falgende trin:

) tilvejebringelse, fra et datalager (BD), af en flerhed af seet af maledata
(MD) fra mindst to malevariabler (Var1, Var2), hvilke malevariabler (Var1, Var2) er
vindmgllens (10) malevariabler, indhentet af én eller flere farste sensorer (14),
og/eller vindmagllens omgivelser (10), indhentet af én eller flere andre sensorer
(15), og hvilke maledata (MD) i et respektivt seet af maledata er indhentet pa

samme tidspunkt i fortiden;

i) bearbejdning af flerheden af seet af maledata (MD) fra de mindst to
malevariabler (Var1, Var2) ved frembringelse af et billede (IM), der er egnet til

visualisering;

ii) bestemmelse af en afvigelsestype (DT1, DT2, DT3) fra en pa forhand
fastsat drift af vindmellen, ved at en treenet datadrevet model (MO), der er
konfigureret som et konvolutionelt neutralt netveerk, bearbejder billedet (IM), hvor
billedet (IM) tilferes som et digitalt input til den treenede datadrevne model (MO),
og den treenede datadrevne model (MO) tilvejebringer afvigelsestypen (DT1, DT2,
DT3) som et digitalt output.

2. Fremgangsmade ifelge krav 1, hvor en information baseret pa

afvigelsestypen (DT1, DT2, DT3) udleeses via en brugergreenseflade (Ul).

3. Fremgangsmade ifelge et hvilket som helst af de foregaende krav, hvor

der genereres styringskommandoer til vindmeallen (10).

4. Fremgangsmade ifelge et hvilket som helst af de foregéende krav, hvor
transformationen af flerheden af seet af maledata (MD) fra de mindst to

malevariabler (Var1, Var2) til billedet (IM) omfatter tilfajelse af en referencegraf
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2

(REG), der kendetegner og/eller visualiserer en pa fornand fastsat drift af

vindmeallen (10).

5. Fremgangsmade ifelge et hvilket som helst af de foregaende krav, hvor
flerheden af seet af maledata (MD) fra de mindst to malevariabler (Var1, Var2), der
bearbejdes med henblik pa transformation til billedet (IM), afheenger af fejltypen og

iseer er starre end 1000.

6. Fremgangsmade ifelge et hvilket som helst af de foregaende krav, hvor
flerheden af seet af maledata (MD) fra de mindst to malevariabler (Var1, Var2)

filtreres for at udelukke perioder med vedligehold og/eller nedetider.

7. Anordning til computerimplementeret overvagning af en vindmelle
omfattende et @vre afsnit (11) oven pa et tarn, hvilket avre afsnit (11) kan dreje om
en vertikal krgjningsakse (VA) og har en nacelle (12) og en rotor (13) med
rotorblade, hvilken rotor (13) er fastgjort til nacellen (12), og hvilke rotorblade kan
roteres af vinden om en i det veaesentlige horisontal rotorakse (HA), hvor
anordningen (100) omfatter en processorenhed (PU), der er konfigureret til at

udfere falgende trin:

) tilvejebringelse, fra et datalager (BD), af en flerhed af seet af maledata
(MD) fra mindst to malevariabler (Var1, Var2), hvilke malevariabler (Var1, Var2) er
vindmgllens (10) malevariabler, indhentet af én eller flere farste sensorer (14),
og/eller vindmagllens omgivelser (10), indhentet af én eller flere andre sensorer
(15), og hvilke maledata (MD) i et respektivt seet af maledata er indhentet pa

samme tidspunkt i fortiden;

i) bearbejdning af flerheden af seet af maledata (MD) fra de mindst to

malevariabler (Var1, Var2) ved frembringelse af et billede (IM);

ii) bestemmelse af en afvigelsestype (DT1, DT2, DT3) fra en pa forhand
fastsat drift af vindmellen, ved at en treenet datadrevet model (MO) der er
konfigureret som et konvolutionelt neutralt netveerk, bearbejder billedet (IM), hvor
billedet (IM) tilferes som et digitalt input til den treenede datadrevne model (MO),
og den treenede datadrevne model (MO) tilvejebringer afvigelsestypen (DT1, DT2,
DT3) som et digitalt output.
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8. Anordning ifglge krav 7, hvor anordningen (100) er konfigureret til at

udfere en fremgangsmade ifalge et hvilket som helst af krav 2 til 6.

9. Vindmglle (10) omfattende et @vre afsnit (11) oven pa et tarn, hvilket @vre
afsnit (11) kan dreje om en vertikal krgjningsakse (VA) og har en nacelle (12) og
en rotor (13) med rotorblade, hvilken rotor (13) er fastgjort til nacellen (12), og
hvilke rotorblade kan roteres af vinden om en i det vaesentlige horisontal rotorakse

(HA), hvor vindmgllen (10) omfatter en anordning (100) ifalge krav 7 eller 8.

10. Computerprogramprodukt med programkode, som er lagret pa et ikke-
transitorisk maskinleesbart medium, til udferelse af en fremgangsmade ifalge et

hvilket som helst af krav 1 til 6, nar programkoden afvikles pa en computer.
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