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Description

Field of invention

[0001] The present invention relates to a method and to an arrangement for diagnosing at least one winding set of a
stator of a generator during operation. Further, the present invention relates to a generator comprising the arrangement.

Art Background

[0002] A multi-stator electrical machine comprises a stator having one, two or more sets of windings. One or more of
the winding sets may be faulty due to several reasons. For example, high resistance connections usually may result
from loose connections (due to poor workmanship, thermal cycling and vibrations or damage of the contact surfaces
due to pitting, corrosion or contamination) which may evolve to open-circuit faults. Furthermore, secondary damages
may be expected as a consequence of overheating and excessive vibrations, some examples are insulation damages,
melting of copper conductors, short-circuit faults and fire. Therefore, taking into account the high economic impact of
such fault scenarios, ultimately leading to generator replacement, it is of vital importance to incorporate reliable diagnostic
methods into the converter/turbine controller to protect a wind turbine and in general a generator. Ideally, a diagnostic
method should be able to detect a fault at an early stage without generating false alarms.
[0003] Some of conventionally used techniques to detect high resistance connections in a stator of a generator may
be based on: visual inspections with the aid of infrared thermography; standstill/offline tests (for example resistance
measurements); analysis of negative sequence components in phase currents and/or voltages; zero sequence voltages;
and high frequency signal injection. Conventionally, diagnosis of stator asymmetries may focus on the detection of short-
circuit turns, showing fault signatures somehow similar to high resistance connections.
[0004] Even after, in a multi-winding set stator, the faulty set of windings has been detected and localized, the faulty
phase may remain unknown. Thus, a required service action cannot be taken. In case of early fault detection with no
visible overheating damages, a large number of connections may be needed to be inspected, resulting in a complex
service intervention as well as long downtime of a wind turbine harbouring the generator.
[0005] US 5 929 612 A1 discloses in an induction generator, an additional set of stator windings, separate from the
main stator windings upon which the generator’s output voltage is generated and supplied to the load. This separate
stator winding supplies the generator with the reactive electrical power it needs to maintain the rotating stator field, which
induces current in the rotor windings, and which supplies any reactive power required by the load.
[0006] Thus, there may be a need for a method and for an arrangement for diagnosing at least one winding set of a
stator of a generator, in particular of a wind turbine, during operation, wherein reliable diagnosing may be ensured, in
particular with respect to which phase or wire of the winding set is affected by the fault, such as high resistance.

Summary of the Invention

[0007] 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.
[0008] Embodiments of the present invention therefore provide methods and systems enabling to localize the faulty
phase, drastically reducing the service time. Thus, taking as an example a three-phase generator, only a third of the
connections need to be inspected compared to the state of the art.
[0009] Embodiments of the present invention provide a fault localization method and system intended for online con-
dition monitoring of generators, in particular employed in wind turbines. In particular, the phase with a high resistance
connection of the corresponding wire in a permanent magnet generator may be localized using embodiments of the
present invention, enabling the converter controller to flag the faulty phase and enabling taking measures to fix or repair
the wire or connection corresponding to the faulty phase.
[0010] Embodiments of the present invention may detect high resistance connections or short-circuit turns, converter
open-circuit faults, current sensors faults, electrical and magnetic asymmetry and static eccentricity. Thus, the present
invention is not restricted of detecting high resistance connections of one or more winding sets of a stator of a generator.
[0011] Concerning fault localization, different fault types (short-circuit turns, converter open-circuit faults, current sen-
sors faults) may require the modification of diagnostic signals proposed here.
[0012] According to an embodiment of the present invention it is provided a method of diagnosing at least one winding
set of a stator of a generator during operation, the winding set having plural wires for plural phases, the method comprising:
obtaining, for each of the plural wires of the winding set, an individual strength of an individual power output from the
respective wire of the plural wires of the winding set; obtaining a sum strength of power; forming, for each considered
wire of the plural wires of the winding set, an individual ratio between the individual strength of the considered wire and
the sum strength; forming, for each considered wire of the plural wires of the winding set, a diagnostic value by subtracting
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from an individual ratio not corresponding to the considered wire a term depending on the individual ratio corresponding
to the considered wire; diagnosing at least one wire based on comparing the diagnostic values.
[0013] The method may be implemented in software and/or hardware and may in particular execute during operation
of the generator (in particular a wind turbine generator), for example carried out by a wind turbine controller or a converter
controller.
[0014] The winding set of the stator may in particular be a three-phase winding set, comprising one wire for each of
the three phases. The three wires may be wound around or within slots between teeth of the stator. The three wires of
the winding set may be commonly connected at a connection point in a star configuration for example. At the free ends
of the three wires, respective current and voltage may be obtained, in particular measured during operation of the
generator. The product of current and voltage for each of the wires of the winding set may correspond to the individual
power of each wire of the plural wires of the winding set. The individual strength of the individual power may correspond
to the level or amplitude of the individual power (in particular being an AC quantity). The individual power may be an
oscillating signal or oscillating quantity.
[0015] The strength (i.e. the individual strength and the sum strength) may be obtained in a number of ways, for
example as an amplitude, a level, a moving average or an rms value of the corresponding power.
[0016] To each considered wire of the plural wires (of one winding set or of plural winding sets), an individual ratio is
associated which is obtained as a ratio between the individual strength of the considered wire and the sum strength.
The sum strength may in particular be taken as an absolute value of a total power, in particular a DC value of the total power.
[0017] The diagnostic value for the considered wire is obtained by subtracting from an individual ratio not corresponding
to the considered wire a term depending on the individual ratio corresponding to the considered wire. The term may for
example be given by the individual ratio corresponding to the considered wire or may comprise additional quantities.
The diagnosing of at least one wire of the winding set based on comparing the diagnostic values may not require any
thresholds, in particular may not require to compare the diagnostic values with any thresholds but may comprise only
to compare the diagnostic values with each other.
[0018] The conventional techniques may have the drawback that fault information in a common converter controlled
generator is split between current and voltages and therefore the analysis of a single quantity may lead to misinterpretation.
Furthermore, a conventionally inherent generator impedance unbalance may not be taken into account which may lead
to erroneous fault localization.
[0019] The present invention may be based on the finding that a high resistance connection in a phase of an individual
winding set of an electrical machine causes an additional voltage drop, resulting in asymmetric/unbalanced terminal
voltages and/or phase currents. Despite the fact that most large machines are inherently unbalanced in some way, the
variation between normal and faulty operation may be detected by a suitable condition monitoring method, according
to embodiments of the present invention, and may be taken into account.
[0020] In particular, embodiments of the present invention may be applied for closed-loop control systems (i.e. vector
controlled drives, direct torque controlled drives, etc.) in which the fault information contained in the electrical quantities
may not be confined to phase currents as a consequence of adopted control strategies and controllers bandwidth.
Therefore, the use of instantaneous powers which are evaluated according to embodiments of the present invention
appears to be attractive, since fault information contained in currents and voltages is combined.
[0021] One basic idea of embodiments of the present invention may be to monitor the relative variations of the active
instantaneous power for each generator phase. For example, in a conventional control system of a permanent magnet
synchronous generator, measured phase currents and reference voltages or even measured voltages may be readily
available and may be used for diagnostic purposes without increasing cost and equipment. Thus, embodiments of the
present invention may in particular be applied to a permanent magnet synchronous generator.
[0022] The method may for example be performed by a wind turbine controller having a processor including an arith-
metic/logic unit.
[0023] According to an embodiment of the present invention, that wire is diagnosed as faulty to which the largest
diagnostic value is associated. Thereby, no thresholds may be required for identifying the faulty wire. It may have
previously been determined, that the considered winding set is faulty as such, without knowing which phase or which
wire of the identified winding set is affected.
[0024] According to an embodiment of the present invention, the diagnostic value of the considered wire is formed by
subtracting from one individual ratio not corresponding to the considered wire at least a mean value of all individual
ratios except the one individual ratio.
[0025] The individual ratios are obtained in a simple manner by considering electrical quantities, such as voltage and
current which may be available in a conventional controller of the generator, in particular wind turbine controller. The
current may be measured or estimated, the voltage may be measured or estimated or a reference voltage which may
be supplied to the wind turbine controller may be taken as the actual voltage.
[0026] By forming this difference, a comparison of the individual ratio corresponding to the considered wire and the
ratios of the other wires may be enabled. It may be expected, that the individual ratio corresponding to the faulty wire is
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smaller than the individual ratio of all other wires, since due to high resistance (due to a fault), the corresponding power
output is inspected to be decreased. Thereby, a simple method for localizing and identifying the faulty wire may be
provided.
[0027] According to an embodiment of the present invention, the diagnostic value of the considered wire is formed by
subtracting from one individual ratio not corresponding to the considered wire at least the individual ratio corresponding
to the considered wire. If it is specified that at least the individual ratio is subtracted, it means that additionally also other
quantities may be subtracted. If the individual ratio not corresponding to the considered wire is larger than the individual
ratio or corresponding to the considered wire, the diagnostic value of the considered wire will be higher than the diagnostic
value corresponding to the not considered wire. Thereby, a reliable diagnosis may be provided.
[0028] According to an embodiment of the present invention, the diagnostic value of the considered wire is formed by
further subtracting a diagnostic value of the considered wire obtained in a healthy state of the considered wire. When
further the diagnostic value of the considered wire obtained in a healthy state of the considered wire is subtracted, an
inherent imbalance for example of the impedance of the different wires of the winding set is taken into account. Thereby,
the reliability and accuracy of the method may further be improved and the number of false positives may be decreased.
[0029] According to an embodiment of the present invention, the sum strength of power is a DC value of the sum of
powers of all wires. The DC value of the sum of the powers or of the individual power may be obtained as a moving
average or by low-pass filtering of the corresponding instantaneous power.
[0030] By dividing by the sum strength of power, a normalization may be obtained. In a healthy state, each one of the
individual ratios is expected to be 1/N, wherein N is the number of phases or number of wires of the winding set. If the
individual ratio deviates from this expected value in a healthy state and is in particular smaller than this expected value,
it may indicate that the corresponding wire is faulty.
[0031] According to an embodiment of the present invention, the individual strength of the individual power of the
considered wire is an rms-value or a DC value of the individual power output by the considered wire. The rms-value
may be computed as the square root of an integral of the squared power, the integral taken over a time interval which
corresponds to at least one period of the oscillating power and dividing the integral by the time interval. The strength
may in particular correspond to or be equal to an amplitude or a level of the power. Thereby, simple method steps are
required to compute or obtain the individual strength.
[0032] According to an embodiment of the present invention, it has previously been diagnosed that the winding set is
faulty by performing a method of diagnosing a first winding set and at least one second winding set of a stator of a
generator during operation, the method comprising: obtaining a first strength of a second harmonic of a first power
produced from the first winding set; obtaining a second strength of a second harmonic of a second power produced from
the second winding set; diagnosing the first winding set and/or the second winding set based on a second harmonic
power difference between the first strength and the second strength.
[0033] This embodiment may apply to a generator having multiple winding sets. The first winding set and the at least
one second winding set may in particular be multiphase winding sets, such as three-phase winding sets. Thereby, each
winding set may comprise multiple wires, such as three wires, which are wound around teeth in slots of a stator yoke.
Different winding schemes may be applied.
[0034] The generator may further comprise a rotor rotatably supported relative to the stator, wherein in particular plural
permanent magnets are attached at the rotor. Upon rotation of the rotor, voltages are induced in the single winding set
of the first winding set and in the at least one second winding set enabling production of electric energy. The method
may be performed while the rotor rotates relative to the stator and while the generator produces electric energy.
[0035] Depending on a rotational speed of the rotor rotating relative to the stator, the generator may output at the first
winding set and the second winding set respective AC power fluxes or power streams. Thereby, the first power and the
second power is given by the voltages and currents being carried in the first winding set and the second winding set,
respectively. The first power as well as the second power may comprise active power and/or reactive power. According
to embodiments of the present invention, only the reactive power component (of the first and the second winding set)
is used for diagnosing or only the active power component is used for diagnosing or both, the active power component
and the reactive power component are utilized for diagnosing the first winding set and the at least one second winding set.
[0036] The second harmonic may be an oscillation (of the output voltage and/or output current of the respective winding
set) which oscillates with two times a fundamental electrical frequency of the generator. In the ideal case where no
deterioration or fault is present, any of the winding sets is expected to only deliver a power stream of the fundamental
electrical frequency such that the second harmonic is essentially zero. In the case that the second harmonic of the
respective power is not zero or not smaller than a threshold, it may already indicate that the respective winding set is at
least partially faulty.
[0037] The first strength of the second harmonic and the second strength of the second harmonic may be obtained
or defined as an amplitude of the oscillation having a frequency of two times the fundamental electrical frequency. The
second harmonic power difference is the difference between the first strength of the second harmonic of the first power
and the second strength of the second harmonic of the second power. If there is a deviation between the first strength
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and the second strength it may indicate that one of the winding sets, in particular the one which has the higher strength
of the second harmonic, is at least partly faulty, such as exhibiting high resistance connections or loose connections or
other deficiencies.
[0038] A high resistance connection in at least one phase of an electric machine may cause an additional voltage
drop, resulting in asymmetric/unbalanced terminal voltages and/or phase currents. Thus, if a high resistance connection
is present in one of the winding sets, the voltage drop for this particular winding set is expected to be higher than for the
(healthy or unimpaired) winding set. Despite the fact that most large machines are inherently unbalanced to some degree
(which will be taken into account by applying an offset as explained below), the variation between normal and faulty
operation may be detected by a suitable condition monitoring method as is proposed in embodiments of the present
invention.
[0039] One basic principle of embodiments of the present invention is to monitor the second harmonic in the active
and reactive instantaneous powers in all stators (i.e. stator windings) of a multi-stator generator and to exploit the
deviations between different stators for diagnostic purposes, in order to detect which one of multiple winding sets is
affected. Later on embodiments enable to detect which phase or wire of the faulty winding set is faulty, as described above.
[0040] By using information from multiple stators, robustness and sensitivity of the diagnostic method may be improved
compared to conventional methods. In particular, robustness against transients, such as speed and power variations,
may be improved. Further, false alarms may be avoided which may have been raised in conventional methods due to
transients and inherent asymmetries.
[0041] In particular, also a faulty detection may be enabled under low load conditions and low severity faults according
to embodiments of the present invention. Thus, a reliable and robust diagnosing method may be provided.
[0042] According to an embodiment of the present invention, the method further comprises obtaining a first power
time average of the first power; obtaining a second power time average of the second power; wherein the diagnosing
involves forming a power difference ratio proportional to a ratio between the second harmonic power difference and a
sum, in particular an average, of the first power time average and the second power time average.
[0043] The first power time average and also the second power time average may be obtained by averaging over a
particular time interval, in particular moving time interval. The respective power time average may be proportional to an
amplitude of an oscillating power flux or power stream. The second harmonic power difference may be divided by the
sum of the first power time average and the second power time average to obtain the power difference ratio. When this
ratio is formed, the difference is normalized to the average in power output of the two winding sets, thereby appropriately
relating the second harmonic power difference to the relevant power order. When the ratio is considered for further
analysis, a threshold may not be required to be load dependent but could be set as fixed value. In other embodiments,
the second harmonic power difference is considered without forming the ratio but respective thresholds may then be
set to be load or power dependent. Forming the power difference ratio may further simplify the method and may in
particular simplify setting the thresholds.
[0044] According to an embodiment of the present invention, diagnosing involves comparing a term derived from the
power difference ratio with a difference threshold, wherein one of the first or the second winding set is diagnosed as
faulty, if the absolute of the term is larger than the difference threshold.
[0045] When the absolute of the term is large, the difference between the first strength and the second strength is
large, indicating that one of the winding sets is faulty. The term may be obtained as a value shifted by an offset from the
power difference ratio. By considering the term instead of the power difference ratio as such, inherent (power output)
differences between the first winding set and the second winding set may be taken into account. Thereby, for example
false alarms may be avoided or at least reduced. The difference threshold may be set such that under normal conditions
(i.e. healthy or not faulty winding sets), the absolute of the term is smaller than the difference threshold. The difference
threshold may for example be set by analyzing not deteriorated or not faulty winding sets during operation. When the
term is compared to the difference threshold, a simple diagnosing method may be carried out.
[0046] According to an embodiment of the present invention, the term is formed as the power difference ratio diminished
by an offset being related to an expected difference of power output between the first winding set and the second winding
set, both in a normal state.
[0047] From the power difference ratio, the offset may be subtracted to obtain the term. The offset may account for
the inherent asymmetry of power output or inherent difference in configuration or constitution of the first winding set and
the second winding set. By applying the offset, false alarms may be avoided or at least reduced. The offset may be
determined from operational parameters, such as voltages, currents under normal, healthy conditions or measured in
a healthy state. The offset can e.g. be either a constant or variable. In the second case, the offset may be defined as a
function of the fundamental power. For instance, the expected offset may simply be given by a linear function: 
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wherein Pdc is the DC power value, Expected_m and Expected_b are fitting parameters or predetermined constants.
[0048] More complex relationships may be considered, but the results provided show that a good approximation can
be obtained by means of a linear function.
[0049] In the case, where the generator has a single winding set, another method may have been performed to
conclude that the winding set is faulty. For example, a power output of the generator may be estimated by applying a
physical model to the generator which may enable to derive expected power output based on rotational speed, currents,
voltages, and configuration of the generator. If the estimated power output deviates from the measured or otherwise
obtained power output, it may be concluded that the winding set is faulty. It may then be desired to detect, which of the
wires of the faulty winding set is faulty. Therefore, embodiments of diagnosing at least one winding set of a stator of a
generator, as explained above, may be utilized.
[0050] It should be understood that features, individually or in any combination, disclosed, explained or provided for
a method of diagnosing at least one winding set of a stator of a generator during operation may also be applied, individually
or in any combination, to an arrangement for diagnosing at least one winding set of a stator of a generator during
operation, according to embodiments of the present invention and vice versa.
[0051] According to an embodiment of the present invention it is provided an arrangement for diagnosing at least one
winding set of a stator of a generator during operation, the winding set having plural wires for plural phases, the arrange-
ment comprising: an processor adapted: to obtain, for each of the plural wires of the winding set, an individual strength
of an individual power output from the respective wire of the plural wires of the winding set; to obtain a sum strength of
power; to form, for each considered wire of the plural wires of the winding set, an individual ratio between the individual
strength of the considered wire and the sum strength; to form, for each considered wire of the plural wires of the winding
set, a diagnostic value by subtracting from an individual ratio not corresponding to the considered wire a term depending
on the individual ratio corresponding to the considered wire; and to diagnose at least one wire based on comparing the
diagnostic values.
[0052] The arrangement may for example be comprised, in hardware and/or software, in a wind turbine controller.
[0053] According to an embodiment of the present invention it is provided a generator, in particular of a wind turbine,
comprising: a stator having at least one winding set; a rotor rotatably supported relative to the stator and having plural
permanent magnets; and an arrangement according to the preceding embodiment, connected for diagnosing the winding
set.
[0054] Embodiments of the present invention are now described with reference to the accompanying drawings. The
invention is not limited to the illustrated or described embodiments.

Brief Description of the Drawings

[0055]

Fig. 1 schematically illustrates a wind turbine according to an embodiment of the present invention comprising a
generator according to an embodiment of the present invention;

Fig. 2 schematically illustrates a block diagram of a fault localization method or method of diagnosing at least one
winding set of a stator of a generator during operation according to an embodiment of the present invention;

Figs. 3 and 4 illustrate graphs with quantities or diagnostic signals as configured according to embodiments of the
present invention.

Detailed Description

[0056] 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.
[0057] The wind turbine 1 schematically illustrated in Fig. 1 comprises a hub 3 at which plural rotor blades 5 are
connected. The hub 3 is connected to a rotation shaft 7 which is coupled to a gearbox 9 which is optional. A secondary
shaft 11 coupled to another end of the gearbox 9 is coupled to a generator 13 having a two winding set stator in the
illustrated example. According to other embodiments the generator has only a single winding set.
[0058] At a first winding set 15, in particular three-phase winding set, the generator 13 outputs first power as three
phase currents 17, 19, 21. A second winding set 23 outputs second power 25, 27, 29 as three-phase currents. The first
power 17, 19, 21 produced by the first winding set 15 is supplied to a first AC-DC-AC converter 31 and the second power
25, 27, 29 is supplied to a second AC-DC-AC converter 33. Thereby, the first converter 31 as well as the second converter
33 comprises an AC-DC converter portion 35, a DC link 37 and a DC-AC converter portion 39. The converters 31, 33
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are configured for converting a variable frequency AC power stream 17, 19, 21 or 25, 27, 29, to a fixed frequency power
stream, in particular three-phase power streams 41, 43, 45 or 47, 49, 51, respectively. The two power streams from the
first winding set 15 and the second winding set 23 are transformed in a common transformer 53 to higher voltage to be
provided as a three-phase power stream to a utility grid 55.
[0059] The wind turbine 1 illustrated in Fig. 1 further comprises an arrangement 2 according to an embodiment of the
present invention for diagnosing at least one winding set of the stator comprised in the generator 13 during operation.
Thereby, the arrangement 3 is configured to carrying out a method of diagnosing at least one winding set 15 or 23 or
both winding sets 15 and 23 according to an embodiment of the present invention. Therefore, the arrangement 2 comprises
a processor 4 which is configured to obtain, for each of the plural wires of the winding set, an individual strength of an
individual power output from the respective wire of the plural wires of the winding set; to obtain a sum strength of power;
to form, for each considered wire of the plural wires of the winding set, an individual ratio between the individual strength
of the considered wire and the sum strength; to form, for each considered wire of the plural wires of the winding set, a
diagnostic value by subtracting from an individual ratio not corresponding to the considered wire a term depending on
the individual ratio corresponding to the considered wire; and to diagnose at least one wire based on comparing the
diagnostic values.
[0060] The first winding set 15 and also the second winding set 23 each comprises three wires corresponding to the
three different phases. According to other embodiments of the present invention, the first winding 15 and/or second
winding 23 comprises more than three wires for more than three phases.
[0061] The individual power streams 17, 19, 21 for each of the three wires of the first winding set are obtained by the
arrangement in a signal 6 and the individual power streams or output powers 25, 27 and 29 as output by the second
winding set 23 or output by the three wires of the second winding set 23 are also obtained by the arrangement 2 as an
input signal 8.
[0062] The phase active instantaneous power of the three wires of the first winding set 15 and/or the three wires of
the second winding set 23 are for example given as: 

[0063] The total instantaneous active power may be given as 

wherein uabc and iabc stand for the phase voltages and phase currents, for example of the first winding set 15 or the
second winding set 23.
[0064] According to other embodiments of the present invention, the wind turbine 1 comprises a generator which has
only a single winding set having three wires for three different phases or even more different phases, but not a second
winding set 23. Embodiments of the present invention enable to detect, which phase of a winding set is faulty.
[0065] Having obtained instantaneous active power from the above equations (1) and (2), diagnostic variables may
be calculated for fault localization. Different possibilities or alternatives of calculating such signals are given below.

Option 1: The rms values of pabc are calculated and normalized by the total DC active power, giving the diagnostic
signal as illustrated in the equation (3) below:
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Option 2: DC values of pabc are used instead as detailed in the equation (4) below: 

wherein the DC values may be obtained by means of a moving average or a low pass filter, whereas for the rms
values the absolute value is calculated first and then averaged or low pass filtered. Under healthy operation conditions
with negligible impedance unbalance between the phases (for example of the first winding set 15 and/or the second
winding set 23), the ratios dabc are expected to assume identical values close to 1/3.

[0066] The quantities dabc may represent individual ratios for each wire of the winding set of the stator 13. The values
pa,rms or pa,DC may represent individual strength of the individual powers of the wires of one winding set.
[0067] From the calculated individual ratios, diagnostic values (or phase localization signals) may be derived in distinct
ways as detailed below.
[0068] According to a first option, the diagnostic value (Fa) of a considered wire is formed by subtracting from one
individual ratio not corresponding to the considered wire at least the individual ratio corresponding to the considered
wire, as is given in equation (5). 
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[0069] According to a second option, the diagnostic value (for example Fa) of the considered wire is formed by sub-
tracting from one individual ratio not corresponding to the considered wire at least a mean value of all individual ratios
except the one individual ratio as detailed in the equation (6) below.

where Fa,healthy stands for the value assumed by Fa under healthy operating conditions, which is approximately zero for
a perfectly balanced three-phase generator, whereas it differs from zero when the phase impedances are inherently
unbalanced (commonly, a consequence of production tolerances in large generators) . For example, in (5) the Fa,healthy
= db,healthy - da,healthy, wherein db,healthy and da,healthy correspond to the individual ratios as defined for the different options
in equations (3) and (4) when the corresponding wires of the winding set are healthy, undamaged and unimpaired. The
same is valid for the remaining phases c and d. The expected unbalance given by Fabc,healthy may be obtained by means
of simulations, experimental tests or automatic identification by the control signal.
[0070] It is worth noting, that in embodiments of the present invention, if the initial values of the false localization
signals or diagnosing signals or diagnostic values (Fabc,healthy) were not taken into account, and a fault is detected at
an early stage (low severity level), the inherent unbalance of the generator may lead to an erroneous fault localization.
Thus, when the diagnostic values as calculated in the healthy state are taken into account, the number of false positives
may be reduced.
[0071] According to simulation results, the calculations of dabc and Fabc by using equations (3) and (5), respectively,
may provide increased sensitivity, thus their practical implementation may be preferred relative to the other options.
[0072] Therefore, once a fault in a particular winding set is detected (for example in the first winding set 15 or in the
second winding set 23), embodiments of the present invention enable to localize the faulty wire of the winding set
previously being identified as a faulty winding set. Thereby, the diagnostic values Fa, Fb, Fc are evaluated. The highest
value of the fault localization signal, i.e. diagnostic signal or value, corresponds to the faulty phase as is illustrated in
the table 1 below.

[0073] It should be noted that no thresholds are required, since the fault detection is carried out by a distinct method.
[0074] A method diagram of a method of diagnosing a winding set of a stator is schematically illustrated in Fig. 2. A
power calculation block 201 receives three phase currents ia, ib and ic commonly denoted by reference sign 203. Fur-
thermore, the power calculation module 201 receives the three voltages ua, ub, and uc of all three wires of one winding
set, for example the first winding set 15 or the second winding set 23 which voltage values are commonly labelled with
reference sign 205. The power calculation module calculates for example according to equations (1) and/or (2) the
individual power pabc for each phase a, b, c of the windings and also the sum of the powers, as given by equation (2)
which is denoted by p.
[0075] The individual powers and the sum power is input into a diagnostic signal calculation block 207 which calculates
the diagnostic values according to equation (5) or equation (6) for the different options, wherein the diagnostic values
are labelled as Fabc.

Table 1:

Faulty phase Fault signature

a max (Fa, Fb, Fc) == Fa

b max (Fa, Fb, Fc) == Fb

c max (Fa, Fb, Fc) == Fc
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[0076] The diagnostic values are input in a fault localization logic 209 which compares the diagnostic values Fa, Fb
Fc for the different wires (corresponding to the different phases) of one winding set and provides an output 211 indicating
which of the phases and thus which of the wires of the winding set is faulty. The fault localization logic further receives
a fault detection flag 213. The fault detection flag 213 enables/triggers output 211, since fault localization may be
allowed/performed only after fault detection is accomplished (fault detected in one set of windings).
[0077] The method in Fig. 2 is illustrated for a single three-phase winding generator, but it may also be implemented
in multiple winding machines. In the case of multiple winding machines, the method illustrated in Fig. 2 may for example
be implemented in the control systems of each frequency converter 31 and/or 33 as shown in Fig. 1. According to
embodiments of the present invention, the arrangement 2 may be contained within the controllers 61 and 63.
[0078] Figs. 3 and 4 illustrate graphs 301, 401 showing individual ratios da, db, dc in Fig. 3 and diagnostic values Fa,
Fb, and Fc in Fig. 4 as diamonds, squares and triangles for the phases a, b and c of healthy wires of a winding set,
respectively. Thereby, an abscissa 303, 403 indicates the generator power and the ordinate 305, 405 indicates the
magnitude of the individual ratio in Fig. 3 or the diagnostic value in Fig. 4. Thus, Figs. 3 and 4 illustrate the experimental
data for a healthy dual stator PM generator as is for example illustrated in Fig. 1.
[0079] The individual ratios for the phases a, b and c are indicated in Fig. 3 with reference signs 307, 309, 311, all
being close to the expected value of 1/3.
[0080] As can be taken from Fig. 4, the diagnostic values Fa,b,c are close to zero, wherein the diagnostic values for
phase a, b and c are labelled by reference signs 407, 409, 411, respectively. In the present case, the application of a
healthy diagnostic value Fabc,healthy may be avoided for the particular considered generator.
[0081] Moreover, by combining experimental and simulation results, it was observed that a resistance increase equal
or higher than 150% in one of the phases would be accurately localized in all operating conditions, i.e. between 4,000
and 0 kW of generator power. Concerning the localization of the high resistance connections of lower severity (increase
below 150%), an accurate knowledge of Fabc,healthy may most probably be required.
[0082] Embodiments of the present invention provide a solution for online condition monitoring of generators employed
in wind turbines. Further, a diagnostic method is provided to localize the faulty phase in an electrical machine, namely
the phase with increased impedance. Furthermore, a diagnostic method is provided to localize high resistance connec-
tions in the stator of permanent magnet generators, including single and multiple winding generators.
[0083] The described diagnostic method may aid service of wind turbines, such as offshore turbines. A diagnostic
method suitable for implementation in the controller of the frequency converter is described according to embodiments
of the present invention.
[0084] It should be noted that the term "comprising" does not exclude other elements or steps and "a" or "an" does
not exclude a plurality. The scope of the invention is defined by the claims. It should also be noted that reference signs
in the claims should not be construed as limiting the scope of the claims.

Claims

1. Method of diagnosing at least one winding set (15, 23) of a stator of a generator (13) during operation, the winding
set having plural wires for plural phases (a, b, c), the method comprising:

obtaining, for each of the plural wires of the winding set, an individual strength (pa,rms; pa,dc) of an individual
power (pa) output from the respective wire of the plural wires of the winding set;
obtaining a sum strength (pdc) of power;
forming, for each considered wire of the plural wires of the winding set, an individual ratio (da, db, dc) between
the individual strength of the considered wire and the sum strength;
forming, for each considered wire of the plural wires of the winding set, a diagnostic value (Fa, Fb, Fc) by
subtracting from an individual ratio not corresponding to the considered wire a term depending on the individual
ratio corresponding to the considered wire;
diagnosing at least one wire based on comparing the diagnostic values.

2. Method according to the preceding claim, wherein that wire is diagnosed as faulty to which the largest diagnostic
value is associated.

3. Method according to one of the preceding claims, wherein the diagnostic value (Fa) of the considered wire is formed
by subtracting from one individual ratio (db) not corresponding to the considered wire at least a mean value ((da+dc)/2)
of all individual ratios except the one individual ratio.

4. Method according to one of the preceding claims 1 to 3, wherein the diagnostic value (Fa) of the considered wire
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is formed by subtracting from one individual ratio (db) not corresponding to the considered wire at least the individual
ratio (da) corresponding to the considered wire.

5. Method according to one of the preceding claims 3 or 4, wherein the diagnostic value (Fa) of the considered wire
is formed by further subtracting a diagnostic value (Fa,healthy) of the considered wire obtained in a healthy state
of the considered wire.

6. Method according to one of the preceding claims, wherein the sum strength of power is a DC value (pdc) of the sum
of powers of all wires.

7. Method according to one of the preceding claims, wherein the individual strength of the individual power (pa) of the
considered wire is a rms-value (pa,rms) or a DC value (pa,dc) of the individual power output by the considered wire.

8. Method according to one of the preceding claims, wherein the DC value of power is obtained as moving average
or by low pass filtering of the instantaneous power.

9. Method according to one of the preceding claims, wherein it has previously been diagnosed that the winding set is
faulty by performing a method of diagnosing a first winding set (15) and at least one second winding set (23) of a
stator of a generator (13) during operation, the method comprising:

obtaining a first strength of a second harmonic of a first power (17, 19, 21) produced from the first winding set (15) ;
obtaining a second strength of a second harmonic of a second power (25, 27, 29) produced from the second
winding set (23);
diagnosing the first winding set (15) and/or the second winding set (23) based on a second harmonic power
difference between the first strength and the second strength.

10. Method according to the preceding claim, further comprising:

obtaining a first power time average of the first power (17, 19, 21);
obtaining a second power time average of the second power (25, 27, 29);
wherein the diagnosing involves forming a power difference ratio proportional to a ratio between the second
harmonic power difference and a sum, in particular an average, of the first power time average and the second
power time average.

11. Method according to one of the two preceding claims, wherein diagnosing involves comparing a term derived from
the power difference ratio diminished by a difference threshold, wherein one of the first (15) or the second winding
set (23) is diagnosed as faulty, if the absolute of the term is larger than the difference threshold.

12. Method according to one of the three preceding claims, wherein the term is formed as the power difference ratio
diminished by an offset being related to an expected difference of power output between the first winding set (15)
and the second winding set (23), both in a normal state.

13. Method according to one of the preceding claims, wherein the power is active instantaneous power.

14. Arrangement (2) for diagnosing at least one winding set (15, 23) of a stator of a generator (13) during operation,
the winding set having plural wires for plural phases (a, b, c), the arrangement comprising:
a processor (4) adapted:

to obtain, for each of the plural wires of the winding set, an individual strength (pa,rms; pa,dc) of an individual
power (pa) output from the respective wire of the plural wires of the winding set;
to obtain a sum strength (pdc) of power;
to form, for each considered wire of the plural wires of the winding set, an individual ratio (da) between the
individual strength of the considered wire and the sum strength;
to form, for each considered wire of the plural wires of the winding set, a diagnostic value (Fa) by subtracting
from an individual ratio not corresponding to the considered wire a term depending on the individual ratio
corresponding to the considered wire; and
to diagnose at least one wire based on comparing the diagnostic values.
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15. Generator (13), in particular of a wind turbine (1), comprising:

a stator having at least one winding set;
a rotor rotatably supported relative to the stator and having plural permanent magnets; and
an arrangement (2) according to the preceding claim, connected for diagnosing the winding set.

Patentansprüche

1. Verfahren zum Diagnostizieren mindestens eines Wicklungssatzes (15, 23) eines Stators eines Generators (13) im
Betrieb, wobei der Wicklungssatz mehrere Drähte für mehrere Phasen (a, b, c) aufweist, wobei das Verfahren
Folgendes umfasst:

Ermitteln einer jeweiligen Stärke (pa,rms; pa,dc) einer jeweiligen von dem entsprechenden Draht unter den
mehreren Drähten des Wicklungssatzes abgegebenen Energie (pa) für jeden der mehreren Drähte des Wick-
lungssatzes,
Ermitteln einer Gesamtstärke (pdc) der Energie,
Bilden eines jeweiligen Verhältnisses (da, db, dc) zwischen der jeweiligen Stärke des geprüften Drahtes und
der Gesamtstärke für jeden geprüften Draht unter den mehreren Drähten des Wicklungssatzes,
Bilden eines Diagnosewerts (Fa, Fb, Fc) für jeden geprüften Draht unter den mehreren Drähten des Wicklungs-
satzes durch Subtrahieren eines Terms, der von dem dem geprüften Draht entsprechenden jeweiligen Verhältnis
abhängig ist, von einem jeweiligen Verhältnis, das nicht dem geprüften Draht entspricht,
Diagnostizieren mindestens eines Drahtes auf der Grundlage eines Vergleichs der Diagnosewerte.

2. Verfahren nach dem der vorhergehenden Anspruch, wobei jener Draht als fehlerhaft diagnostiziert wird, mit dem
der größte Diagnosewert verknüpft ist.

3. Verfahren nach einem der vorhergehenden Ansprüche, wobei der Diagnosewert (Fa) für den geprüften Draht durch
Subtrahieren zumindest eines Mittelwerts ((da+dc)/2) aller jeweiligen Verhältnisse abgesehen von einem jeweiligen
Verhältnis (db), das nicht dem geprüften Draht entspricht, von dem einen jeweiligen Verhältnis gebildet wird.

4. Verfahren nach einem der vorhergehenden Ansprüche 1 bis 3, wobei der Diagnosewert (Fa) für den geprüften Draht
durch Subtrahieren zumindest des jeweiligen Verhältnisses (da), das dem geprüften Draht entspricht, von einem
jeweiligen Verhältnis (db) gebildet wird, das nicht dem geprüften Draht entspricht.

5. Verfahren nach einem der vorhergehenden Ansprüche 3 und 4, wobei der Diagnosewert (Fa) für den geprüften
Draht ferner durch Subtrahieren eines Diagnosewerts (Fa,healthy) des geprüften Drahtes gebildet wird, der in
unversehrtem Zustand des geprüften Drahtes ermittelt wird.

6. Verfahren nach einem der vorhergehenden Ansprüche, wobei es sich bei der Gesamtstärke der Energie um einen
Gleichstromwert (pdc) der Summe der Energie aller Drähte handelt.

7. Verfahren nach einem der vorhergehenden Ansprüche, wobei es sich bei der jeweiligen Stärke der jeweiligen
Energie (pa) des geprüften Drahtes um einen Effektivwert (pa,rms) oder einen Gleichstromwert (pa,dc) für die
jeweilige Energieabgabe durch den geprüften Draht handelt.

8. Verfahren nach einem der vorhergehenden Ansprüche, wobei der Gleichstromwert der Energie als gleitender Mit-
telwert oder durch Tiefpassfiltern der Momentanleistung ermittelt wird.

9. Verfahren nach einem der vorhergehenden Ansprüche, wobei durch Durchführen eines Verfahrens zum Diagnos-
tizieren eines ersten Wicklungssatzes (15) und mindestens eines zweiten Wicklungssatzes (23) eines Stators eines
Generators (13) im Betrieb bereits diagnostiziert wurde, dass der Wicklungssatz fehlerhaft ist, wobei das Verfahren
Folgendes umfasst:

Ermitteln einer ersten Stärke einer zweiten Harmonischen einer von dem ersten Wicklungssatz (15) erzeugten
ersten Energie (17, 19, 21),
Ermitteln einer zweiten Stärke einer zweiten Harmonischen einer von dem zweiten Wicklungssatz (23) erzeugten
zweiten Energie (25, 27, 29),
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Diagnostizieren des ersten Wicklungssatzes (15) und/oder des zweiten Wicklungssatzes (23) auf der Grundlage
einer Energiedifferenz zwischen der ersten und der zweiten Stärke der zweiten Harmonischen.

10. Verfahren nach dem vorhergehenden Anspruch, das ferner Folgendes umfasst:

Ermitteln eines ersten Energie-Zeit-Mittelwerts für die erste Energie (17, 19, 21),
Ermitteln eines zweiten Energie-Zeit-Mittelwerts für die zweite Energie (25, 27, 29),
wobei das Diagnostizieren das Bilden eines Energiedifferenzverhältnisses umfasst, das zu einem Verhältnis
zwischen der Energiedifferenz der zweiten Harmonischen und einer Summe, insbesondere einem Mittelwert,
des ersten und des zweiten Energie-Zeit-Mittelwerts proportional ist.

11. Verfahren nach einem der beiden vorhergehenden Ansprüche, wobei das Diagnostizieren das Vergleichen eines
Terms umfasst, der von dem Energiedifferenzverhältnis abgeleitet und um einen Differenzgrenzwert verringert wird,
wobei der erste (15) oder der zweite Wicklungssatz (23) als fehlerhaft diagnostiziert wird, wenn der Betrag des
Terms größer ist als der Differenzgrenzwert.

12. Verfahren nach einem der drei vorhergehenden Ansprüche, wobei der Term als Energiedifferenzverhältnis gebildet
wird, das um einen Versatz in Bezug auf eine erwartete Differenz der Energieabgabe zwischen dem ersten Wick-
lungssatz (15) und dem zweiten Wicklungssatz (23) verringert wird, die sich beide im Normalzustand befinden.

13. Verfahren nach einem der vorhergehenden Ansprüche, wobei es sich bei der Energie um momentane Wirkleistung
handelt.

14. Anordnung (2) zum Diagnostizieren mindestens eines Wicklungssatzes (15, 23) eines Stators eines Generators
(13) im Betrieb, wobei der Wicklungssatz mehrere Drähte für mehrere Phasen (a, b, c) aufweist, wobei die Anordnung
Folgendes umfasst:

einen Prozessor (4), der so ausgelegt ist, dass er
für jeden der mehreren Drähte des Wicklungssatzes eine jeweilige Stärke (pa,rms; pa,dc) einer jeweiligen von
dem entsprechenden Draht unter den mehreren Drähten des Wicklungssatzes abgegebenen Energie (pa)
ermittelt,
eine Gesamtstärke (pdc) der Energie ermittelt,
ein jeweiliges Verhältnis (da) zwischen der jeweiligen Stärke des geprüften Drahtes und der Gesamtstärke für
jeden geprüften Draht unter den mehreren Drähten des Wicklungssatzes bildet,
für jeden geprüften Draht unter den mehreren Drähten des Wicklungssatzes durch Subtrahieren eines Terms,
der von dem dem geprüften Draht entsprechenden jeweiligen Verhältnis abhängig ist, von einem jeweiligen
Verhältnis, das nicht dem geprüften Draht entspricht, einen Diagnosewert (Fa) bildet und
auf der Grundlage eines Vergleichs der Diagnosewerte mindestens einen Draht diagnostiziert.

15. Generator (13), insbesondere einer Windenergieanlage (1), der Folgendes umfasst:

einen Stator mit mindestens einem Wicklungssatz,
einen Rotor, der in Bezug auf den Stator drehbar gelagert ist und mehrere Permanentmagneten aufweist, und
eine Anordnung (2) nach dem vorhergehenden Anspruch, die zum Diagnostizieren des Wicklungssatzes ver-
bunden ist.

Revendications

1. Procédé de diagnostic d’au moins un ensemble d’enroulement (15, 23) d’un stator d’un générateur (13) au cours
du fonctionnement, l’ensemble d’enroulement ayant de multiples fils pour de multiples phases (a, b, c), le procédé
comprenant :

l’obtention, pour chacun des multiples fils de l’ensemble d’enroulements, d’une intensité individuelle (pa,rms ;
pa,dc) d’une puissance individuelle (pa) délivrée en sortie du fil respectif des multiples fils de l’ensemble
d’enroulement ;
l’obtention d’une somme d’intensité (pdc) de puissance ;
la formation, pour chaque fil considéré des multiples fils de l’ensemble d’enroulement, d’un rapport individuel
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(da, db, dc) entre l’intensité individuelle du fil considéré et la somme d’intensité ;
la formation, pour chaque fil considéré des multiples fils de l’ensemble d’enroulement, d’une valeur de diagnostic
(Fa, Fb, Fc) par la soustraction, dans un rapport individuel ne correspondant pas au fil considéré, d’un terme
dépendant du rapport individuel correspondant au fil considéré ;
le diagnostic d’au moins un fil sur la base de la comparaison des valeurs de diagnostic.

2. Procédé selon la revendication précédente, dans lequel ce fil est diagnostiqué comme défectueux auquel la plus
grande valeur de diagnostic est associée.

3. Procédé selon l’une des revendications précédentes, dans lequel la valeur de diagnostic (Fa) du fil considéré est
formée par la soustraction, dans un rapport individuel (db) ne correspondant pas au fil considéré, d’au moins une
valeur moyenne ((da+dc)/2) de tous les rapports individuels à l’exception dudit un rapport individuel.

4. Procédé selon l’une des revendications 1 à 3 précédentes, dans lequel la valeur de diagnostic (Fa) du fil considéré
est formée par la soustraction, dans un rapport individuel (db) ne correspondant pas au fil considéré, d’au moins le
rapport individuel (da) correspondant au fil considéré.

5. Procédé selon l’une des revendications 3 ou 4 précédentes, dans lequel la valeur de diagnostic (Fa) du fil considéré
est formée par la soustraction supplémentaire d’une valeur de diagnostic (Fa,sain) du fil considéré obtenue dans
un état sain du fil considéré.

6. Procédé selon l’une des revendications précédentes, dans lequel la somme d’intensité de puissance est une valeur
en courant continu (pdc) de la somme des puissances de tous les fils.

7. Procédé selon l’une des revendications précédentes, dans lequel l’intensité individuelle de la puissance individuelle
(pa) du fil considéré est une valeur quadratique moyenne (pa,rms) ou une valeur CC (pa,dc) de la puissance
individuelle délivrée en sortie par le fil considéré.

8. Procédé selon l’une des revendications précédentes, dans lequel la valeur CC de puissance est obtenue en tant
que moyenne mobile ou par filtrage passe-bas de la puissance instantanée.

9. Procédé selon l’une des revendications précédentes, dans lequel il a été précédemment diagnostiqué que l’ensemble
d’enroulement est défectueux par la réalisation d’un procédé de diagnostic d’un premier ensemble d’enroulement
(15) et d’au moins un second ensemble d’enroulement (23) d’un stator d’un générateur (13) au cours du fonction-
nement, le procédé comprenant :

l’obtention d’une première intensité d’un second harmonique d’une première puissance (17, 19, 21) produite à
partir du premier ensemble d’enroulement (15) ;
l’obtention d’une seconde intensité d’un second harmonique d’une seconde puissance (25, 27, 29) produite à
partir du second ensemble d’enroulement (23) ;
le diagnostic du premier ensemble d’enroulement (15) et/ou du second ensemble d’enroulement (23) sur la
base d’une différence de puissance de second harmonique entre la première intensité et la seconde intensité.

10. Procédé selon la revendication précédente, comprenant en outre :

l’obtention d’une première moyenne temporelle de puissance de la première puissance (17, 19, 21) ;
l’obtention d’une seconde moyenne temporelle de puissance de la seconde puissance (25, 27, 29) ;
dans lequel le diagnostic implique la formation d’un rapport de différence de puissance proportionnel à un
rapport entre la différence de puissance de second harmonique et une somme, en particulier une moyenne,
de la première moyenne temporelle de puissance et de la seconde moyenne temporelle de puissance.

11. Procédé selon l’une des deux revendications précédentes, dans lequel le diagnostic implique la comparaison d’un
terme dérivé du rapport de différence de puissance diminué d’un seuil de différence, dans lequel l’un du premier
(15) ou du second ensemble d’enroulement (23) est diagnostiqué comme défectueux, si la valeur absolue du terme
est plus grande que le seuil de différence.

12. Procédé selon l’une des trois revendications précédentes, dans lequel le terme est sous la forme du rapport de
différence de puissance diminué par un décalage relatif à une différence attendue de puissance délivrée en sortie
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entre le premier ensemble d’enroulement (15) et le second ensemble d’enroulement (23), tous deux dans un état
normal.

13. Procédé selon l’une des revendications précédentes, dans lequel la puissance est une puissance instantanée active.

14. Agencement (2) pour le diagnostic d’au moins un ensemble d’enroulement (15, 23) d’un stator d’un générateur (13)
au cours du fonctionnement, l’ensemble d’enroulement ayant de multiples fils pour de multiples phases (a, b, c),
l’agencement comprenant :
un processeur (4) conçu :

pour obtenir, pour chacun des multiples fils de l’ensemble d’enroulements, une intensité individuelle (pa,rms ;
pa,dc) d’une puissance individuelle (pa) délivrée en sortie du fil respectif des multiples fils de l’ensemble
d’enroulement ;
pour obtenir une somme d’intensité (pdc) de puissance ;
pour former, pour chaque fil considéré des multiples fils de l’ensemble d’enroulement, un rapport individuel (da)
entre l’intensité individuelle du fil considéré et la somme d’intensité ;
pour former, pour chaque fil considéré des multiples fils de l’ensemble d’enroulement, une valeur de diagnostic
(Fa) par la soustraction, dans un rapport individuel ne correspondant pas au fil considéré, d’un terme dépendant
du rapport individuel correspondant au fil considéré ; et
pour diagnostiquer au moins un fil sur la base de la comparaison des valeurs de diagnostic.

15. Générateur (13), en particulier d’une éolienne (1), comprenant :

un stator ayant au moins un ensemble d’enroulement ;
un rotor porté de manière rotative par rapport au stator et ayant de multiples aimants permanents ; et
un agencement (2) selon la revendication précédente, connecté pour diagnostiquer l’ensemble d’enroulement.
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