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DESCRIPTION

[0001] The Invention describes a method of controling an electrical machine; a control
arrangement of an electrical machine; and a wind turbine.

[0002] In an electrical machine such as a motor or generator, the width of the airgap between
armature and field is related to the electromagnetic performance of the electrical machine. The
width of the airgap 1s generally understood to be the shortest distance between magnets of the
fleld and windings of the armature. Generally, a narrow airgap improves the electromagnetic
performance of the machine. Therefore, the airgap should be as small as possible in order to
maximise the electromagnetic performance. However, In a very large electrical machine, it is
very challenging to maintain a narrow airgap over its entire circumference and over its entire
length, for example from the drive-end to the non-drive-end of a wind turbine generator. Care
must be taken to ensure that the airgap is not smaller than a certain minimum at any point In
order to avoid a collision between rotor and stator. The minimum airgap height is limited by
various factors. For example, allowance must be made for manufacturing tolerances on
components such as rotor housing, magnets, stator body, etc. Also, temperature differences
must be taken into account, since the armature generally reaches a higher temperature than
the rotor on account of losses In the windings of the armature. Thermal expansion can
decrease the height of the airgap, particularly when the stator and its windings are arranged
within an outer rotor.

[0003] Eccentricity of a circularly cylindrical component - e.g. the rotor - can result in local
variations in the airgap height. Eccentricity of a permanent nature may develop for example
during manufacture of the machine, during transport and installation of the machine or during
its lifetime. Temporary eccentricity can also arise during adverse weather conditions from
uneven wind loading of the rotor blades and a resulting imbalance in the magnetic forces.
Eccentricity I1s associated with a non-uniform airgap width over the airgap circumference, I.e.
the airgap will have regions with nominal width but also regions that are narrower than the
nominal width and regions that are wider than the nominal width. The problem is exacerbated
by the fact that the magnetic force over a narrower airgap region iIs greater than the magnetic
force over a wider airgap region, so that an electrical machine with an eccentric component is
characterized by a magnetic force imbalance and a corresponding reduction In efficiency.
These problems are especially detrimental in the case of a large electrical machine in which
the rotating component is supported by a single bearing, for example an outer rotor generator
with a single bearing at the drive end for which any airgap inconsistencies are magnified at the
(unsupported) non-drive end.

[0004] In one approach to avoid catastrophic collision on account of an excessively narrow
local airgap width, any measureable and/or predictable detrimental factors such as eccentricity,
manufacturing tolerances, temperatures etc., are obtained to predict a situation in which it
would be safer to down-regulate the electrical machine or to shut it down in order to reduce the
risk of collision. Alternatively, the electrical machine can be designed to take the above factors
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INnto consideration, 1.e. with an airgap that is wide enough to avoid collision between rotor and
stator during the lifetime of the machine, even In a worst-case condition given by the
accumulation of detrimental eccentricity factors mentioned above. A suitably wide airgap can
ensure that a local narrowing due to eccentricity is still within a safe limit, so that the electrical
machine can continue to operate even during such a worst-case situation. However, such a
relatively large airgap width comes with the penalty of worse electromagnetic performance
overall. In the case of a wind turbine, a relatively large airgap presents a trade-off between a
possible extension of the generator's uptime and a definite sacrifice of power output. In
another approach, as proposed in WO 2013/093894 A1, a decrease In airgap width I1s detected
and an additional in-phase current is fed into a selected winding or group of windings In order
to balance the stress on the rotor. This method essentially responds to a decrease In airgap
width by generating a localized additional magnetic force in another region of the generator,
but does not act to correct the cause of the airgap width decrease. It is therefore an object of
the invention to provide a way of overcoming the problems described above.

[0005] This object i1s achieved by the method of claim 1 of controlling an electrical machine;
and by the control arrangement of claim 7.

[0006] According to the Invention, the method of controlling an electrical machine - with a rotor
and a stator separated by an airgap - comprises the steps of obtaining a measurement of
airgap width during operation of the machine; determining a corrective value of negative Id
current on the basis of the airgap width measurement when the airgap width measurement
reaches a predetermined minimum. This predetermined minimum airgap width 1s determined
on the basis of a nominal airgap width and/or a manufacturing tolerance and/or stator
temperature and/or rotor temperature and/or a measure of rotor eccentricity. The inventive
method further comprises a step of injecting the negative Id current to correct the airgap width.

[0007] The expression "Injecting negative Id current” is used In its accepted context: a negative
value of Id current is determined under application of the known direct-quadrature-zero (dq0)
transformation, and an inverse transform is applied to obtain values of phase current to be
Injected into the windings. The skilled person will be familiar with the mathematical techniques
Involved. Examples of said mathematical techniques are shown in the article

"Dg0 transform”, published In htip://www.openelectrical.org/wiki/index.php?title=Dg0 Transf
orm

or the article

"Dgo transformation” from Wikipedia, published In hitp://en.wikipedia.org/w/index.php?title=Dqgo

transformation& printa.

[0008] The problems known from the prior art electrical machines are explained using the
example of a wind turbine generator. Fig. 8 shows a greatly simplified cross-section through a
prior art outer rotor generator 2, in a plane orthogonal to the axis of rotation R of the generator
2. The diagram shows a stator 21 arranged on a hollow shaft 23. The stator 21 carries the
generator windings (not shown) between projecting stator teeth. The outer rotor 20 carries an
arrangement of permanent magnets 200. The magnets and windings are separated by an
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airgap AG. The airgap AG should be as uniform as possible, and is preferably very narrow, for
example only a few millimetres, in order to make the generator 2 as efficient as possible.
However, for the reasons given In the introduction, the airgap of a large electrical machine
such as a wind turbine generator i1s seldom uniform over its entire circumference. Particularly in
the case of a direct-drive generator, in which the outer rotor Is supported by a single main
bearing at the drive end, any eccentricity in the rotor 2 can present a serious problem, since
any local critically narrow region in the airgap can be made even worse - I.e. narrowed even
further - by the already present radial force acting on the rotor to pull it towards the stator. This
IS Illustrated (exaggerated to a certain extent) in Fig. 9, which shows an axial cross-section
through the generator 2 of Fig. 8. The outer rotor 20 1s supported at the drive end DE by a
main bearing 24 about a central hollow shaft 23. Any eccentricity in the rotor 20 results In a
departure from its ideal circular cross-sectional shape and airgap regions that are too narrow
and other airgap regions that are too wide. This is made worse by the stronger radial magnetic
force acting across the narrow airgap regions, making them even narrower. A collision
between rotor 20 and stator 21 could result, as indicated by the warning symbol Iin the
diagram.

[0009] An advantage of the method according to the invention Is that the electrical machine
can be controlled during operation in such a way that its airgap iIs prevented at all times from
becoming critically narrow. The method according to the invention can therefore avoid having
to down-regulate or shut-down the electrical machine In order to avoid the risk of collision
damage explained above. The method according to the invention can be applied to various
different kinds of synchronous or asynchronous electrical machine, for example it may be used
to control a permanent-magnet electrical machine, an electrically excited machine without
permanent magnets, etc.

[0010] According to the invention, the control arrangement (1) of an electrical machine (2)
comprises a rotor (20) and a stator (21) separated by an airgap (AG), which control
arrangement (1) comprises

e a measuring arrangement (10) realized to obtain a measurement (100) of airgap width
(WAG) during operation of the machine (2);

e an evaluation unit (11) realized to determine a corrective value of negative |d current
(110) on the basis of the airgap width measurement (WAG) when the airgap width
measurement (WAG) reaches a predetermined minimum airgap width (wMIN), which
predetermined minimum airgap width (WWMIN) 1s determined on the basis of a nominal
airgap width (WNOM) and/or a manufacturing tolerance and/or stator temperature
and/or rotor temperature and/or a measure of rotor eccentricity; and

e a current injection module (12) for injecting the negative Id current (110) into windings
(210) of the electrical machine (2) to correct the airgap width (WAG).

[0011] An advantage of the control arrangement according to the invention is that it can easily
determine whether measures should be taken to avoid a deterioration of the airgap quality.
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The control arrangement according to the invention can ensure that the width of the airgap - at
all points over its circumference - never decreases to a critical level, for example one that
would necessitate shutting down of the electrical machine. The control arrangement can also
be Installed relatively easily to upgrade an existing electrical machine. For example, the current
Injection module can be realised using an already existing current controller. Present-day
electrical machines such as wind turbine generators are controlled using a combination of
hardware and software modules. For such a machine, the current injection module of the
control arrangement according to the invention might simply comprise an adaptation or
upgrade of an already existing software control algorithm. A wind turbine controller may
already have a module that adjusts the Id current in order to regulate the terminal voltage of
generator. Such a module can be adapted relatively easily to take into account any corrective
|ld current determined by the evaluation unit.

[0012] Accordingly the wind turbine comprises a generator and such a control arrangement for
carrying out the steps of the control method according to the invention.

[0013] An advantage of the wind turbine Is that it can continue to operate even under adverse
conditions Iin which several detrimental factors accrue. For example, in the case of a direct-
drive wind turbine with a single bearing supporting an outer rotor, the control arrangement and
method according to the invention allow the generator to continue to operate at a high power
output level (with resulting high rotor/stator temperatures), since any unfavourable reduction In
airgap width can be pre-empted or avoided by the timely injection of negative |Id current into
the windings of the stator, as will be explained in more detail below.

[0014] Particularly advantageous embodiments of the invention are given by the dependent
claims, as revealed in the following description.

[0015] In the following, without restricting the invention In any way, it may be assumed that the
electrical machine Is a three-phase AC machine such as a three-phase generator. For the
method according to the invention, it is irrelevant which of the field or armature is stationary or
rotating. However, to simplify the description, it may be assumed in the following that the stator
IS the armature and carries the windings, and that the rotor i1s the field and carries the
magnets.

[0016] According to the Invention, the step of determining a corrective value of negative Id
current 1s performed when the airgap width measurement approaches a predetermined
minimum. This predetermined minimum does correspond to a critical airgap width that would
otherwise require down-regulation or shutdown (for a machine without this control
arrangement). Alternatively, the predetermined minimum may be slightly higher than this
critical airgap width. In either case, the corrective measures are applied in a pre-emptive
manner to prevent the airgap from ever becoming critically narrow at any point over the
circumference of the airgap.

[0017] As Indicated above, a dg0 transformation I1s a mathematical transformation of three-
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phase time-domain signals from a stationary coordinate system to a rotating coordinate
system. The dqg0 transform can greatly simplify analysis, since three AC quantities are reduced
to two DC quantities. After carrying out a relatively straightforward computation on the DC
guantities, the inverse transform is applied to recover the corresponding three-phase AC
values. The dg0 transformation effectively converts three-phase stator and rotor quantities into
a single rotating reference frame, thereby eliminating the effect of time varying inductances
which would otherwise make such computations extremely complex.

[0018] A three-phase synchronous machine can be modelled by three windings that are
separated by 120 physical degrees, and by three phase currents that are equal in magnitude
and are separated from one another by 120 electrical degrees. The current lags the voltage by
a fixed amount. When the dqO transformation 1s applied to such a machine, the d-g axes
(which are at an angle of 90° to each other) rotate with an angular velocity that is equal to the
angular velocity as the phase voltages and currents. The two DC currents in this dg0 reference
frame are referred to as "ld current” (lying on the d axis) and "lg current” (lying on the q axis).

[0019] The direction of magnetic flux in the airgap iIs along the d axis. Therefore, injection of
negative Id current into the windings of the electrical machine will reduce the stator magnetic
flux. This key Idea of the invention has the effect that the "pull” between rotor and stator is
reduced, with the result that a further decrease in airgap width is prevented, particularly in an
already overly narrow airgap region. In a preferred embodiment of the invention, a corrective
value of negative Id current is Injected to maintain the airgap width at the predetermined
minimum. For example, the airgap width measurement obtained by the measuring
arrangement during operation of the machine may indicate that the smallest airgap width has
reduced to a predetermined threshold level or minimum allowable airgap width. The evaluation
unit can report this finding to the current control module, which responds by determining a
corrective negative Id current value that will prevent the airgap from narrowing further. In this
way, a minimum correction iIs carried out, so that the associated losses are also kept at a
minimum. The relatively low cost of the correction Is outweighed by the advantages of avoiding
damage to the electrical machine and not having to down-regulate the machine or not having
to shut it down.

[0020] The corrective value of negative Id current can be Injected for a limited duration. For
example, assumptions can be made (based on prior observations) regarding a suitable
duration. Alternatively, the corrective value of negative |Id current can be Injected until a
"healthy" airgap width is reported by the measuring arrangement and evaluation unit.

[0021] The measuring arrangement can comprise any means suitable for determining the
width of the airgap at one or more points about the circumference of the airgap. In a preferred
embodiment of the invention, the measuring arrangement comprises one or more distance
sensors, for example a capacitive distance sensor, an optical sensor, an acoustic sensor, a
laser distance sensor, etc. Alaser distance sensor determines distance by directing a beam of
laser light outward and measuring the time for the beam to be reflected back to the sensor. A
very rapid and accurate measurement is made possible when such a sensor is used. This kind
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of sensor can continually measure the airgap width as the rotor rotates. Measurement values
can be forwarded to the evaluation unit, which can identify any narrow regions in the airgap
and can determine whether these are critically narrow, or whether they are still within a safe
limit. As indicated above, a generator for which the outer rotor is supported by a single bearing
at the drive end Is particularly susceptible to airgap problems arising from eccentricity at the
non-drive end. VWhen such a generator is equipped with a control arrangement according to
the invention (either at time of manufacture or as a retro-fit upgrade), any critical narrowing of
the airgap at the non-drive end can be identified and remedied in good time.

[0022] As mentioned above, eccentricity In the rotating component can also arise from high
temperatures in the electrical machine, usually originating in the windings on the armature,
since the temperature Iin the windings can reach very high levels, for example when the
machine Is operating at rated or above-rated output. Therefore, In a further preferred
embodiment of the invention, the measuring arrangement comprises a number of temperature
sensors, for example one or more temperature sensors arranged to monitor the temperature
In the armature and/or one or more temperature sensors arranged to monitor the temperature
In the field. Data obtained from observations made on existing machines and/or from
simulations can be used to identify a threshold temperature range associated with eccentricity
of the rotating component and a resulting critically narrow airgap region. During operation of an
electrical machine equipped with a control arrangement according to the invention (either at
time of manufacture or as a retro-fit upgrade), such a threshold temperature can be identified
In good time, and a suitable value of corrective negative |Id current can be Injected into the
windings to avoid a further narrowing of the airgap.

[0023] Preferably, a corrective value of negative |d current is injected until a satisfactory airgap
width 1s achieved over the entire circumference of the airgap. For example, If a critically narrow
airgap region Is reported, the necessary corrective Id current value Is determined and applied
until the situation i1s remedied. In a further preferred embodiment of the invention, the
corrective value of negative Id current I1s adapted according to a change In airgap width
measurement. For example, the measurement arrangement might observe an increase In
width at the critical region, indicating that the corrective measure Is taking effect. To minimise
losses, the corrective value of negative |d current can be gradually lessened as the airgap
width returns towards a satisfactory value. Equally, if the width at the critical region continues to
worsen Initially, the corrective value of negative |d current can be gradually increased until the
desired corrective effect is observed.

[0024] The method according to the invention preferably comprises a prior step of establishing
a relationship between values of airgap width and values of negative |Id current. A preferred
embodiment of the invention I1s based on observations that relate the magnitude of the radial
force acting on a magnet to the airgap width. For example, information can be gathered for a
specific machine, relating changes in radial force magnitude to changes in local airgap width.
Further observations relate the |Id current to the magnitude of radial force acting on a magnet.
These relationships - which can be established through experimentation on existing
operational generators and/or simulations - are preferably applied in the method according to
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the Invention to remedy a problematic airgap condition arising from eccentricity. In a
particularly straightforward embodiment, a look-up table (LUT) Iis compiled, relating airgap
width values to corrective Id current values. The number of value pairs can depend on the
dimensions of the electrical machine and/or on the accuracy of the measurement
arrangement. For example, a laser distance sensor can deliver airgap width measurements
that are accurate to within a few micrometres. Correspondingly fine adjustments can be made
to the corrective negative Id current in order to achieve the desired reduction in radial force
magnitude. Preferably, the control arrangement according to the Invention comprises a
memory module for storing such a LUT relating values of airgap width to corrective Id current
values.

[0025] Since the method and control arrangement according to the invention make it possible
to identify potential airgap problems and to take remedial action to prevent a critical situation,
an electrical machine that will be controlled using the method according to the invention can be
designed to have a narrower nominal airgap width. The reason for this I1s because it iIs no
longer necessary to allow for the cumulative worst-case eccentricity problems In such a
machine. It follows that an electrical machine that utilizes the inventive method and control
arrangement will also have a corresponding higher output during normal operation, since the
narrower airgap results in increased efficiency. The nominal airgap of such an electrical
machine can be significantly narrower - for example up to 10% narrower - than the nominal
airgap of a comparable prior art electrical machine that does not utilize the inventive method
and control arrangement. For example, a conventional direct-drive wind turbine with an outer
rotor supported by a single bearing is particularly susceptible to airgap problems, since the

heavy rotor Is only supported at one end (usually the drive end). Any eccentricity already
present in the rotor housing and/or any eccentricity arising during the lifetime of the generator
or from wind loading will be magnified at the non-drive end. The nominal airgap of such a prior
art generator must be large enough to prevent collision damage and/or the generator must be
down-regulated or shut down during critical situations. However, a wind turbine according to
the invention can be realized with a smaller nominal airgap width, for example up to 10% less,
and the pre-emptive corrective action can prevent the airgap width from ever decreasing
beyond a critical level. The inventive wind turbine can therefore have a higher output over its
ifetime. Other objects and features of the present invention will become apparent from the
following detailed descriptions considered in conjunction with the accompanying drawings. It is
to be understood, however, that the drawings are designed solely for the purposes of
lllustration and not as a definition of the limits of the invention.

Fig. 1 shows a cross-section through an electrical machine according to a first embodiment of
the Invention;

Fig. 2 shows a cross-section through an electrical machine according to a second embodiment
of the invention;

Fig. 3 lllustrates the action of radial magnetic forces in an electrical machine;

Fig. 4 shows d and g axes of a dqO transformation as applied to an electrical machine;



DK/EP 3086467 T3

Fig. 5 shows graphs of radial magnetic force against airgap width;
Fig. 6 shows graphs of radial magnetic force against |d current;
Fig. 7 shows graphs of airgap width against Id current;

Fig. 8 shows a first cross-section through a wind turbine generator:;

Fig. 9 shows a further cross-section through a wind turbine generator.

[0026] In the diagrams, like numbers refer to like objects throughout. Objects in the diagrams
are not necessarily drawn to scale.

[0027] Fig. 1 shows a cross-section through a three-phase electrical machine 2 according to a
first embodiment of the invention. The diagram is very simplified, and shows four magnet poles
200 arranged on an outer rotor 2, to face windings 210 arranged on a stator 21. Magnets 200
and windings 210 face each other across an airgap AG, which Is also greatly exaggerated in
the diagram. A monitoring arrangement 10 uses a distance sensor, for example a laser
distance sensor, to measure the airgap width as the rotor 20 rotates about the stator 21.
Airgap width measurements wag are forwarded to an evaluation unit 11. This can decide

whether an airgap width measurement wag IS narrower than an acceptable value. In such a

situation, the evaluation unit 11 can consult a LUT stored in a memory module 111. The LUT
can have been put together in a prior step as described above. In this exemplary embodiment,
the LUT Is a list of value pairs relating airgap width values to corrective |Id current values. When
a too-narrow airgap width measurement wag Is identified by the evaluation unit 11, it retrieves

a corresponding corrective negative |ld value 110 and forwards this to a current control module
12. The current control module 12, which can be part of an existing regulation arrangement of
the electrical machine 2, responds by generating phase current values |4, Ig, I for injecting

Into the windings 210 of the machine 2.

[0028] Fig. 2 shows a cross-section (also greatly simplified) through an electrical machine 2
according to a second embodiment of the invention. In this exemplary embodiment, the
monitoring arrangement 10 comprises temperature sensors for monitoring the temperature In
the stator 21 and rotor 20. Temperature measurements T are forwarded (e.g. over a wireless
Interface) to an evaluation unit 11, which can decide - on the basis of a previously established
relationship between temperature and airgap width - whether corrective measures should be
taken to maintain a healthy airgap width. To this end, the evaluation unit 11 can consult a table
stored In a memory module 111, In this case a list of value pairs relating temperature
measurements to corrective Id current values. Since the relationship between temperature and
airgap width has been established In a prior step, the step of obtaining a temperature
measurement during operation of the machine can be regarded as a step of obtaining an
airgap width measurement. VWWhen a too-high temperature measurement is identified by the
evaluation unit 11, it retrieves a corresponding corrective negative |ld value 110 and forwards
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this to a current control module 12, which can respond in the manner described above.
Fig. 3 Illustrates the action of radial magnetic force Fr In an electrical machine 2. When

permanent magnets 200 are used, there Is a radial magnetic force Fr present even when

there are no currents in the stator windings 210. A "pull” i1s exerted between the rotor 20 and
stator 21 due to this radial magnetic force Fr, and the magnitude of this force Fr Increases as

the airgap width decreases. For this reason, any prior eccentricity combined with the increased
radial magnetic force Fr can have a serious detrimental effect on the airgap width, especially

when the rotating component i1s supported at only one end by a single bearing. In a prior art
machine, the nominal airgap width must to be sufficiently large to allow for local decreases In
airgap width during operation of the machine. In an electrical machine with a control
arrangement according to the invention, the magnitude of the radial magnetic force Fr Is

reduced by injecting negative |d current into the windings 210.

[0029] The principle of the control method is described with the aid of Fig. 4. Here, d and ¢
axes of a dqg0 reference frame are indicated in the diagram. In a dqO0 reference frame, as will
be known to the skilled person, the three-phase AC currents are transformed into two DC
currents, namely Id current (which lies along the d axis) and Ig current (which lies along the g
axis). The dg-axes rotate synchronously with rotor 20, whereby the d-axis is aligned with the
centre of a reference magnet pole, and the g-axis extends between two adjacent poles.

The radial magnetic field Fr Is In the direction of the d-axis. The windings 210 on the stator 21

are Injected with currents in a controlled manner to produce a desired armature reaction field,
whereby the armature reaction 1s the effect of the armature flux (arising when currents are
Induced In the windings) on the main field flux (the magnetic flux of the magnets). VWhen g-axis
current Iq Is Injected Iinto the windings 210, the resulting armature reaction field is In the
direction of g-axis. This g-axis armature reaction field interacts with the magnetic field arising
from the magnets to produce torque.

[0030] A certain d-axis current |d, when injected into the windings (after an appropriate inverse
transform), will affect the magnetic field in the direction of d-axis. For a surface-mounted
permanent magnet machine with negligible rotor saliency, this d-axis armature reaction field
does not produce torque and does not contribute to energy conversion. WWhen the Id current is
zero or has a positive value, the resulting d-axis armature reaction field is in the same direction
as the magnetic field arising from the magnets, 1.e. the forces are added, and the resulting
radial magnetic force Fr acts across the airgap to pull the magnets towards the windings.

However, when a negative |d current is applied, the resulting d-axis armature reaction field is
opposite In direction to the magnetic field due to magnets, so that the radial magnetic force Fr

IS reduced. When the negative |d current is sufficiently large, the radial magnetic force Fr can

change direction, acting to "push” the magnets away from the windings.

[0031] A negative Id current has the effect of reducing the radial magnetic force Fr, and

therefore corrects the undesirably narrow local airgap width. However, the entire airgap of the
electrical machine is affected by the injection of negative Id current into the windings, 1.e. the
reduction In Fr Is felt over any narrow airgap regions over the entire circumference of the
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airgap. The same negative Id current results in a larger additive force at a local narrow airgap
region, so that the effect of the method according to the invention is to reduce the eccentricity.

[0032] Fig. 5 shows graphs 50, 51, 52 of airgap width wag [mMm] against radial magnetic force
Fr [KN] for comparable electrical machines, or for a single type of electrical machine with

different nominal airgap widths. Graph 50 corresponds to a machine with a nominal airgap
width of 3 mm, graph 51 corresponds to a machine with a nominal airgap width of 5 mm, and
graph 52 corresponds to a machine with a nominal airgap width of 7 mm. As described above,
a locally narrow airgap region can result from eccentricity, and this can be worsened by the
resulting increased larger radial magnetic force Fr that acts to pull the magnets towards the

stator. The diagram shows how the increasing radial magnetic force Fgr results in a decrease In
local airgap width towards a critical minimum wyy Ny (using graph 50 as an example). A local
airgap width that is less than this critical minimum wy,n can lead to a catastrophic collision

between rotor and stator, and must be avoided.

[0033] Fig. 6 shows graphs 60, 61, 62 of radial magnetic force Fr [N] against |d current [A] for

the same setup used to arrive at the data of Fig. 5. A first graph 60 shows the relationship
between negative Id current and radial force Fr for a machine with a nominal airgap of 7 mm.

The diagram shows that for an Id current of O A, the radial force acting on a pole Is about 42
KN. As the Id current is decreased to minus 6,000 A (i.e. "the negative Id current is Increased"),
the radial force decreases to 20 kN. A second graph 61 shows the effect of negative Id current
InN a generator with a nominal airgap width of 5 mm. Here, the radial force acting on a pole
decreases from about 48 kN to 25 kN when the |d current is decreased from 0 to -6,000 A. A
third graph 62 shows the effect of negative Id current in a generator with a nominal airgap
width of 3 mm. In this case, the radial force acting on a pole decreases from about 54 kN to 30
KN when the Id current i1s decreased from 0 to -6,000 A. In each case, the radial force acting
on a pole 1s reduced by more than 20 kN.

[0034] Fig. 7 shows graphs 70, 71, 72 of airgap width wag [Mmm] against |d current [A] obtained

using the relationships established in Figs. 5 and 6. Increasing quantities of negative |d current
(l.e. the |Id current becomes more negative) injected into the windings result in an improvement
In airgap width, whereby the correction applies to a local narrow airgap region and acts to
remedy this. In this way, the local airgap width can be increased from a critical minimum wp N

back towards the desirable nominal airgap width wynonm, Indicated for one graph 70. The

negative |d current can be injected into the windings for as long as necessary, 1.e. for as long
as It takes to correct an undesirably narrow airgap region. Negative Id current injection Is not
always needed, and may be required only occasionally, for example when one or more worst
case situations occur at the same time, e.g. worst component dimensions and/or worst stator
temperature and/or worst rotor temperature, and/or worst inherent eccentricity. During normal
operation, the negative Id current injection is not needed, so that any losses relating to the
Injection of Id current are kept to a minimum.
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[0035] For the sake of clarity, it Is to be understood that the use of "a” or "an" throughout this
application does not exclude a plurality, and "comprising” does not exclude other steps or
elements. The mention of a "unit” or a "module” does not preclude the use of more than one
unit or module.
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Patentkrav

1. Fremgangsmade til styring af en elektrisk maskine (2), som omfatter en rotor
(20) og en stator (21), der er adskilt af en luftspalte (AG), hvilken fremgangs-
made omfatter trinnene med at

- opna en maling (wacg) af en luftspaltebredde under driften af maskinen (2);

- at bestemme en korrigerende veerdi;

kendetegnet ved, at den korrigerende vaerdi er en negativ ld-stream (110) pa
basis af luftspaltebreddemalingen (wac), nar luftspaltebreddemalingen (wac)
nar en forudbestemt minimumsluftspaltebredde (wmin), hvor den forudbe-
stemte minimumsluftspaltebredde (wwmin) bestemmes pa basis af en nominel
luftspaltebredde (wnowm) og/eller en fremstillingstolerance og/eller stator-
temperatur og/eller rotortemperatur og/eller et mal for rotorexcentricitet; og

- Injektion af den negative ld-stream (110) 1 viklinger (210) af den elektriske
maskine (2) for at korrigere luftspaltebredden.

2. Fremgangsmade ifslge krav 1, hvor den korrigerende veerdi af negativ 1d-
strem (110) injiceres for at forhindre en reduktion |1 en luftspaltebredde under
det forudbestemte minimum (wmin).

3. Fremgangsmade ifalge et af de foregaende krav, hvor en korrigerende
veerdl af negativ Id-strem (110) injiceres, indtil der konstateres en tilfredsstil-
lende luftspaltebreddemaling (wag).

4. Fremgangsmade ifelge et af de foregaende krav, hvor den korrigerende
vaerdi af negativ |d-strem (110) tilpasses 1 henhold til en aandring | den konsta-
terede luftspaltebreddemaling (wag).

5. Fremgangsmade ifalge et af de foregaende krav, omfattende et tidligere trin
med at etablere et forhold mellem vaerdier af luftspaltebredde og vaerdier af
negativ |d-stream.
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6. Fremgangsmade ifelge et af de foregaende krav, hvor forholdet mellem
veerdier af luftspaltebredde og veerdier af negativ |d-stram etableres pa basis
af et yderligere forhold mellem en radial magnetisk kraft (Fr), der indvirker pa
en magnet (200), og en tilsvarende luftspaltebredde og/eller et yderligere for-
hold mellem den radiale magnetiske kraft (Fr), der indvirker pa en magnet
(200), og den negative |d-stram.

7. Styreanordning (1) af en elektrisk maskine (2) omfattende en rotor (20) og
en stator (21), der er adskilt af en luftspalte (AG), hvor styreanordningen (1)
omfatter

- en maleanordning (10), der er indrettet til at opna en maling (100) af en [uft-
spaltebredde (wac) under driften af maskinen (2);

- en evalueringsenhed (11), som er indrettet til at bestemme en korrigerende
veerdi af den negative Id-strem (110) pa basis af luftspaltebreddemalingen
(wag), nar luftspaltebreddemalingen (wag) nar en forudbestemt minimumsluft-
spaltebredde (wmin), hvor den forudbestemte minimumsluftspaltebredde (wmin)
bestemmes pa basis af en nominel luftspaltebredde (wnom) og/eller en frem-
stillingstolerance og/eller statortemperatur og/eller rotortemperatur og/eller et
mal for rotorexcentricitet; og

- en streminjektionsmodul (12) til injektion af den negative Id-stram (110) 1 vik-
linger (210) af den elektriske maskine (2) for at korrigere luftspaltebredden
(WAG).

8. Styreanordning ifelge krav 7, omfattende en hukommelsesmodul (111) til
lagring af en opslagstabel, som forbinder veerdier af |luftspaltebredde (wac)
med veaerdier af korrigerende |d-strem (110).

9. Styreanordning ifalge krav 7 eller krav 8, hvor maleanordningen (10) omfat-
ter et antal af laserafstandssensorer.

10. Styreanordning ifalge et af kravene 7 til 9, hvor maleanordningen (10) om-
fatter et antal af temperatursensorer.



DK/EP 3086467 T3

11. Vindmalle omfattende en generator (2) og en styreanordning (1) ifelge et
af kravene 7 til 10 til udferelse af trinnene i styrefremgangsmaden ifalge et af
kravene 1 til ©.

12. Vindmaglle ifelge krav 11, indrettet som en direkte drev-vindmalle med en
udvendig rotor (20), som basrer en anordning af permanentmagneter (200).
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DRAWINGS

FIG 1
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FIG 3

FIG 4
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