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zum Einspeisen elektrischen Stroms in emn elektrisches, dreiphasiges Netz mit einer ersten, zweiten und dritten Phase mit eier
ersten, zweiten und dritten Spannung mit emner Netzirequenz, umtassend die Schritte: Messen der ersten, zweiten und dritten
Spannung, Transformieren der ersten, zweilten und dritten Spannung mn emn Spannungs-Mitsystem und emn Spannungs-
Gegensystem nach der Methode der Symmetrischen Komponenten, Berechnen eines ersten, zweiten und dritten, Sollstroms zum
Einspeisen 1 die erste, zweite bzw. dritte Phase des Netzes, wobel die Berechnung des ersten, zweiten und dritten Sollstroms 1n
Abhangigkeit wenigstens eines Wertes des Spannungs-Mitsystems und/oder des Spannungs-Gegensystems durchgefiihrt wird.
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Method and apparatus for feeding electrical current into an electrical
power supply system

The present invention concerns a method and a apparatus for feeding
electric current into an electric three-phase network. The present invention
also concerns a wind power installation which is adapted to feed electric
current into a three-phase network.

Methods and apparatuses for feeding electric current into an electric
three-phase network such as for example the European integrated network
or into a part thereof are generally known. Large-scale power stations use
for that purpose a synchronous generator connected directly to the electric
network. For that purpose the synchronous generator is operator at a
suitable rotary speed which is precisely matched to the frequency of the
electric network. Depending on the respective structural configuration of the
synchronous generator the rotary speed is for example 1500 revolutions per
minute in the case of a four-pole synchronous generator connected to a
network involving a frequency of 50Hz. If disturbances occur in the network
such as for example an asymmetric loading on the network in which for
example one of the three network phases is more heavily loaded, that has a
direct effect on the current delivered by the synchronous generator. In that
case the physically governed characteristics of the synchronous generator
can at least partially contribute to making the network symmetrical again.
The nature and fashion of such a contribution from the synchronous
generator however cannot basically be influenced because of the rigid

coupling to the network.

Wind power installations were still connected passively to the network
in the 90s in the sense that they feed as much energy into the network as is
possible at the respective current moment in time in consideration of the
prevailing wind conditions. It was recognised for the first time at the end of
the 90s that wind power installations can also make a contribution to

electrically supporting the network. Thus for example German patent
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application DE 100 22 974 Al describes a method in which wind power
installations can change and in particular throttie their feed of power into the
network in dependence on the network frequency. DE 101 19 624 A1l
proposes that in the event of a network disturbance, more specifically in
particular in the case of a short-circuit, a wind power installation restricts the
current which it feeds into the network instead of being disconnected from
the network in order also thereby to achieve network support. WO
02/086315 Al describes a method for network support by a wind power
installation, which adjusts a phase angle of the fed-in current in dependence
on the network voltage and thus feeds apparent power into the network in
dependence on voltage in order thereby to support the network. DE 197 56
777 Al also concerns a method of network support by means of a wind
power installation, in which the wind power installation possibly reduces the
power to be fed into the network, in dependence on the network voltage, in
order thereby in particular to avoid disconnection from the network, in order
also thereby to achieve support for the network by a wind power installation.

Wind power installations are becoming increasingly important. They
are also increasingly gaining in importance in regard to network support.
The above-described network support measures — which can also be referred
to as pioneering steps - are however still capable in that respect of being
improved in so far as network asymmetries are taken into account.

In that respect taking account of network asymmetries raises some
problems. Firstly problems are involved in rapidly and accurately detecting
network asymmetries. In addition in the case of detection of asymmetries,
the problem arises of targetedly compensating for same, which is not
possible or is only limitedly possible with a strongly coupled synchronous
generator. The same problems occur in systems which do not use a
synchronous generator but simulate same in terms of behaviour.

As state of the art attention is also to be directed generally to WO
2010/028689 A1l relating to a wind power installation with a double-fed

asynchronous machine.

The object of the present invention is therefore that of resolving or

reducing at least one of the above-mentioned problems. In particular the



10

15

20

25

30

CA 02848362 2014-03-11

3

invention seeks to provide a solution in which current is to be fed
deliberately asymmetrically into the network in order to counter
asymmetries present in the network. The invention seeks at [east to provide
an alternative solution.

According to the invention there is proposed a method according to
claim 1.

Accordingly there is proposed a method of feeding electric current into
an electric three-phase network having a first, a second and a third phase
with a first, second and third voltage at a network frequency. In that
respect the method is based on a three-phase system involving a frequency,
namely the network frequency, in which each phase has its own voitage
which can differ from the voltages of the other phases. The method
therefore takes account in particular also of an asymmetric three-phase
system.

In a step the first, second and third voltages are measured and the
voltages are transformed into a voltage positive sequence and a voltage
negative sequence using the method of symmetrical components. Thus, the
three-phase voltage system can be described in a simple and general fashion
in spite of taking account of asymmetries. It is assumed that only three
lines which are usually referred to as L1, L2 and L3 carry current and thus a
zero sequence is not present or is not needed for description purposes, but a
description by voltage positive sequence and voltage negative sequence is
sufficient.

The method further involves calculation of a first, second and third
target current for feeding into the first, second and third phase respectively
of the network. It is pointed out that the provision and feed of such a first,
second and third current - the three currents can also be referred to
together as a three-phase current - differs fundamentally and substantially
from the generation of a three-phase current for actuation of a device like an
electric motor. Thus, when a current is fed into an electric network, there is
usually not a direct and in particular deterministic reaction to the feed into
the network, as would be the case in the event of a well-known consumer.

Admittedly the electric network also reacts to the current which is
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respectively fed in, but nonetheless such a reaction is not comparable to that
of a directly present and clearly identifiable consumer such as for example
an electric motor.

Calculation of the first, second and third target currents is effected in
dependence on at least one value of the voltage positive sequence and/or
the voltage negative sequence. Thus it is firstly proposed that in the event
of a feed into the three-phase network asymmetries of the network are to be
taken into consideration and the three currents to be fed in are to be
correspondingly calculated. Therefore, to take account of the network
asymmetries, it is proposed that the target currents be calculated in
dependence on the voltage positive sequence and the voltage negative
sequence respectively. In that way it is possible to react in targeted fashion
to corresponding asymmetries in the network.

In contrast to conventional large-scale power stations which provide
for the network feed by way of a star with a synchronous generator coupled
to the network there is now proposed specifically targeted calculation of the
target currents in dependence on the asymmetry or taking same into
consideration.

This therefore involves taking account of any asymmetries of the
network voltage, which has consequences in terms of calculation of the
current to be fed. Thus the positive sequence and/or negative sequence of

the network voltage acts on the currents to be fed in.

In an embodiment it is proposed that electric currents are produced by
means of a frequency converter corresponding to the first, second and third
target currents for feeding into the three-phase voltage network and are fed
thereinto. That therefore basically directly involves production of the
currents by a converter, as can be implemented for example by pulse width
modulation. For that purpose the energy to be fed into the network can be

provided in a dc voltage intermediate circuit from which pulse width
modulation is implemented in order to respectively generate an osciltating, In
particular sinusoidal current from the dc voltage signal of the dc voltage

intermediate circuit.
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Preferably for that purpose, in particular for the dc voltage
intermediate circuit specified by way of example, the electric energy Is
provided by a wind power installation and the ac voltage energy produced is
converted by means of a rectifier into energy with a dc voltage. That is
intended in particular to make it possible to use wind power installations or
wind parks with a plurality of wind power installations for stabilising the
network and in particular for stabilising an asymmetric network. At least
preferably the electric energy of wind power installations Is fed into the
network in such a way that any asymmetry involved is not increased and the
network condition is therefore not worsened.

In an embodiment the method is characterised in that to calculate the
target currents a calculation phase angle is adopted as the basis and the
calculation phase angle is determined in dependence on a detection of a
network fault, in particular using a determination filter or a filter block. In
that case the calculation phase angle is determined from a detected phase
angle of one of the network voltages if no network fault was detected.
Otherwise, if a network fault was detected or is to be assumed, it Is
proposed that the calculation phase angle is determined in another way, In
particular from a phase angle of the voltage positive sequence, and/or that
the calculation phase angle is determined using a predetermined network
frequency.

Accordingly determination or calculation of the target currents is not
directly based on a phase angle detected upon measurement of the three-
phase voltage, but a specific phase angle is calculated, which forms the basis
for calculation of the target currents and which for that reason is identified
as the calculation phase angle. The calculation phase angle should be
distinguished for example by a high level of accuracy and/or low noise. The
calculation phase angle can be determined for example by way of a
determination filter or filter block. That determination filter or filter block
can be for example in the form of a state observer. Calculation of the phase
angle can be effected for example in the manner described In German laid-
open application DE 10 2009 031 017 Al in connection with Figure 4 therein.

In particular the operation of determining the currents can be effected in the
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way that determination of the phase angle ¢, from the detected phase angle
oy is described therein.

The calculation phase angle is preferably determined from a phase
angle of the voltage positive sequence if a network fault was detected. Here
in particular the arrangement is switched over to that other source for
determining the phase angle, which can also be implemented in the form of
a software solution. The use of the phase angle of the voltage positive
sequence is proposed for that purpose. At least at the beginning of a
network fault which occurs it may be possible for the phase angle of the
voltage positive sequence to deliver a reliable value or an at least sufficiently
reliable value for the phase angle. Frequently a network fauit also involves
oroblems in terms of voltage measurement. The reason for that can be for
example that the voltage cannot be measured, it can be poorly measured or
in part it cannot be measured or can be poorly measured. Another problem
can be that measurement or detection of the voltage of the three-phase
system is based on conditions which possibly no longer prevail in the
network fault situation.

Alternatively or additionally it is proposed that in the case of a
network fault a predetermined network frequency is used for calculating the
calculation phase angle. In the simplest case a fixed frequency such as for
example the nominal frequency, that is to say for example exactly 50Hz or
exactly 60Hz is constantly predetermined and the phase angle is determined
therefrom, in the simplest case by way of integration. Preferably the use of
a predetermined frequency is combined with the use of a phase angle from
the voltage positive sequence. Such a combination can be effected in such a
way that the operation of determining the voltage positive sequence and in
that case also the voltage negative sequence itself uses a predetermined
frequency, in which case the phase angle of the voltage positive sequence Is
correspondingly also determined and is thus determined using the
predetermined frequency.

It is further preferably proposed that for calculating the target

currents, in particular if a network fault is detected, reference is made to the

voltage positive sequence, in particular to the phase angle of the voltage
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positive sequence. An important aspect when feeding electric current into an
ac voltage network, in particular into a three-phase ac voltage network is the
phase angle with which it is fed into the network. Predetermining an phase
angle of the three-phase target current or a phase angle for each target
current presupposes knowledge which is as precise as possible of the
network phase angle or knowledge which is as precise as possible is
desirable. Therefore a problem in terms of feeding the three-phase current
into the network is imprecise knowledge of the network phase angle, which
for example can occur when there is a network fault. Equally - possibly with
the additional problem of inaccurate measurement - an asymmetric network
is problematical because problems can already occur in establishing a
suitable phase angle for such an asymmetric situation.

Referencing to the phase angle of the voltage positive sequence
component proposes here a solution which addresses those problems.
Determining the positive sequence component which includes the step of
determining the phase angle of the positive sequence component affords a
comparatively stable value which at the same time takes account of any
asymmetries of the three-phase network. Referencing of the operation of
determining the target currents thereto, that is to say taking the phase angle
of the positive sequence or a phase angle of the voltage as calculated
therefrom as the basis, thus permits suitable target current presetting even
for non-ideal conditions in the three-phase network.

Particularly if there are ideal conditions in the three-phase network, it
is possible to switch over to using the detected phase angle of one of the
network voltages and vice-versa. Switching over in that way is preferably
effected at the input side to a filter, in particular at the input side of the
determination filter or the filter block. A corresponding switching-over jump
can also be filtered by using a determination filter or filter block. If for
example a calculation phase angle is determined from the detected phase
angle of a network voltage or a phase angle of the voltage positive
sequence, as is described in Figure 4 of German laid-open application DE 10
2009 031 017 Al then the determination filter or filter block has a second-

order transfer characteristic. A switching-over pulse or jump at the input of
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such a determination filter has correspondingly slight effects at the output of
the filter or filter block and thus there are only few or negligible problems
upon further use for referencing purposes in calculating the target currents.

As a further embodiment there is proposed a method characterised in
that transformation of the first, second and third voltages into a voltage
positive sequence and a voltage negative sequence includes transformation
of the first, second and third voltages by means of a discrete Fourier
transformation (DFT), wherein in particular the discrete Fourier
transformation is effected online and only over half a period duration. From
the measured voltage values of the three phases the discrete Fourier
transformation determines complex voltage values for the three-phases, that
is to say a voltage in respect of amplitude and phase for each of the three
phase voltages. To be able also to take account of non-ideal conditions of
the three-phase network, very fast detection of the network situation, in
particular fast detection of changes in the voltages in the network, can
sometimes be important or even of crucial significance for matched current
feed into the network. When using the positive sequence component and
the negative sequence component, in particular upon referencing to the
phase angle of the positive sequence component of the voltage, a crucial
change in the network state should also be reflected in those components as
quickly as possible. Accordingly the discrete Fourier transformation should
also work as quickly as possible.

Usually a Fourier transformation and thus also a discrete Fourier
transformation is based on at least one entire period duration. That forms
the underlying basis and is also essential for correct implementation of a
Fourier transformation. It was however now realised that it may be
sufficient to base it on half a period duration. Accordingly the Fourier
transformation, namely the discrete Fourier transformation, was adapted
thereto.

Preferably the transformation is effected online, namely in the sense
that at each measurement point the values of the three voltages are
recorded and pass into the discrete Fourier transformation which is also

performed at each measurement time. Thus recorded measurement values
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also act immediately on the result of the discrete Fourier transformation.
The respective currently measured measurement values are incorporated as
new values and the remaining, already previously measured values of the
current half-wave are also involved. A change in the situation in the network
will thus have first effects with the first measurement value, after
measurement of half a period duration they will have acted completely on
the result of the discrete Fourier transformation.

Thus a discrete Fourier transformation for half a period duration
means that the respective current measurement values are recorded in the
manner of a sliding value as far as the measurement values which are back
by half a period duration, and they are incorporated into the discrete Fourier
transformation step.

Thus the duration, after which new measurement values act
completely on the result of the discrete Fourier transformation, can be
halved in relation to a conventional discrete Fourier transformation over an
entire period length. Accordingly the discrete Fourier transformation will
lead to a result twice as quickly or any detection times can be halved.

In an embodiment there is proposed a method characterised in that
transformation of the first, second and third voltages into a voltage positive
sequence and a voltage negative sequence uses a predetermined frequency
instead of measurement of a currently prevailing network frequency. Such a
predetermined frequency can be for example the nominal frequency of the
network, therefore in particular 50Hz in the case of the European integrated
network or for example 60Hz in the USA. The predetermined frequency can
however also be established in some other fashion, either as another fixed
value or by a calculation specification or the network frequency used is taken

from a model.

This embodiment is based on the notion that the transformation can
be influenced, in particular improved, in particular in the sense of stabilising
the transformation, by presetting a network frequency. Such a procedure

can be used precisely when there is a network fault and the actual network

frequency is difficult or inaccurate to measure or cannot be measured at all.
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Preferably the value of the network frequency of a measurement time

which is further back can be used as the predetermined network frequency.
In this case the transformation is oriented to the last, in particular reliably
measurable value of the actual network frequency.

A preferred configuration proposes that the method is characterised in
that the target currents are predetermined in accordance with the method of
symmetrical components by way of a current positive sequence and a
current negative sequence. In particular in that respect the positive
sequence is taken into account by a complex positive sequence current
component in respect of amount and phase and the negative sequence Is
taken into account by a complex negative sequence current component In
respect of amount and phase.

The method of symmetrical components in known as the method of
detecting an existing asymmetric three-phase system, that is to say It Is
basically known as a measurement method. Here it is now proposed that
the currents are to be predetermined based on analysis in accordance with
the method of symmetrical components. That presetting can be effected in
particular in such a way that two complex currents, namely the positive
sequence current component and the negative sequence current
component, are predetermined. On the basis thereof the three individual
target currents are then respectively predetermined in respect of amount
and phase.

In an embodiment therefore calculation of the first, second and thira
current target values is effected in dependence on a value of a voltage
positive sequence and/or a voltage negative sequence of the three-phase
network voltage present, wherein specific predetermination of the three-
phase current to be produced is effected by way of predetermination of
positive sequence current components and negative sequence current
components. This case is based on two completely different procedures or
steps.

In the first step the basic starting point is the actual state of a three-

phase system, namely the three-phase voltage system, and that actual state

is reproduced using the method of symmetrical components.
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The second step involves the target currents, wherein the procedure
involved is entirely different, namely insofar as predetermination is effected
in the image domain. In particular a desired degree of asymmetry can be
predetermined by way of the positive sequence component and the negative
sequence component. Likewise the phase angle can be predetermined in
that image domain, that is to say the representation domain, by the use of
positive and negative sequence components. On the basis thereof the actual
target currents, that is to say the target currents in the time domain, are
then determined and finally suitably converted.

Preferably the target currents are predetermined by way of a positive
and negative sequence. Upon conversion of those target currents as
individual target currents in the time domain they are preferably referenced
to a phase angle of the voltage positive sequence, that is to say the positive
sequence that is to be attributed to the actual state of the voltages in the
three-phase network.

Preferably the target currents are calculated in dependence on the
current positive sequence or the positive sequence current component
respectively and when a network fault is assumed to occur they are
additionally calculated in dependence on the current negative sequence or
the negative sequence current component respectively. Thus in particular a
three-phase target current can be predetermined by way of positive
sequence and negative sequence current components, whereas both
components are used in dependence on the network situation, namely in the

case of a network fault, or only the positive sequence component is used if a

network fault is not to be assumed. Network problems like network faults
and/or network asymmetries can be taken into account thereby.

In that respect, particularly when there is a symmetrical fault-free
network, there is proposed an efficient feed method which in regard to the
target currents only takes account of the positive sequence current
component which basically reflects the symmetrical network. If the network
is completely symmetrical in the mathematical sense the counter-current
component becomes zero and accordingly the counter-current component

will be small if slight asymmetries can be assumed to be involved. It is thus



10

15

20

25

30

CA 02848362 2014-03-11

12

proposed that in suitable cases it is possible to dispense with consideration
of the counter-current component. For the sake of completeness it is
pointed out that the term counter-current component denotes the negative
sequence current component and the term co-current denotes the positive
sequence current component. The network can be identified as a voltage
network to emphasise that the network operates on a voltage basis.

In a preferred embodiment the method is characterised in that the
current positive sequence or the positive sequence current component and
the current negative sequence or the negative sequence current component
are determined in dependence on predetermination of an active power
component of the positive sequence, a predetermination of a reactive power
component of the positive sequence and/or a predetermination of a quotient
of the magnitude of the negative sequence current component in relation to
the magnitude of the positive sequence current component.

An active power component and a reactive power component can be
predetermined thereby in a simple fashion. Preferably the counter-current
component is used to counteract an asymmetry of the electric three-phase
network. Independently thereof an active and reactive power component of
the current to be fed into the network can be predetermined by way of the
positive sequence current component. That is particularly advantageous
and meaningful when the feed of the target currents is referenced to the
phase angle of the voltage positive sequence. In that way it is possible to
feed substantially a symmetrical current component into the network,
adapted to the symmetrical voltage component, and at the same time to
take account of asymmetries both in the detection operation and also in the
feed into the network.

The operation of predetermining a degree of asymmetry or a
parameter characteristic in relation to a degree of asymmetry can be easily
effected when predetermining the three-phase target current by way of
positive and negative sequence components, if the quotient thereof, namely
the quotient of negative sequence component to positive sequence
component, is established. Alternatively, instead of a fixed value it is also

possible to predetermine an upper limit for a degree of asymmetry.
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Preferably the negative sequence current component is set and/or
varied independently of the positive sequence current component, Thus for
example firstly on the one hand the power which is substantially to be fed
into the network, in particular the active power, can be predetermined in
respect of amplitude by way of the positive sequence current component.
Accordingly in that way - expressed in simplified terms - the total current is
predetermined in a first approximation in respect of its amplitude. When
predetermining the complex positive sequence current component division of
active and reactive power or active and reactive power component is also
effected by way of the phase angle, as was described above.

Firstly on the one hand an asymmetry can be predetermined by way
of the counter-current component. In particular it is possible to
predetermine an asymmetry component in a specifically targeted fashion, in
particular in respect of quality and quantity, for at least partially
compensating for an asymmetry in electric voltage networks.
Correspondingly the use of positive sequence current component and
negative sequence current component affords a high degree of freedom in
predetermining the three-phase current to be fed into the network. The
magnitude of the positive sequence current component Is in particular also
substantially adjusted by the available power of the wind power installation
and in that respect in dependence on the prevailing wind conditions.

Preferably the method is carried out online. In particular preferably all
method steps are carried out online. It is possible in that way to react as
quickly as possible to any network changes and the feed of the electric
current can be suitably adapted. In particular the described embodiments
are adapted to such online implementation, as is the case in particular tor
transformation of the detected three-phase voltage system into positive and
negative voltage sequence components. In particular the described discrete
Fourier transformation which is adapted to the use of only a half period

duration permits such online implementation of the method of detecting and

feeding the electric current.
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According to the invention there is also proposed a wind power
installation which uses a method of feeding electric current into an electric
three-phase voltage network of at least one of the described embodiments.

According to the invention there is also proposed a wind park
comprising a plurality of such wind power installations. Such a wind park,
with modern wind power installations of today, can assume orders of
magnitude which permit a significant influence on the electric network, in
particular support for the electric network and also quality improvement of
the current in the electric network.

In that respect the term wind park is used to denote an array of a
plurality of wind power installations which interact with each other and in
particular use one or more common feeding points for feeding electric
current into an electric network.

The invention is described way of example hereinafter by means of
embodiments with reference to the accompanying Figures.

Figure 1 shows a wind power installation,

Figure 2 shows an overview diagram to illustrate an embodiment of
the method according to the invention, anad

Figure 3 shows in detail a calculation block of Figure 2.

Figure 1 shows a wind power installation which inter alia implements a
method according to the invention and for that purpose has at least one
frequency converter with appropriate actuation in order thereby to feed into
an electric three-phase network.

The structure of an embodiment of the invention as shown in Figure 2
is based on a three-phase network 10 into which an inverter 12 feeds by way
of output chokes 14 and by way of a transformer 16. The transformer 16
has a primary side 18 and a secondary side 20. The transformer 16 is
connected to the three-phase network 10 by way of a secondary side 20 and
the primary side 18 is connected to the inverter 12 by way of the output
chokes 14.

The inverter 12 is supplied by way of a dc voltage intermediate circuit
22 with a direct current or a dc voltage, preferably the dc voltage

intermediate circuit 22 can be fed by a wind power installation or a generator
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of a wind power installation, in which electric current generated by the
generator is rectified by means of a rectifier and fed into that dc voltage
intermediate circuit 22.

The inverter 12 thus produces from the direct current or the dc
voltage of the dc voltage intermediate circuit 22 a three-phase alternating
current which has three individual currents iy, i, and i3. The three-phase
alternating current or the three individual currents are produced by means of
pulse width modulation. The pulses required for that purpose are
predetermined by means of a tolerance band control in accordance with the
corresponding tolerance band block 24. For that purpose the tolerance band
block 24 receives the currents iy, i; and iz to be controlled, as reference or
target values.

Calculation of the switching times based on the current target values
is effected by the tolerance band block 24 in basically known fashion in
accordance with a tolerance band method. In accordance therewith -
expressed in simplified terms - a switching operation of a corresponding
semiconductor switch for producing or ending a pulse is triggered when a
current actual value breaks out of a tolerance band, that is to say it exceeds
the respective target value by more than a tolerance value or falls below the
respective current value by more than that or another tolerance value. In
principle it is also possible to use other methods instead of this tolerance
band method.

An essential aspect of the present invention is the operation of
determining those target values iy, i; and i3 and/or the variation in the three
target currents. In that respect the variation in the target currents is also to
be evaluated or interpreted in conjunction with the network behaviour.

To feed current into the network as needed - instead of the term
network it is also possible to use the synonymous term grid network - the
arrangement has the measurement filter 26 which measures the voltages of
the three phases of the network and for that purpose has a respective
measurement resistor 28 and a measurement capacitance 30, that is to say
a capacitor. Those components are provided for each phase and as shown in

Figure 2 measurement of the voltages is effected at the primary side 18 of
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the transformer 16. Alternatively, measurement can also be implemented
on the secondary side 20 of the transformer 16 or also at other locations in
the network 10. For performing measurements in respect of a three-phase
network attention is also directed to German patent application DE 10 2009
031 017 Al which discloses in Figure 3 thereof a measurement filter
corresponding to the measurement filter 26 of this Figure 2.

The measured voltages u,(t), u, (t) and us (t) are inputted into the
transformation block 32 which calculates a transformation at a time of the
voltage values measured in polar co-ordinates into a complex-value
parameter with magnitude and phase, namely the network voltage Uy as
magnitude and the angle ¢y as phase. The phase angle relates to the first
voltage. The calculation operation can be carried out as follows, wherein ujy,
U, and us respectively represent the instantaneous voltage value of the
voltages uy,(t), up (t) and ug; (t):

.| (2 ) (4 Y
u=|u +u,exp| j +u,exp| j—x

— T
. 3 R

— —

U = 2leeal @) + mag )

0,, = arctan(imag(ii )/ real(ii))

Those equations and further description relating thereto are moreover
to be found in above-mentioned German laid-open application DE 10 2009
031 017 Al.

The network voltage Uy determined in that way and the network
phase angle ¢y determined in that way are inputted into a state observer
block 34 which can also be referred as the SO1 block. The input of the state
observer block 34 for the phase angle also has a state switch 36 which can
be switched over in dependence on any fault situation in the network in such
a way that, instead of the network phase angle ¢y, as the output of the
transformation block 32, another phase angle can be inputted into the state
obsérver block 34, which will be further described hereinafter.

The state observer block 34 outputs as the observed state parameter

the estimated parameter U as an estimated effective value of the network
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voltage and the estimated phase angle ¢ as the estimated value of the
network phase angle.

A possible configuration of the transformation block 32 together with

the state observer block 34 cah also be found in the above-mentioned
German laid-open application DE 10 2009 031 017 Al. In that respect
attention is directed to Figure 4 together with the related description. The
transformation block 32 can for example be of such a configuration as shown
at block No 6 in Figure 4 of that laid-open application. The state observer
block 34 can be for example of a configuration as shown by block F1 with
blocks 10 and 12.
' The estimated phase angle ¢ is inputted directly into a decision block
38. The decision block 38 calculates target values for the three-phase
currents i; (t), i> (t) and iz (t). Those target currents form the input for the
tolerance band block 24 and thus the basis for modulation which is carried
out in the inverter 12. The estimated phase angle ¢ is an important basic
parameter for that purpose because a feed of alternating currents into a
running alternating current network is possible only with knowledge of the
respective instantaneous phase angle in the network. Nonetheless the
decision block 38 takes account at least indirectly of further items of
information, namely the estimated network voltage U, any predetermination
values of active and/or reactive power to be fed into the network and the
information as to whether a - relevant - network fault is present or could be
present. Those items of information ultimately pass by way of a PQ control
block 40 into the decision block 38. The decision block 38 performs
calculation or determination of the target currents iy (t), i (t) and iz (t),
wherein the underlying calculation depends on whether a network fault was
or was not detected. For that reason the term decision block was also
adopted for that block 38. The internal calculations in the decision block 38
are also set forth below. Further items of information relating to the PQ
contro! block are also set forth hereinafter.

The decision block 38 uses - and this is also set forth in detail

hereinafter - a breakdown into a positive sequence and a negative

sequence. In corresponding fashion the positive sequence current or the
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positive sequence current component I" and the negative sequence current

or the negative sequence current component 1" respectively forms an input
parameter of the decision block 38. The decision block 38 is based ~ at any
event if no network fault is present - on the positive sequence which
generally in this application is characterised by a superscript plus sign
whereas the negative sequence component is characterised by a superscript
minus sign. In other words the system in Figure 2 and in particular the
calculation in the decision block 38 is referenced to the positive sequence
component.

Breakdown of the measured voltages U; (t), U, (t) and Us (t) into a
positive sequence or a negative sequence is performed in the calculation
block 42 which for that purpose has a predetermined frequency fset. In the
simplest case that frequency can be the assumed network frequency, that is
to say for example 50Hz in the European integrated network or 60Hz in the
USA network. It is however also possible to adopt other values, possibly

also variable values.

In addition as input signals the decision block 38 receives at least also

the phase angle ¢, of the negative sequence in accordance with the

~fset

transformation of the three-phase voltage in the calculation block 42. In
addition the decision block 38 receives as input a flag as an indicator as to
whether a network fault is or is not assumed to be present. The calculations
performed in the decision block 38 in respect of the three target currents i,
(t), i (t) and is (t) are carried out in dependence on the value for the flag.

If the flag is 0, that is to say there is no fault situation, the three

currents are calculated as follows:
i () =+21" cos(p+¢,+)
ir (1) = J2I+ cos(p + G+ %ﬂ')
Iz (1) = Jart cos(¢ + % +%7r)

The respective instantaneous value of the respective target current is
thus based on the magnitude of the positive sequence target current I", the

estimated network phase angle ¢ and the phase angle of the target current
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of the positive sequence @," . The estimated network phase angle ¢ specifies

in that respect the respectively current absolute phase angle of the network

voltage, with respect to the first phase. The phase angle of the positive

sequence current component @," specifies the phase angle of the current of

the positive sequence in relation to the phase angle ¢ of the network
voitage.

If the flag assumes the value 1 (flag = 1) it is assumed that there is a
network fault. Such network faults or network disturbances include:

- the loss of angle stability,

- the occurrence of network islanding,

- the occurrence of a three-phase short-circuit, and

- the occurrence of a two-pole short-circuit.

Further information relating to the nature of such network
disturbances is also to be found in above-mentioned laid-open application DE
10 2009 031 017 Al. The occurrence of such network faults can in
particular also have the result that detected network states, in particular the
phase angle ¢ and the voltage level U were wrongly detected and/or are
unsuitable for or are poorly suited to orientation for the currents to be fed
into the network. Calculation in the decision block 38 for the situation where
a network fault is assumed to occur is thus based - speaking generally -
more greatly on parameters ascertained in the calculation block 42 and thus
more greatly on the predetermined frequency fee. That is intended only to
serve for general explanation and in that respect as a precaution it is pointed
out that calculations in the calculation block 42 about determining the
hositive sequence component 1™ and the negative sequence component 1" are
‘nvolved in the decision block 38 and are thus also of relevance for
calculation in the decision block 38 without the assumption of a network

fault.

Upon the assumption of a network fault (flag = 1), after calculation or
determination of the target currents i; (t), i, (t) and i; (t) the following three
steps are proposed. The following calculation steps - and also the above-

mentioned calculation in the situation without a network fault - are effected
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for that time at which a respective instantaneous value is transferred to the
tolerance band block 24 for the three target currents i; (t), i (t) and is (t).
In the first step a cos-component I and I'“ and a sin-component I*™®

and I are respectively calculated for the positive sequence and the negative

sequence as follows:

i*C =21 cos( ¢ + Q,.)
it =217 sin( ¢ + ¢ )
i¢ =21 cos( o +¢ )

i =N2(=17)sin(e,  +9,)

Y fset £

In the above equation system of the first step, I" denotes the

magnitude of the positive sequence component and correspondingly I

——

denotes the magnitude of the negative sequence component. ¢, and ¢,-

respectively denote the phase angle of the positive sequence and the
negative sequence respectively. In accordance with the Figure 2 structure
those angles are not expressly passed to the decision block 38, but are
inherent elements of the complex positive sequence component I™ and the
complex negative sequence component I'. The phase angle of the negative
system component of the voltage, as is determined in the calculation biock

42, which will be further described hereinafter, is directly passed to the

decision block 38.

It is to be observed that a breakdown of the three-phase network
voltages into a positive sequence component and a negative sequence
component is implemented in the calculation block 42, more specifically
based on the fundamentally known method of symmetrical components.
That method of symmetrical components also forms the basis for the
operation of determining a positive system component and a negative
system component of the current in accordance with the PQ control block 40.
Those two current components are passed as complex values to the decision

block 38. While that breakdown of the network voltage in accordance with
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the calculation block 42 in the ideal case represents a representation of the
actual state of the network voltages the division into positive and negative
sequences for the current in PQ control block 40 includes a representation of
the desired current to be fed into the network or in preparation for the
desired current to be fed into the network. Thus that representation of the
positive and the negative sequences for the current can include for example
a desired phase shift of the current relative to the voltage to feed a desired
reactive power component into the network.

Taking the cos- and sin-components calculated in that way for the
positive sequence and also for the negative sequence e, 1<, 1", I an
auxiliary current value i" and an auxiliary angle value ¢~ are now calculated

in the second step as follows:

———— — —

i =A@ ) (G +i)’

Finally in the third step for each of the target currents i; (t), i; (t) and
i, (t) a respective value for the moment in time in question Is calculated from

the auxiliary current value i" and the auxiliary angle value o, as follows:
i\(t) =i cos(¢p)
1, (1) = i cos(p + %ﬂ)
i.(f) =i cos(p” + % )

It is to be noted that in this third step three individual values are
calculated for the three target currents i; (t), i> (t) and i3 (t). That is effected
for each calculation time, that is to say a plurality of times for each period
duration. It is further to be noted that at each moment in time the auxiliary
current value i* and the auxiliary angle value ¢ change. Depending on the
respective change in those values therefore the result of the calculation of

that step three must not lead to a symmetrical three-phase current system

although the three equations of the calculation in step three differ only in an
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angle offset of 2/3 n and 4/3 = respectively. Nonetheless therefore an
asymmetric predetermination of the three current and thus an asymmetric
feed is just as possible as a symmetrical feed. The same moreover also
applies in substance for the above-represented calculation of the target
currents i; (t), i, (t) and is (t). in the decision block 38 if a network fault is
not assumed to apply, therefore if flag = O.

Figure 3 shows details of the calculation block 42 of the overall
structure shown in Figure 2. In accordance therewith the measured network
voltages u; (t), u, (t) and us (t) are detected and therefrom transformed or
converted into complex voltages U;, U, and Us in the transformation block 50
identified as the half-cycle DFT. In the ideal case those complex voltages U,
U, and Us are only a different representation for the measured voltages u;
(t), u; (t) and usz (t) and presuppose a sinusoidal configuration of a fixed
frequency.

The three complex voltages U;, U, and U; therefore define a three-
phase voltage system which however can be asymmetric. Breakdown of that
three-phase system is accordingly effected into positive sequence
component and a negative sequence component, based on the method of
symmetrical components. The positive system component, namely its
magnitude U*we: and phase ®y'ret, is calculated in the positive sequence
transformation block 52, and the negative sequence component, namely its
magnitude Uer Und phase Qurset IS calculated in the negative sequence
transformation block 54. Both the half-cycle DFT calculation block 50 which
can also be simply identified as the DFT transformation block and aiso the
positive sequence transformation block 52 and the negative sequence
transformation block 54 use for their calculation a set frequency fsee which is
inputted from the exterior and the angle Qrset calculated therefrom. The
predetermined or fixed angle e is afforded by integration of the
predetermined or set frequency fs in the integration block 56.

Calculation of a positive sequence which can also be referred to as a
positive sequence component and a negative sequence which can also be
referred to as a negative sequence component is basically known from the

theory of the method of symmetrical components. In that respect an
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asymmetric three-phase system of so-called phasors is divided into positive
sequence, negative sequence and zero sequence. The positive sequence has
the same direction of rotation as the underlying three-phase system whereas
the negative sequence has an opposite direction to that original system. The
positive sequence considered in itself and also the negative sequence
considered in itself are each symmetrical in themselves. The zero sequence
denotes a sequence in which all phasors involve the same direction and the
same length. That zero sequence compensates for any deviation from zero
of the addition of the original system. In the present case however - which
IS also because a neutral conductor is not present or is not taken into
consideration - a zero sequence is not considered and is thus also not
calculated, but only the positive sequence or the positive sequence
component and the negative sequence or the negative sequence component.
Calculation of a positive sequence and a negative sequence from a
three-phase asymmetric system is known to the man skilled in the art from
text books and in that respect is not described in greater detail here.
Calculation of the complex voltage values U, U, and Us is based on
the basically known method of discrete Fourier transformation, referred to
for brevity as DFT. In a discrete Fourier transformation a periodic signal is
described in unique, that is to say reversible, fashion as superpositioning of a
direct component, a fundamental oscillation and its harmonic. In the
simplest case neither a direct component nor a harmonic is present or such
components can be disregarded. In that case the corresponding descriptive
components are omitted and a description of the signal in terms of
magnitude, phase and frequency is exclusively employed. To perform such a
discrete Fourier transformation a period duration of the periodic signal is to
be detected. If a sinusoidal signal at a frequency 50Hz is involved, as is the
case with the electric voltage in the European integrated network - in

substance that can be applied to a 60Hz network as for example in the USA

B : . 1/ _ 1 _ : :
then a period length is T/f‘"AOHz 20ms . For a discrete Fourier

transformation of the voltage signal of a 50Hz voltage network therefore at

least 20ms is required. That time can be very long if the aim is for fast

reaction to network faults in the network.
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It is now proposed that only half a period length of the signal to be

transformed is used. In the present case therefore of each voltage signal U,

(t), U, (t) and Us (t) only half a period length is taken into account In each

case. The result of this modified DFT which is also referred to here as half-

cycle DFT is calculated in the transformation block 50 and outputted.

Accordingly for each of the three voltage phases there is a voltage
magnitude U; and a voltage phase ¢y;.. The variable "i” can assume the value

1, 2 or 3 and accordingly denotes the 1st, 2nd and 3rd phase respectively.

/
2ﬁ'er

US =K, [u,(t)*cos2r, *t)dt
0

Uz‘ — \/(Uz'c)z T (Ufs)z
That calculation is implemented for each phase, which is indicated by
the index i which thus assumes the value 1, 2 or 3 according to the

respective phase. Thus firstly a first voltage component U/’ and a second

voltage component U, are calculated by means of the respectively specified

1

integral. More specifically therefore a given integral of 0 to 2 foet IS
se

1 . . .
calculated. In that case :—I-T and thus the given integral is calculated

2 fset 2

over half a period duration T. A scaling factor K. is also to be taken into

account for the first voltage component U and correspondingly a scaling
factor K. is to be taken into consideration for the second voltage component
s wherein those two scaling factors may also be identical. The two

integrals represented can be calculated in different ways. For example

implementation of a discrete calculation is also considered, in particular

having regard to the fact that the respective voltage values u; (t) are present
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in @ process computer and thus also in the transformation block 50 in the
form of sampling values. Concrete implementation of such a or a similar
integral formation for example on a process computer is familiar to the man
skilled in the art. Moreover it is pointed out that the first voltage component
U- and the second voltage component U® could be interpreted as an
Imaginary part and a real part.

In calculation of the two integrals for the first and second voltage
components it is to be noted that the voltage values of u; (t) which are back
by up to half a period duration are respectively taken into consideration. In
the case of a sinusoidal voltage signal at a frequency of 50Hz ~ to give a
practical example - that involves half a period duration at 10ms.
Accordingly changes approximately after 10ms are completely detected by
that modified DFT or half-cycle DFT. The first effects however already have
such changes when they occur. The transformation or calculation of the
complex voltage values, namely U,;, U, and Us; , proposed in the
transformation block 50 in Figure 3, can thus be carried out very quickly.
The sampling frequency which the transformation block 50 uses can be for
example 5kHz and therefore there is a calculation value every 200 pus. That
200 ps is thus the duration after which - in this example - the first effect of
a change in the network voltage is reflected in the calculated complex
voltage values.

Accordingly after approximately that time there is also an effect in
respect of the values of the positive and negative sequences, that is to say
for U tset, Purset; Urset @aNd Py rset.

Figure 2 shows the further use of the components calculated in the
calculation block 42 for the positive sequence and the negative sequence as
follows:

The state switch 36 is switched in dependence on a fault signal,
namely the flag. If flag = 0, that is to say if it is assumed that there is no
network fault, the state switch 36 is switched in such a way that the network
phase angle ¢y which is calculated in the transformation block 32 is used as

an input parameter for the state observer block 34.
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If however it is assumed that there is a network fault, then flag = 1
and the state switch 36 switches over so that the phase angle @y et , that is
to say the calculated phase angle of the positive sequence, forms the input,
namely the input angle, of the state observer block 34. In this case
therefore the phase angle of the positive sequence forms the basis for the
state observer block 34. That can also be interpreted such that at any event
reference is made in respect of the phase angle to the positive sequence.

The phase angle of the negative sequence Qy rset forms an input signal
of the decision block 38. That angle is required in the decision block 38 for
the situation where it is assumed that there is a network fault, as was
already explained hereinbefore in connection with the calculations or
processes in the decision block 38. In that respect, upon the assumption of
a network fault, the decision block 38 links the phase angles of the positive
sequence and the negative sequence and in that respect takes account of an
asymmetry in the network voltages. As explained in this case the phase
angle of the negative sequence Qy rset IS effected directly and the phase angle
of the positive sequence @y*we is effected indirectly by way of state
observation of the state observation block 34.

The voltage values of the positive sequence U and of the negative
sequence Ut Which were calculated in the calculation block 42 are used in
the PQ-control block 40. The basically desired current which is to be fed into
the network is determined in the PQ-control block, more specifically in
respect of all three currents to be fed in. The determining operation which
can also be referred to as the presetting step accordingly outputs a complex
positive sequence current I* and a complex negative sequence current [
respectively. Therefore at least the possibility Is assumed to exist, namely
that the three-phase current is asymmetric and therefore the description In
accordance with the method of symmetrical components is used. The PQ-
control block 40 admittedly uses the voltage amplitudes U™ et @and Urser Which
were produced in the calculation block 42 and issue, but for calculation of
the positive sequence and negative sequence current components I"and I it

implements a dedicated calculation, namely breakdown into positive and

negative sequences.
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The calculation of that predetermined current can take account of
various presettings, namely the active power component to be fed in, in
particular the active power component of the positive sequence P* and the
reactive power component to be fed in, namely in particular the active power
component of the positive sequence Q*. In addition it is possible to take
account of a ratio of the magnitudes of the current of the negative sequence
I" to the current of the positive sequence I*, namely I'/I". That quotient is a
measurement of the degree of asymmetry of the three-phase system which
is described by that positive sequence component and negative sequence
component.

In addition the PQ-control block 40 takes account of fault criteria,
from which a network fault can be deduced and generates the above-
described flag which assumes the value 0 if it is assumed that there is no
network fault and assumes the value 1 if it is assumed that a network fault is
present. Such fault criteria can be for example a great change in frequency,
the failure of a phase or also the failure of or a great reduction in the
amplitude of all phases. The fault criterion can however also be a direct
signal which is already the result of an external evaluation or which is
afforded by a network operator and possibly in that respect also specifies the
nature of the network fault.

The PQ-block can be implemented in different ways. It can for
example simultaneously take account of U*et and Ut and U. For example
U*ret @and U'rer, Which are basically synthetic values, and U which stands for
the real voltage, do not have to be correctly reproduced. Thus U et and U
.. can for example have a frequency fault. The one or the other or both

values is used in dependence on the specific situation.
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Claims

1. A method of feeding electric current into an electric three-phase
network comprising a first, second and third phase with a first, second and
third voltage at a network frequency, comprising the steps:

- measuring the first, second and third voltage,

- transforming the first, second and third voltage into a voltage
positive sequence and a voltage negative sequence using the method of
symmetrical components,

- calculating a first, second and third target current for feeding into
the first, second and third phase respectively of the network,

- wherein calculation of the first, second and third target current is
effected in dependence on at least one value of the voltage positive

sequence and/or the voltage negative sequence.

2. A method according to claim 1 characterised in that electric energy
is produced by means of a wind power installation and fed into the electric

network.

3. A method according to claim 1 or claim 2 characterised in that
electric currents corresponding to the first, second and third target currents
for feeding into the three-phase network are produced by means of a

frequency converter and fed into the network.

4. A method according to one of the preceding claims characterised in
that a calculation phase angle (¢) forms the basis for calculation of the
target currents and the calculation phase angle (¢) Is determined in
dependence on detection of a network fault, in particular using a
determination filter or filter block (34), wherein

- the calculation phase angle (¢) is determined from a detected phase

angle of one of the network voltages if no network fault was detected and/or
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- the calculation phase angle is determined from a phase angle of the

voltage positive sequence, in particular using a predetermined network

frequency (fst) if @ network fault was detected.

5. A method according to one of the preceding claims characterised in
that for calculation of the target currents, in particular if a network fault is
detected, reference is made to the voltage positive sequence, in particular to

the phase angle of the voltage positive sequence.

6. A method according to one of the preceding claims characterised in
that transformation of the first, second and voitage into a voltage positive
sequence and a voltage negative sequence includes transformation of the
first, second and third voltage by means of a discrete Fourier transformation
(DFT), wherein the discrete Fourier transformation is effected in particular

online and/or only over half a period duration.

7. A method according to one of the preceding claims characterised in
that transformation of the first, second and third voltage into a voltage
positive sequence and a voltage negative sequence uses a predetermined

frequency instead of measurement of the currently prevailing network

frequency.

8. A method according to claim 7 characterised in that the value of
the network frequency of an earlier measurement time, a nominal value of
the network frequency and/or an externally predetermined value is used as

the predetermined frequency.

9. A method according to one of the preceding claims characterised in
that the target currents are predetermined using the method of symmetrical
components by way of a current positive sequence and a current negative
sequence, and in particular the positive sequence is taken into consideration
by a complex positive sequence current component in respect of magnitude

and phase and the negative sequence is taken into consideration by a
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complex negative sequence current component in respect of magnitude and

phase.

10. A method according to claim 9 characterised in that the target
currents are calculated in dependence on the current positive sequence or
the positive sequence current component and upon the assumption of a
network fault in addition in dependence on the current negative sequence or

the negative sequence current component.

11. A method according to one of claim 9 and 10 characterised in that
the current positive sequence or the positive sequence current component
and the current negative sequence or the negative sequence current
component is determined in dependence on a presetting of an active power
component of the positive sequence, a presetting of a reactive power
component of the positive sequence and/or a presetting of a quotient of the
magnitude of the negative sequence current component in relation to the

magnitude of the positive sequence current component.

12. A method according to one of claims 9 to 11 characterised in that
the negative sequence current component is set and/or varied independently

of the positive sequence current component.

13. A method according to one of the preceding claims characterised
in that the method is carried out online, in particular all method steps are

carried out online.

14. A wind power installation which uses a method according to one
of the preceding claims for feeding electric current in or in which a method

according to one of the preceding claims is implemented.

15. A wind park comprising a plurality of wind power installations with

at least one wind power installation according to claim 14.



CA 02848362 2014-03-11

1/3

_Hub/spinner

V'Vi-nd‘power

Rotor blade
installation




CA 02848362 2014-03-11

NV

el JIne |0JUOD-Od

2/3

WMz -
pueq oocmho_o 1

Oy

8¢
1 £

1935}

ey



CA 02848362 2014-03-11

3/3
Block A 50
U»"(t) — > ~ 91"92’93
u2(t) . HALF - CYCLE
o DFT
fset Pfset
52
+
Utset
+
T © +
-U-fset
fo ot D fset
A ®
56
i U}set
T -
cp.-u-fset

54

Fig. 3




4 /| Toleranzband |

10,200,130

PQ-Control KZ Fehler-

kriterien

fset 40 p* gt (17/17)
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