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(57) Abrégé/Abstract:

A method of feeding electric reactive power into an electrical supply network where a wind farm feeds in a wind farm active power
output composed of individual plant active power outputs each generated by a wind turbine of the wind farm or an additional power
generation plant, and also feeds in a wind farm reactive power output composed of individual plant reactive power outputs each
generated by such a turbine or additional power generation plant, the method comprising: determining a total wind farm reactive
power output to be fed in by the wind farm; calculating for each turbine and any additional power generation plant an individual
plant reactive power output to be generated, where the individual plant reactive power output calculated for each turbine and

additional power generation plant is determined depending on its individual plant active power output and the wind farm reactive
power output to be fed in.
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Abstract

A method of feeding electric reactive power into an electrical supply network where a
wind farm feeds in a wind farm active power output composed of individual plant active
power outputs each generated by a wind turbine of the wind farm or an additional power
5 generation plant, and also feeds in a wind farm reactive power output composed of
individual plant reactive power outputs each generated by such a turbine or additional
power generation plant, the method comprising: determining a total wind farm reactive
power output to be fed in by the wind farm; calculating for each turbine and any additional
power generation plant an individual plant reactive power output to be generated, where
10 the individual plant reactive power output calculated for each turbine and additional power
generation plant is determined depending on its individual plant active power output and

the wind farm reactive power output to be fed in.
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Method of controlling a wind farm

The present invention relates to a method of feeding reactive electric power into an
electrical supply network by means of a wind farm comprising a plurality of wind turbines.

The present invention also relates to a wind farm capable of carrying out such a method.

Wind farms in which a plurality of wind turbines are installed that collectively feed electric
power into an electrical supply network via a common grid connection point are known
from the prior art. Such wind farms can be used in addition to support and/or control the
electrical supply network. One option in that regard is for such wind farms to feed reactive
power into the electrical supply network, in particular to provide voltage support and/or
voltage regulation of the grid voltage of the electrical supply network, in any case in the
area of the common grid connection point, or to support the grid operator’s reactive power

management.

To that end, a wind farm is generally given specifications for feeding electric reactive
power. These specifications can consist in an explicit value being specified, for example
by a grid operator, but such a specification can also depend directly on the grid voltage.
For example, the amount of reactive power to be fed in can be calculated according to a
deviation of the grid voltage from a nominal grid voltage, in which case the reactive power

to be fed in is then specified via the grid voltage.

However, the infeed of electric power and thus also of electric reactive power is typically
controlled in wind farms via the individual wind turbines. The reactive power fed in by the
wind farm is thus composed of various partial reactive power outputs supplied by the

individual wind turbines.

The total reactive power to be fed into the grid by the wind farm is therefore distributed
among the individual wind turbines. If all the wind turbines in the wind farm are identical,

each wind turbine can assume an equal share. For example, if the wind farm has ten
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identical wind turbines, each wind turbine can provide one tenth of the total reactive

power to be fed in.

However, it may be the case that the wind turbines are not identical, but rather are
characterised by different rated powers, inter alia. For example, of the ten wind turbines
mentioned as an example, five may each have a rated power of 1 MW, whereas the
remaining five wind turbines may have a rated power of 4 MW, for example. Division into
ten identical shares might not make sense in that case. This problem can be addressed
by taking these rated powers into account when distributing the total reactive power to be
generated. Nevertheless, it may still be problematic, for example, if a wind turbine is shut

down due to maintenance being carried out.

The German Patent & Trademark Office, in the priority application to the present patent
application, has researched the following prior art: DE 10 2013 210 812 Af1;
DE 10 2007 018 888 A1 and DE 10 2018 108 023 A1.

The object of the present invention is therefore to address at least one of the
aforementioned problems. More specifically, a solution is to be proposed in which a total
reactive power to be fed in by a wind farm is distributed appropriately among the
individual wind turbines. At the least, an alternative solution to previously known solutions

is to be proposed.

The invention proposes a method as described below of feeding electric reactive power
into an electrical supply network at a grid connection point by means of a wind farm
comprising a plurality of wind turbines. A plurality of wind turbines are combined in one
wind farm and they feed power into the electrical supply grid via the grid connection point.
All those wind turbines which feed power into the electrical supply grid via this grid
connection point can be understood as part of this wind farm, so the grid connection point

can also be referred to as a common grid connection point.

The wind farm feeds a wind farm active power output into the electrical supply network,
and the wind farm active power output is composed of individual plant active power
outputs which are each generated by one of the wind turbines. Each wind turbine thus
generates an active power output specific to that wind turbine, which is referred to as
plant active power output, and these plant active power outputs of all the wind turbines of
the wind farm are combined, in particular added together to form a wind farm active

power output. This wind farm active power is fed into the electrical supply network. To
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simplify matters, losses between the wind turbines and the grid connection point are

initially neglected.

The wind farm similarly feeds a wind farm reactive power output into the electrical supply
network, and the wind farm reactive power output is composed of individual plant reactive
power outputs which are each generated by one of the wind turbines. This means that the
reactive power output is generated individually by each wind turbine, and this reactive
power output generated by each wind turbine is referred to as the plant reactive power
output. Together, all the plant reactive power outputs of the wind turbines in the wind farm
then form the wind farm reactive power output. In particular, the wind farm reactive power
output is a sum of the plant reactive power outputs that are individually generated. It is
assumed here also that there are no losses and also no phase shifts between the

individual wind turbines and the grid connection point.

One step of the method for feeding electric reactive power is to calculate a total wind farm
reactive power output to be fed in by the wind farm. This calculation can be done in such
a way that a setpoint value for the wind farm reactive power output to be fed in is
obtained from an external source. However, another possible option is that the wind farm
reactive power output to be fed in, which can also be referred to synonymously as the
wind farm reactive power setpoint, is calculated depending on a grid voltage or grid
voltage deviation of the electrical supply network. One option, in particular, is to calculate
the wind farm reactive power output to be fed in according to a deviation of the grid

voltage from a nominal grid voltage of the electrical supply network.

It is proposed, as a further step, that a plant reactive power output to be generated by the
respective wind turbine is calculated for each wind turbine. In this regard, it is proposed
that the individual plant reactive power output to be generated is calculated for each wind
turbine depending on its individual plant active power output and depending on the wind
farm reactive power output to be fed in. Thus, by taking into account the above points
regarding the wind farm reactive power output to be fed in, it is possible to ensure that all
the wind turbines, taken together, ultimately do in fact generate the wind farm reactive

power output to be fed in.

It is proposed, for the distribution of this wind farm reactive power output to be fed in
among the individual wind turbines, that this be determined according to the active power
output, namely the active power output that each individual wind turbine is generating at

that moment. So if, for example, a wind turbine generates twice as much active power as
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another wind turbine in the wind farm is generating at that moment, then one option, to
use a simple example, is for this one wind turbine to generate twice as much reactive
power as the other wind turbine. In this case, the plant reactive power output to be
generated by this one wind turbine would be set at twice the value of the plant reactive
power output to be generated by the other wind turbine. The plant reactive power output
to be generated can also be referred to synonymously as the plant reactive power

setpoint.

With this proposal, it is now possible to take into account not only the wind turbine
variables specific to each wind turbine, but also the current production activity, when
distributing the wind farm reactive power output to be generated. This is based in
particular on the realisation that reactive power can be generated particularly efficiently,
i.e. with comparatively little power loss, when the active power generated is similarly
large. If, in contrast, it is necessary to generate a relatively large amount of reactive
power which is greater, for example, than the active power generated by the respective
wind turbine, then generating such a reactive power output will involve relatively large
losses. It is proposed here, therefore, that the actual plant active power output be taken
into account when calculating the individual plant reactive power setpoints. In this way, it
is possible to prevent some power plants from having to generate a relatively high
reactive power output while generating hardly any active power, which would result in
greater power losses than if at least part of this reactive power to be generated is
generated instead by wind turbines which generate relatively large amounts of active

power.

It is proposed, in particular, that the individual plant reactive power output to be generated
is calculated depending on all the individual plant active power outputs. This means that,
for each wind turbine, consideration is given not only to the respective plant active power
output, but rather to the respective active power outputs generated by all the wind
turbines. In this way, it is possible to make particularly good adjustments when

distributing the plant reactive power outputs to be generated.

The method thus relates to distribution of a reactive power setpoint among the individual
wind turbines in the wind farm. Another option, however, and this applies to all the
embodiments, is that the wind farm is designed as a hybrid farm, i.e. that in addition to
wind turbines, there are additional power generation plants that form part of the wind
farm, in particular that there are additional regenerative power generation plants. Such

additional power generation plants may be photovoltaic systems, in particular. The
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method is also particularly worthwhile for such a hybrid farm, because the different forms
of primary energy, i.e. wind and solar radiation, can result in strong differences in plant

active power output, also in relation to the rated power of the respective power plants.

For example, on a summer’s day with little wind, each and every photovoltaic system is
able to generate its rated power, whereas each wind turbine might only operate at around

30% of its rated power.

All the embodiments and descriptions below are also applicable to the hybrid farm and to
the additional power generation plants. Each description of a wind farm can also be read
as a corresponding description of a hybrid farm. Each description of a wind turbine can
also be read as a corresponding description of an additional power generation plant, in
particular of a photovoltaic system. Each description of a plurality of wind turbines can
also be read as a corresponding description of one or more wind turbines in combination

within one or more additional power generation plants.

According to one embodiment of the invention, the individual reactive power outputs are
determined and generated in such a way that the sum of all the individual reactive power
outputs is equal to the wind farm reactive power output. It is thus proposed that the wind
farm reactive power output that is actually fed in is also taken into account. It may be
stipulated, for example, that all the individual plant reactive power outputs be calculated
first of all and are then actually generated as well. Their total should be equal to the
calculated wind farm reactive power output. Fluctuations and losses, especially between
the power plants and the grid connection point, and which are therefore taken into
account in such a case, can result in the reactive power actually fed in not being exactly
equal to the sum of the individual plant reactive power outputs. There is then a deviation
between the wind farm reactive power to be fed in and the wind farm reactive power that
is actually fed in. This difference can be compensated for, for example by recalculating all
the individual plant reactive power outputs to be fed in, or by adjusting, uniformly or by
means of some other scheme, the calculated plant reactive power outputs to be
generated, so as to eliminate, in particular to compensate for the difference between a
wind farm reactive power to be fed in and the wind farm reactive power that is actually fed

in.

According to another embodiment of the invention, it is proposed that calculation of the
individual plant reactive power output Qy s depending on the wind farm reactive power

output Q. ¢ to be fed in, a total wind farm reactive power output P; , to be fed in, and the
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individual plant active power outputs Py, that are respectively fed in, be determined
according to the equation: Qy ¢ = (Py 4/P; 4)* Qs . Where index N refers in each case to

the wind turbine under consideration.

Thus, in order to calculate the individual plant reactive power output, the reactive power
output Py , currently being fed in by the same wind turbine is set in relation to the wind
farm active power output P; , that is currently being fed in. This ratio is then the share of
the reactive power to be generated by the same wind turbine, therefore. This share is
multiplied accordingly by the total wind farm reactive power output Q; ¢ to be fed in. The
result is therefore that the individual plant reactive power output to be generated by each
wind turbine is calculated according to the active power component generated by the
same wind turbine. This ensures that the reactive power to be fed in is based in each
case on the active power fed in by the same wind turbine and thus prevents a wind
turbine having to feed in a disproportionately large amount of reactive power.

Corresponding losses are thus prevented.

The individual reactive power output is preferably calculated by a central wind farm
control unit. Such a central wind farm control unit can determine, for example by receiving
from an external source via an interface, a total wind farm reactive power output to be fed
in by the wind farm, and is in communication with each of the wind turbines. By means of
such communication, the central wind farm control unit can transmit the respectively
calculated individual plant reactive power output to the respective wind turbine. If
necessary, the central wind farm control unit can also fetch the individual plant active
power output Py , currently being fed in from the respective wind turbine, i.e. from wind
turbine N, and use that to calculate the individual plant reactive power outputs to be

generated.

According to one embodiment, the individual plant reactive power output is calculated
depending additionally on the wind farm reactive power that is actually fed in. In this way,
any deviation between the total wind farm reactive power to be fed in by the wind farm
and the wind farm reactive power that is actually fed in can be corrected or compensated

for by adjusting the individual plant reactive power outputs to be generated.

According to one embodiment, a ratio of the individual plant reactive power output to the
individual plant active power output is the same for each wind turbine. In particular, the
individual plant reactive power output to be generated is calculated for each wind turbine

accordingly. In this way, it is possible to minimise the losses incurred when generating the
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plant reactive power outputs and in particular the sum of losses incurred in generating all

the plant reactive power outputs in the wind farm.

According to one embodiment, each individual plant reactive power output is calculated
from the wind farm reactive power output to be fed in by using an individual conversion
function, wherein the conversion function is composed of at least one predeterminable
basic value which is individual for each wind turbine, and a variable weighting which is
individual for each wind turbine, wherein the variable weighting is calculated depending

on the individual plant active power output of the associated wind turbine.

In particular, the individual conversion function can be a variable factor, such that the
plant reactive power output is calculated from the product of this conversion function and
the wind farm reactive power output. As a factor, this conversion function consists for its

part of the individual basic value and the individual weighting, as two factors.

This is based in particular on the idea that a first relationship, which can also be referred
to as a first approximation, can be defined using the basic value. In a first calculation of
the individual plant reactive power output, in particular when the wind farm or the
respective wind turbine has just been started up, the individual weighting can have the
value 1 as a starting value. The wind power of the wind turbine is then calculated solely

from the wind farm reactive power output to be fed in and the individual basic value.

In addition, however, the variable individual weighting can then be calculated depending
on the individual plant active power output of the associated, i.e. respective wind turbine.
To express this clearly, if the individual plant active power output of the one wind turbine
is particularly low, this can be taken into account via the individual weighting, which,
based on the example above, can then be reduced from the starting value of 1. However,
the starting value can also be the most recent weighting value. Conversely, if the
individual plant active power output is relatively high, the individual weighting can also be

increased accordingly, even beyond the value 1.

It is proposed, in particular, that each individual plant reactive power output Qy ¢ to be set
is calculated from the wind farm reactive power Q; according to the calculation rule
Qcs = ky * Gy * Qg s, With ky as the basic value and Gy as the weighting, with index
N indicating the respective wind turbine in each case, wherein each wind turbine N is
characterised by a plant rated power Py  , the wind farm is characterised by a wind farm

rated power P;; which results as the sum of all the plant rated powers Py, , and the
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basic value ky in each case is a ratio of the plant rated power Py ; to the wind farm rated
power P;r, and/or the variable weighting G, results from a ratio or describes a ratio
between the ratic of the plant active power output P, , to the wind farm active power
output P; , and the ratio of the plant rated power Py » to the wind farm rated power P,
in particular using the equation: Gy = (Py4 /P;.4 Y(Pyr/Psr), Where Gy = Gy, OF Gy

tracks Gy , using a dynamic function, in particular with PT1 behaviour.

Each individual plant reactive power output can thus be calculated using this calculation
rule. The conversion function is the product of k, and G,. Particularly in a settled state,

this product may be equal to the quotient Py ,/P; 4.

More particularly, the basic value k,, is calculated in each case solely on the basis of the
ratio between the rated powers. It is thus calculated individually for each separate wind
turbine as a quotient of the rated power of the respective wind turbine in relation to the
wind farm rated power, i.e. the sum of all the individual rated powers of the wind turbines.
Such a basic value is a good approximation for good distribution of the wind farm reactive

power output to be set and distributed.

However, in order to give additional consideration to the possibility of the active power
actually generated by the individual wind turbines deviating, in terms of the total active
power generated by the wind farm, from this first approximation which was calculated
using the rated power, this can be taken into account using the variable individual
weighting for each individual wind turbine. For the sake of simplicity, the variable
individual weighting can also be referred to simply as a variable weighting or simply as a
weighting. Nevertheless, there is a weighting for each wind turbine, and these weightings

differ from each other, or at least may differ from each other.

This variable weighting thus depends on a double ratio, so to speak, such as the ratio of
the plant active power output to the wind farm active power output, in relation to the ratio
of the plant rated power to the wind farm rated power. In the ideal theoretical case, the
ratio of the plant active power output to the wind farm active power output could be equal

to the ratio of the plant rated power to the wind farm rated power.

During operation of the wind farm, however, such ideal conditions are frequently not
present, for example because a topography of the wind farm causes different wind

turbines to be exposed to different wind flows, for example That may also depend on the

Date Regue/Date Received 2020-11-24



10

15

20

25

30

wind direction. In particular, there may also be wind farm effects where one wind turbine
blocks wind flow to another, or to several other wind turbines, also to different extents in
some cases. Four wind turbines having the same rated power may then produce different
amounts of active power, for example if they are arranged unfavourably in a row such that
the front wind turbine forms a wind shadow for the wind turbine behind it, which in turn
reduces the wind speed for a wind turbine standing even further behind. The wind at the

fourth wind turbine may be even weaker and/or even more turbulent.

This can be taken into account by taking the plant active power outputs that are actually
generated into account. In the unfavourable example mentioned above, the respective
ratios of plant active power output to wind farm active power output would then be
different from that of the plant rated power to the wind farm rated power. For the wind
turbine, referred to by way of example, that is fully in the wind this can also result in the
ratio of plant active power output to wind farm active power output being greater than that
of the plant rated power to the wind farm rated power, because if other wind turbines are
in its wind shadow, the wind farm active power output of this wind turbine standing fully in
the wind is reduced, without its plant active power output being reduced. The ratio of the
plant active power output to the wind farm active power output then becomes greater,
whereas the ratio of the plant rated power to the wind farm rated power does not change,

of course, since both of the rated powers are fixed values.

This can be taken into account by using the aforementioned calculation, in which said
double ratio is included. The ratio of the plant active power output to the wind farm active
power output is thus set in relation to the ratio of the plant rated power to the wind farm

rated power. This allows the variable weighting to be calculated.

It is preferable, however, that this weighting is not calculated immediately after every
change in active power. That can be particularly undesirable, because it would result in
constant variation in the plant reactive power setpoint value, which can affect the
dynamics of the wind turbine. It is therefore proposed that said double ratio be included in
the variable weighting via a dynamic function. In particular, this weighting tracks said
double ratio via a dynamic function. Such a dynamic function can specifically be a PT1
behaviour, i.e. a first-order lag. A first-order lag of this kind is relatively simple to
implement, requires only one variable, namely a time constant, and has the advantage, in

particular, that it cannot oscillate and therefore cannot generate any overshoots, either.
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Preferably, a value of 5 seconds to 300 seconds, in particular a value in the range of 10
seconds to 30 seconds, can be proposed as a time constant for such dynamic tracking, in
particular as a time constant for the aforementioned lag behaviour. The fact that changing
wind directions essentially change the ratios of the active power outputs generated, and
that such variations in wind direction do not occur so quickly, has also been taken into
account here. This means that fast tracking, too, is not absolutely necessary.
Furthermore, there is hardly any risk of damage, either, should the weighting function be
tracked too slowly, i.e. should the distribution of the wind farm reactive power to be
distributed among the individual wind turbines be adjusted too slowly. In that case, there
would be greater losses, which is undesirable but nevertheless has only a slight
influence, especially on the annual yield, if weighting is tracked within the short periods

mentioned.

According to one embodiment of the invention, when there is a change in the fed-in
individual plant active power output, and/or in a or the fed-in wind farm active power
output, the individual reactive power output is not adjusted until after a predetermined
time lag and/or with additional application of a dynamic tracking function and/or by taking

into account a current wind power of the wind farm.

The advantages of delayed adjustment of the individual plant reactive power output have
already been described in connection with the variable weighting function, by means of
which such delayed adjustment of the individual plant reactive power output can also be
carried out well. However, other variants can also be considered, in which a conversion
factor is applied directly as the quotient of the respective plant active power output to the
wind farm active power output, for example, and this is tracked with a time lag if changes
result in the plant active power output and/or in the wind farm active power, i.e. if changes
in the quotient result. Another option is to track with a time lag and/or to detect or
ascertain with a time lag any detected changes in the plant active power outputs and/or
any detected changes in the wind farm reactive power to be fed in, and in this way to
achieve a time-lagged change. The time lag may be configured here in the way that is

described above for time-lagged adjustment of the individual plant reactive power output.

The current wind power of the wind farm can be taken into account in such a way, for
example, that such a wind power of the wind farm is calculated on the basis of a detected
or forecast wind condition, in particular on the basis of a wind condition forecast at short

notice within a time range of up to one hour. This means there is no need for constant
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analysis of the active power actually generated by the individual wind turbines, thus

relieving the pressure on communication within the wind farm.

According to one embodiment of the invention, the individual reactive power output to be
generated is determined temporarily in each case from the wind farm reactive power to
be fed in by using a predetermined default value, if at least one active power output is
unavailable for calculating the individual reactive power output to be generated. In the
event that communication in the wind farm is disrupted, such that the central wind farm
control unit has no access to the current plant active power outputs of the individual wind
turbines, it is still possible, therefore, to specify the individual plant reactive power outputs
to be generated. It should be noted here that a simpler communication link may be
available for transmitting such an individual plant reactive power output to be generated
than for receiving the current plant reactive power output. It is possible, therefore, that
communication in the wind farm is disrupted to such an extent that the central wind farm
control unit cannot receive the values for the generated active power, but can still transmit

setpoints for the plant reactive power outputs to be set.

Such a situation in which the central wind farm control unit cannot receive current active
power outputs is rare, but in this case the wind farm can nevertheless be operated in a

stable manner, and a specified wind farm reactive power can also be fed in.

Such a specified predetermined value for each individual plant reactive power output to
be generated can be set by means of a variant which uses a conversion function
composed of an individual basic value and a variable individual weighting, wherein the
variable individual weighting can then take the value 1 in this case of communication
failure. However, other possible ways of setting the value can be considered, for example
in which the individual plant reactive power output is calculated, from the wind farm
reactive power to be fed in, using the factor Py , / P; 4, and if the plant active power output
is not available, the factor can be temporarily replaced by the specified predetermined
value. A period of less than five minutes, in particular of less than one hour, or less than

one day at least, can be taken as temporary in this sense.

According to one variant, the individual plant reactive power output to be generated is
additionally calculated depending on power line losses of the wind farm. Transmission
lines are provided from the wind turbines to the grid connection point. Power losses can

occur on these transmission lines, and these power losses can preferably be taken
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additionally into account when calculating each individual plant reactive power output to

be generated.

One option to consider here, in particular, is for wind turbines in the wind farm that are
erected further away from the grid connection point than other wind turbines to provide,
i.e. generate, a lower reactive power than wind turbines which are closer to the grid
connection point, relative in each case to the particular transmission lines being used. For
example, a wind turbine located furthest away from the grid connection point may be
assigned an individual plant reactive power output to be generated that is reduced by a
reduction factor, whereas the wind turbine closest to the grid connection point is assigned
an individual plant reactive power output to be generated that is increased by this
correction amount. In this way, the respective individual plant reactive power output to be
generated is still calculated for each wind turbine depending on its individual plant active
power output, but is additionally adjusted depending on the power line losses of the wind

farm.

The individual reactive power output to be generated is preferably calculated depending

additionally on at least one criterion selected from the list comprising

- power losses of the wind farm,

- a cable factor which takes into account, as a weighting factor, the distance of the
wind turbine to the grid connection point, or a grid attenuation, or a grid gain of an

introduced reactive current,

- a fixed converter factor which is specified depending on an infeed unit, in particular
on an inverter, and which takes into account, as a weighting factor, a predefined

converter efficiency,
- a dynamic converter factor which takes into account the currently detected
properties of the infeed unit, in particular of the inverter, in particular a currently detected

efficiency of the infeed unit,

- an overload factor which takes into account the duration and/or magnitude of an

overload,

- an expected or forecast power output, and
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- a reserve factor which takes into account possible changes in active power

generation in order to perform a system service.

The cable factor thus depends on the distance between the wind turbine and the grid
connection point. The closer to the grid connection point the wind turbine is located, the
greater the cable factor that can be selected for it. One option in particular is that such a
cable factor has an average value of 1 for the entire wind farm. If the distance between
the turbine and the grid connection point is particularly large, the weighting factor is less
than 1, and if the distance is particularly small, the weighting factor is greater than 1. The
individual plant reactive power output to be generated by the wind turbine concerned is
multiplied accordingly by this cable factor and is correspondingly higher or lower as a
result. The cable factor preferably ranges between 0.5 and 1.5, in particular between 0.8
and 1.2.

A fixed converter factor is a factor that depends on fixed values of the infeed unit, in
particular such values as can be taken from a respective data sheet of the infeed unit, i.e.
of the inverter in particular. The converter efficiency is an example of such a
characteristic. If the latter is high, a higher value can be specified for the individual plant

reactive power output to be generated.

A dynamic converter factor is one that takes into account currently registered

characteristics of the infeed unit, in particular of the inverter.

An overload factor takes into account the duration and/or magnitude of an overload, so if
a wind turbine is in an overload condition, it may have to provide less reactive power.
This may depend on how long the overload condition has existed and how intense it is. It

may also depend on the situation in the other wind turbines.

Calculating the individual plant reactive power output to be generated may also depend
on an anticipated or forecast power level. In this regard, it is proposed that an anticipated
or forecast active power is used instead of a registered plant active power output. Short-
term forecasts and/or forecasts obtained via a lidar system can be considered in this
regard. By means of such a lidar system, a wind speed can be sensed a few hundred
metres in front of the wind turbine, and such a forecast derived from such a wind speed
detected using lidar can be taken into account when calculating the individual plant

reactive power output to be generated.
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A reserve factor can take into account possible changes in active power generation in
order to perform a system service, in particular in such a way that the individual plant
reactive power to be generated is reduced in comparison with an individual plant reactive
power which does not take a reserve factor into account. The individual plant power

output may thus be less with a reserve factor than without a reserve factor.

A system service may necessitate a sudden or at least rapid change in the active power
fed into the grid. One example of such a system service is the provision of instantaneous
power. Particularly when the active power is increased, this can lead to such a level of
capacity utilisation that the individual plant reactive power output to be generated by the

respective wind turbine cannot be generated or provided or transmitted fully.

To prevent this happening, the individual plant reactive power output, to take a simple
example, can be reduced somewhat in a first wind turbine that feeds in a lot of active
power relative to its rated power. In order to compensate for this, an individual plant
reactive power output can be increased somewhat in a second wind turbine that feeds in
only little active power relative to its rated power. This can be taken into account by using

the reserve factor.

According to the invention, a wind farm is also proposed. The wind farm has a plurality of
wind turbines and is provided to feed electric reactive power into an electrical supply
network at a grid connection point. The grid connection point can also be considered part
of the wind farm. It is proposed that the wind farm be configured to be operated in such a
way that it feeds wind farm active power output into the electrical supply network and the
wind farm active power output is composed of individual plant active power outputs each
generated by one of the wind turbines, and that it feeds a wind farm reactive power
output into the electrical supply network and the wind farm reactive power output is
composed of individual plant reactive power outputs each generated by one of the wind
turbines, and the wind farm has a wind farm control unit which is configured to determine
a total wind farm reactive power output to be fed in by the wind farm, to calculate, for
each wind turbine, an individual plant reactive power output to be generated by the
respective wind turbine, wherein the individual plant reactive power output calculated for
each wind turbine is determined depending on its individual plant active power output and

depending on the wind farm reactive power output to be fed in.

The wind farm active power output and also the wind farm reactive power are fed into the

grid by the individual wind turbines each generating an individual plant active power
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output und an individual plant reactive power output, and by these power outputs being
transmitted by the wind turbines to the grid connection point, where they are fed into the
electrical supply network. Thus, the wind farm feeds in the sum of these individual power

outputs.

The wind farm control unit can be designed as a computing unit having interfaces for
communicating with the wind turbines. This allows the wind farm control unit to receive
the respective values of the individual plant active power outputs from the wind turbines.
The wind farm control unit also has an interface for calculating the total amount of wind
farm reactive power to be fed in by the wind farm. This can be specified directly by an
external source and inputted to the interface. Alternatively, the wind farm control unit can
calculate such a wind farm reactive power output to be fed in, in particular depending on
a detected grid voltage of the electrical supply network. Such detection can also be

carried out via the interface.

The wind farm, in particular the wind farm control unit, is otherwise configured to carry out

a method according to at least one of the embodiments described in the foregoing.

The invention shall now be described in greater detail with reference to the

accompanying Figures, in which

Fig. 1 shows a perspective view of a wind turbine.
Fig. 2 shows a schematic view of a wind farm.
Fig. 3 illustrates a conventional distribution, among individual plant reactive power

outputs to be generated, of a wind farm reactive power to be fed in.

Fig. 4 illustrates a proposed distribution, among individual plant reactive power

outputs to be generated, of a wind farm reactive power to be fed in.

Fig. 5 shows a possible scheme for calculating the individual plant reactive power

output to be set.

Fig. 1 shows a wind turbine 100 comprising a tower 102 and a nacelle 104. A rotor 106
having three rotor blades 108 and a spinner 110 is arranged on nacelle 104. Rotor 106 is

made to rotate by the wind and drives a generator in nacelle 104 as a result.
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Wind turbine 100 has an electric generator 101, which is indicated in nacelle 104. Electric
power can be generated by means of generator 101. An infeed unit 105, which can be in
the form of an inverter, is provided for feeding electric power into the grid. This can be
used to produce a three-phase infeed current and/or a three-phase infeed voltage having
an amplitude, a frequency and a phase, for feeding into the grid at a grid connection point
PCC. That can be done directly, or also collectively with other wind turbines in a wind
farm. A system controller 103 is provided to control wind turbine 100 and also infeed unit
105. System controller 103 can also receive externally specified values, in particular from

a central wind farm computer.

Fig. 2 shows a wind farm 112 comprising, in this example, three wind turbines 100, which
may be identical or different. The three wind turbines 100 are thus representative of
basically any number of wind turbines in a wind farm 112. Wind turbines 100 deliver their
power, namely the generated current, via an electrical wind farm network 114. The
respective current or power outputs respectively generated by the individual wind turbines
100 are added up, and a transformer 116 is usually provided that transforms the voltage
in the wind farm in order to feed it into supply network 120 at infeed point 118, which is
also referred to generally as the point of common coupling (PCC). Fig.2 is only a
simplified view of a wind farm 112. Wind farm network 114 may be designed differently,
for example by a transformer also being provided at the output of each wind turbine 100,

to mention just one other embodiment.

Wind farm 112 also has a central wind farm control unit 122. This can be connected to
wind turbines 100 via data lines 124, or wirelessly, so as to exchange data with the wind
turbines via those connections, in particular to receive measured values from wind

turbines 100 and to transmit control values to wind turbines 100.

Wind farm control unit 122 also has an input interface 130. A value for the wind farm
reactive power output to be fed in, i.e. a wind farm reactive power setpoint value, can
thus be inputted into this input interface 130 from an external entity such as a grid
operator 140. The wind farm reactive power setpoint value can also be referred to

synonymously as the wind farm reactive power setpoint.

Fig. 3 likewise shows a schematic view of a wind farm 312 comprising first to fourth wind
turbines WT1 — WT4. For illustration purposes, these four wind turbines WT1 - WT4 are

arranged one behind the other in relation to a wind direction 350 drawn in here by way of
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example. It can be assumed for the sake of simplicity that the four wind turbines WT1 —

WT4 are of the same design and thus have the same rated power.

Wind farm 312 also has a wind farm control unit 322, which receives a setpoint value for
a wind farm reactive power output to be fed in, which is referred to as Q; ;. The wind farm
control unit 322 uses that value to calculate individual plant reactive power outputs Qy ¢ to
be generated. The calculation is carried out in such a way that wind turbines WT1 - WT4
each receive the respective individual plant reactive power value corresponding to their
rated power. In the example shown in Fig. 3, this value can be 50%, based on a
reference value, for example the maximum reactive power that can be fed in by the

respective wind turbine, or based on the rated power of the respective wind turbine.

In the example, the result is that each of the wind turbines WT1 — WT4 is to generate and
also does generate the same amount of reactive power. This is marked in the Figure as
Q = 50%.

In the illustrative example shown in Fig. 3, a case is assumed in which, in relation to the
wind direction, wind turbines WT2 —WT4 each stand behind or downwind of one or
several previous wind turbines. It is assumed that the wind strength is sufficient for the
first wind turbine WT1 to generate a power output P of 90%. This percentage value may

refer to the rated power of the wind turbine.

Due to the wind shadow, it is assumed that the second wind turbine WT2 can generate
only 70% (P = 70 %), the third wind turbine WT3 only 30% (P = 30 %) and finally that the
fourth wind turbine WT4 can generate only 20% (P = 20 %).

These values may be overstated for better illustration, but they show that all the wind
turbines WT1 —WT4 must each generate the same amount of reactive power, namely
50% (Q = 50 %), whereas there are differences in the active power they generate. As a
result, the first wind turbine WT1 generates a significantly greater active power
component than reactive power component, whereas the fourth wind turbine WT4
generates a significantly greater reactive power component (Q = 50 %) than active power
component (P = 20 %). Generation of reactive power by the fourth wind turbine WT4, in

particular, is thus very prone to loss.

A solution for counteracting this is illustrated in Fig. 4. Fig. 4 shows a wind farm 312

which is essentially the same as the one in Fig. 3, so the same reference signs have
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been chosen. However, there is a difference in how the individual plant reactive power
outputs are calculated, and also a difference in the communication between wind turbines
WT1 - WT4 and the wind farm control unit 322. The wind farm control unit 322 receives
current values for the respective plant active power outputs P, ,. Depending on those
values, the plant reactive power outputs Qys to be generated are then generated
individually. Here, too, the values for the respective individual plant reactive power output
Qn s to be generated are entered at wind turbines WT1 -WT4 as actually generated

reactive power outputs @, in each case with percentage values.

It can thus be seen that the reactive power generated by wind turbines WT1-WT4 is
now of approximately the same order of magnitude as the active power generated in
each case. In any case, the ratio of reactive power @ to active power P is approximately
the same for each of the wind turbines WT1 —WT4, namely somewhat less than the
value 1 in the example shown. The specific value is only an example, but what is
important is that the ratio is approximately the same for all the wind turbines WT1 —WT4.
As a result, the generation of reactive power is improved with regard to minimisation of

losses in comparison with the manner shown in Fig. 3.

Fig. 5 shows a structure for calculating, for each wind turbine, an individual plant reactive
power output to be generated. Fig. 5 is based, for the sake of simplicity and in line with
Figs. 3 and 4, on a wind farm comprising four wind turbines WT1 — WT4. For the sake of
greater clarity, only the first and fourth wind turbines WT1 and WT4 are indicated as
blocks. Each wind turbine outputs a respective value for the currently generated plant
active power output P, , to P, ,. All these values for the plant active power generated are
entered into a summing element 502, which thus calculates by summation the currently
generated wind farm active power output P; ,. A total wind farm reactive power Q; ; to be
fed in by the wind farm is also calculated, which may be specified by an external source.

In any case, it is drawn into Fig. 5 as a known variable.

For each of the wind turbines WT1 to WT4, the individual plant reactive power output to
be generated can be calculated from these values, namely, for each wind turbine WT1 -
WT4, one of the individual plant reactive power outputs @, s to Q, ¢ to be generated. To
that end, and for the first WT1 wind turbine, for example, the currently generated plant
active power output P, , could be divided by the currently generated wind farm active

power output P; 4, and this quotient could be muitiplied by the value of the wind farm
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reactive power Q; s to be fed in by the wind farm. This is an embodiment that is simpler

than the one shown in Fig. 5.

According to the variant shown in Fig. 5, dynamic tracking is also provided. The
calculation structure shown in Fig. 5 also provides the option of calculating the individual
plant reactive power outputs Q,; to Q,s to be generated, even if there is a
communication failure in the wind farm, such that the values of the currently generated
plant active power outputs P, , to P, , are not known. A non-optimal distribution may be

acceptable in this case of malfunction.

In any case, a weighting block 511, 514 that determines a respective initial weighting
value G,,, G,, is provided for each wind turbine. This initial weighting value G, ,, G,, is
inputted via a lag element 504 to produce the tracked weighting value G,, G,. Lag element
504 can be configured as a first-order lag element, with a gain of 1. The tracked
weighting value G,, G, thus obtained, which is variable due to the delayed tracking, is
then multiplied by a basic value K;, K,. The result is multiplied, finally, by the value of the
wind farm reactive power Q; ; to be fed in, thus producing the respective individual plant

reactive power output Q, ¢, @, to be generated.

The basic value K;, K, results from the quotient of the respective wind turbine rated
power P, , P,y divided by the wind farm rated power P; » . This quotient is calculated in
specification calculation block 521, 524. The result is therefore the basic value K, K,,
which thus specifies a ratio for distributing the wind farm reactive power to be fed in,
depending purely on the rated powers. If communication is interrupted, or some other
malfunction occurs that prevent the values of the currently generated active power
outputs from being known, the respective individual plant reactive power outputs Q, ,
Q.s to be generated can be calculated depending purely on this basic value K, K,,
multiplied by the total wind farm reactive power Q; ; to be fed in by the wind farm. An
exception switch 506 is provided in each case, which can be switched in such a way that

the basic value K;, K, is multiplied only by the value 1.

However, this exception switch 506 is normally closed, as also shown in Fig. 5. The
weighting then has its effect. The basic weighting value G, ,, G, is calculated accordingly
from the ratio of the currently generated plant active power output P, 4, P, to the
currently generated wind farm active power output P ,, whereby the basic value K;, K, is

additionally calculated, since the weighting determined here is to be multiplied by the
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basic value K, , K,, which in the stationary state in any case is then eliminated as a result.
However, in the case of communication failure as described above, this basic value K,

K, is necessary when exception switch 506 is open.

The basic weighting value G, ,, G, is calculated accordingly and it can be tracked using

5  the lag function 504.

Lag function 504, in particular, is also used for illustration purposes. Another way that
tracking can lag is if, instead of or in addition to lag element 504, the measured values of
the wind turbines, i.e. the currently generated plant active power outputs P, ,, P, 4, are
calculated with a corresponding lag, or are updated so as to be taken into account when
10 calculating the individual plant reactive power outputs to be generated. Such a lag can be

provided additionally or alternatively for applying the wind farm reactive power Q; .
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Claims

1. A method of feeding electric reactive power (Q) into an electrical supply network at a
grid connection point by means of a wind farm (112) comprising one or more wind
turbines (100, WT1 — WT4), wherein

5 - the wind fafm feeds (112) a wind farm active power output (P; ,) into the
electrical supply network and said wind farm active power output (P;,) is
composed of individual plant active power outputs each generated by one of the
wind turbines (100, WT1 —WT4) or, if the wind farm (112) has one or more
additional power generation plants in addition fo the wind turbines (100, WT1 —

10 WT4), by one of said additional power generation plants, and

- the wind farm (112) feeds a wind farm reactive power (Q; <) into the electrical
supply network and the wind farm reactive power (Qgs) is composed of
individual plant reactive power outputs (0, ¢, U, ¢, Qns) each generated by one
of the wind turbines (100, WT1 -~ WT4) or by one of the additional power

15 generation plants,

said method comprising the steps of

- calculating a total wind farm reactive power output (Q;s) to be fed in by the
wind farm (112),

- calculating, for each wind turbine (100, WT1 — WT4) and, where applicable, for
20 each additional power generation plant, an individual plant reactive power
output (0,5, Qus. Qus) to be generated by the respective wind turbine (100,

WT1 — WT4) or by each additional power generation plant, wherein

- the individual plant reactive power output (@5, Q4 ¢, Qn,s) calculated for each
wind turbine (100, WT1 —WT4) and for each additional power generation plant
25 is determined depending on its individual plant active power output fed-in and

depending on the wind farm reactive power output (Q; 5 ) to be fed in.

Date Regue/Date Received 2023-02-22



10

15

20

25

-2 -

The method according to claim 1, characterised in that

- the respective individual plant reactive power output (Q,s, Qss, Qns) to be
generated is calculated depending on all the individual plant active power

outputs, and/or

-  the individual reactive power outputs are determined and generated in such a
way that the sum of all the individual reactive power outputs is equal to the wind
farm reactive power output (Q; s ).

The method according to claim 1 or 2, characterised in that

- the individual plant reactive power output Qn s calculated depending on the wind
farm reactive power Qgs to be fed in, on a total wind farm active power output
Pea that is fed in, and on the respective individual plant active power output
Pn.a that is fed in is determined according to the equation

Qn,s=(PNnA/Pea) Qo s

where index N refers to the wind turbine under consideration (100, WT1 - WT4) or to

one of the additional power generation plants.

The method according to any one of claims 1 to 3, characterised in that the
individual plant reactive power output is calculated by a central wind farm control unit
(122, 322).

The method according to any one of claims 1 to 4, characterised in that the
individual plant reactive power output is calculated depending additionally on the
wind farm reactive power (Q; s ) that is actually fed in.

The method according to any one of claims 1 to 5, characterised in that a ratio of the
individual plant reactive power output to the individual plant active power output is
the same for each wind turbine (100, WT1 — WT4) and for each additional power
generation plant.
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7. The method according to any one of claims 1 to 6, characterised in that

- each individual plant reactive power output is calculated from the wind farm
reactive power output (Q;s) to be fed in by using an individual conversion

function, wherein the conversion function is composed of at least

5 - a predeterminable basic value which is individual for each wind turbine

(100, WT1 — WT4) and for each additional power generation plant, and

- avariable weighting which is individual for each wind turbine (100, WT1 —

WT4) and for each additional power generation plant, wherein the variable

weighting is calculated depending on the individual plant active power

10 output of the associated wind turbine (100, WT1 -WT4) and of each
additional power generation plant.

8. The method according to claim 7, characterised in that

- each individual plant reactive power output Qn;s to be set is calculated from the

wind farm reactive power output Qgs to be fed in according to the calculation
15 rule
Qns = Kn*Grn*Qe s

where
kn refers to the basic value, and Gn to the weighting, wherein index N refers in
each case to the wind turbine under consideration (100, WT1 —WT4) or to one

20 of the additional power generation plants, wherein

- each wind turbine N and each additional power generation plant N is

characterised by a plant rated power P,

- the wind farm (112) is characterised by a wind farm rated power Pgr which

results as the sum of all the plant rated powers Pn, and

25 - the basic value kn is in each case a ratio of the plant rated power Png to the

wind farm rated power Pgr, and/or
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- the variable weighting Gn results from a ratio in each case, or describes a ratio

between

- the ratio of the active power output Pna to the wind farm active power output
Pc.a and

- the ratio of the plant rated power Pn r to the wind farm rated power Pgr.

The method as claimed in claim 8, wherein the ratio of the plant rated power Pnr to
the wind farm rated power Pcr uses the equation Gno = (Pna/Pea)/(Pngr/PcRr),
where Gn=Gn,0, or Gn tracks Gn,o using a dynamic function.

The method as claimed in claim 9, wherein the dynamic function is a PT1 behaviour.

The method according to any one of claims 1 to 10, characterised in that when there
is a change in the fed-in individual plant active power output or in the fed-in wind
farm active power output (P;,), the individual plant reactive power output is
unadjusted until after a predetermined time lag or with additional application of a
dynamic tracking function or by taking into account a current wind power of the wind
farm (112).

The method according to any one of claims 1 to 11, characterised in that

- the individual plant reactive power output fo be generated is determined
temporarily in each case from the wind farm reactive power (Q;s) to be fed in
by using a predetermined default value, if at least one plant active power output
is unavailable for caiculating the individual plant reactive power output to be
generated.

The method according to any one of ciaims 1 to 12, characterised in that

- the individual plant reactive power output to be generated is additionally

calculated depending on at least one criterion selected from the list comprising

- the power line losses of the wind farm (112),
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a cable factor which takes into account, as a weighting factor, the distance of
the wind turbine (100, WT1 — WT4) to the grid connection point, or a grid
attenuation, or a grid gain of an introduced reactive current,

a fixed converter factor which is specified depending on an infeed unit,
namely an inverter, and which takes into account, as a weighting factor, a

predefined converter efficiency,

a dynamic converter factor which takes into account the currently detected

properties of the infeed unit, namely the inverter,

an overload factor which takes into account the duration and/or magnitude of
an overload,

an expected or forecast power output, and

reserve factor which takes into account possible changes in active power

generation in order to perform a system service.

14. The method as claimed in claim 13, wherein the dynamic converter factor takes into

15 account a currently detected efficiency of the infeed unit.

15. A wind farm (112) comprising a plurality of wind turbines (100, WT1 - WT4) for
feeding electric reactive power into an electrical supply network at a grid connection

point, wherein

- the wind farm (112) is configured {o be operated in such a way that

20 -

25

it feeds wind farm active power output (P; ,) into the electrical supply
network and the wind farm active power output (P;,) is composed of
individual plant active power outputs each generated by one of the wind
turbines (100, WT1 —WT4) or, if the wind farm (112) has one or more
additional power generation plants in addition to the wind turbines (100,

WT1 — WT4), by one of said additionai power generation plants, and that
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- it feeds a wind farm reactive power output (Q; ¢ ) into the electrical supply
network and the wind farm reactive power output (Qs) is composed of
individual plant reactive power outputs each generated by one of the wind
turbines (100, WT1 — WT4) or by one of the additional power generation
plants, and

the wind farm (112) has a wind farm control unit (122, 322) which is configured

to

determine a total wind farm reactive power output (Q; ¢ ) to be fed in by the wind
farm (112),

calculate, for each wind turbine (100, WT1 —WT4) and, where applicable, for
each additional power generation plant, an individual plant reactive power
output to be generated by the respective wind turbine (100, WT1 — WT4) or by
each additional power generation plant, wherein

the individual plant reactive power output calculated for each wind turbine and
for each additional power generation plant is determined depending on its
individual plant active power output fed-in and depending on the wind farm

reactive power output (Q; ) to be fed in.

The wind farm (112) according to claim 15, characterised in that the wind farm
controi unit (122, 322) is configured to carry out a method according to any one of
claims 1to 14.
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