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Title of Invention

Method for operating a wind farm, wind farm controller and

wind farm

Detailed Explanation of the Invention

Field of invention

The present invention relates to the field of power genera-

tion by wind turbines.

Art Background

Ordinary power plants operated with nuclear power or combus-
tion are to be substituted with renewable energy sources such
as wind farms, solar power stations and wave farms for exam-
ple. In particular, wind turbines are becoming more and more
popular for ecological power generation. The kinetic energy
of the wind is converted to rotational energy of a wind
turbine rotor by the wind turbine rotor blades and therefrom

to electric energy by a generator.

One of the main challenges associated with the substitution
of conventional power plants with renewable energy sources is
delivering the power at the time when it is actually demanded
by the consumers. Conventional power plants may simple burn

more (less) fuel when the demand augments (decreases).

However, the power renewable energy sources deliver cannot be
regulated in such an easy way. The amount of wind, for exam-—
ple, may be the same over a whole day. However, power demand
may deviate during the day, in particular may be higher at

noon for cooking. Moreover, there may be even no wind at all.
Solar power stations on the other hand may provide power only

during daytime and not when it is needed for illumination.

US 7 908 036 B2 and US 2010/0138058 Al describe wind farms,

groups of several wind turbines at one location, being oper-
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ated based on "ramp rates", i.e. the rate of change in power

production a wind turbine can provide at normal operation.

However, there may a need for a method for operating a wind
farm and a wind farm, which provide additional support, in
particular concerning reactive power support and voltage

support, for an external grid.

Summary of the Invention

This need may be met by the subject matter according to the
independent claims. Advantageous embodiments of the present

invention are described by the dependent claims.

According to a first aspect of the invention there is pro-
vided a method for operating a wind farm, the wind farm
comprising a wind turbine, and an energy storage device, the
wind farm being connected to an external grid, the method
comprising determining a demanded active power, determining a
demanded reactive power, determining power production of the
wind turbine, and charging the energy storage device, when
the power production is above the demanded active power, the
demanded reactive power, or the vector sum of demanded active

power and demanded reactive power.

According to a first embodiment of the method for operating a
wind farm, the method further comprises discharging the
energy storage device, when the power production is below the
demanded active power, the demanded reactive power, or the

sum of demanded active power and demanded reactive power.

Discharging the energy storage device thus may allow the wind
farm to better comply with external requirements. The amount
of stand-by conventional power stations may be reduced as in
low wind situations additional power may be provided by the

energy storage device.
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According to another embodiment of the method for operating a
wind farm, the method further comprises reducing the power
production, when the power production is above a rated power

production of the wind turbine.

Reducing the power production when the power production is
above a rated power production of the wind turbine may reduce
the loads experienced by the wind turbine and may accordingly

extend the lifetime of the wind turbine.

According to yet another embodiment of the method for operat-
ing a wind farm, the method further comprises reducing the
power production, when the power production is above the sum
of either the demanded active power, the demanded reactive
power, the vector sum of demanded active power and demanded
reactive power and a rated charging power of the energy

storage device.

Reducing the power production, when the power production is
above the sum of either the demanded active power, the de-
manded reactive power, the vector sum of demanded active
power and demanded reactive power and the rated charging
power of the energy storage device may be enhance the life-

time the energy storage device.

According to a further embodiment of the method for operating
a wind farm, the method further comprises reducing the power
production, when the power production is above the sum of
either the demanded active power, the demanded reactive
power, or the vector sum of demanded active power and de-
manded reactive power and when furthermore the energy storage

device is full.

Overcharging of the energy storage device may result in
overheating of the energy storage device. Reducing the power
production, when the power production is above the sum of

either the demanded active power, the demanded reactive
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power, or the vector sum of demanded active power and de-
manded reactive power and when furthermore the energy storage
device is full may thus avoid damaging the energy storage

device.

According to a still further embodiment of the method for
operating a wind farm, the method further comprises determin-
ing the external grid voltage and providing correctional
voltage via the energy storage device, when the external grid

voltage differs from a predetermined external grid voltage.

Determining the external grid voltage and providing correc-—
tional voltage via the energy storage device, when the exter-
nal grid voltage differs from a predetermined external grid
voltage may reduce voltage fluctuations experienced by the

consumers connected through the external grid voltage.

According to a second aspect of the invention there is pro-
vided a wind farm controller, the wind farm controller being
adapted for operating a wind farm according to a method as

set forth above.

The method as set forth hereinbefore may be implemented with
a wind farm controller such that manual interference of
operating personal may be reduced to a minimum or dispensed

with.

According to an embodiment of the wind farm controller, the
wind farm controller comprises a memory for storing data
indicative of the amount of energy stored within the energy

storage element.

Information about the amount of energy stored within the
energy storage element may help to decide when power produc-—
tion should be reduced to avoid overcharging of the energy
storage element. Furthermore, such information may be useful

to decide if additional power can and should be provided by
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the wind farm, when market prices for power are particularly
high.

According to a third aspect of the invention there is pro-
vided a wind farm comprising a wind turbine, an energy stor-
age element, and a wind farm controller as set forth above.
Such a wind farm may be more profitable as it may harvest
more energy from the wind than a wind farm without an energy

storage element.

According to a first embodiment of the wind farm, the energy
storage element comprises a battery and/or a flywheel and/or

a superconducting magnetic energy storage.

Several methods for storing energy have been described in the
state of the art. Batteries have the advantage of having been
researched intensively and the influence of operating condi-
tions on the lifetime is well known. Flywheels may provide
particularly high power for a short amount of time without
comprising lifetime. Superconducting magnetic energy storages

may have a low self-discharge.

According to another embodiment of the wind farm, the energy
storage element comprises a dynamic voltage restorer. A
dynamic voltage restorer may be used to maintain the voltage
within the wind farm essentially constant in case of a volt-

age drop of the external grid.

According to yet another embodiment of the wind farm, the
energy storage element comprises a bypass switch. A bypass
switch may be used to decouple the energy storage element
from a wind farm grid. This may be useful to avoid that grid
failures, e.g. voltage spikes, may damage the energy storage
element, 1in particular a battery or a superconducting mag-

netic energy storage thereof.
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According to a further embodiment of the wind farm, the
energy storage element comprises an injection transformer. An
injection transformer may provide galvanic insulation of the
energy storage element from a wind farm grid. Furthermore, an
injection transformer may allow operating the energy storage
element with a lower voltage. Power components rated for a

lower voltage may be cheaper.

According to a forth aspect there is provided a program
element for operating a wind turbine, the program element,
when being executed by a data processor, is adapted for
controlling and/or for carrying out a method as set forth

above.

The program element may be implemented as computer readable
instruction code in any suitable programming language, such
as, for example, JAVA, C++, and may be stored on a computer-—
readable medium (removable disk, volatile or non-volatile
memory, embedded memory/processor, etc.). The instruction
code 1s operable to program a computer or any other program-—
mable device to carry out the intended functions. The program
element may be available from a network, such as the World

Wide Web, from which it may be downloaded.

According to a fifth aspect there is provided a computer
readable medium on which there is stored a computer program
for processing a physical object, the computer program, when
being executed by a data processor, is adapted for control-

ling and/or for carrying out a method as set forth above.

The computer-readable medium may be readable by a computer or
a processor. The computer-readable medium may be, for example
but not limited to, an electric, magnetic, optical, infrared
or semiconductor system, device or transmission medium. The
computer-readable medium may include at least one of the
following media: a computer-distributable medium, a program

storage medium, a record medium, a computer-readable memory,
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a random access memory, an erasable programmable read-only
memory, a computer—-readable software distribution package, a
computer—-readable signal, a computer-readable telecommunica-
tions signal, computer-readable printed matter, and a com-

puter-readable compressed software package.

It has to be noted that embodiments of the invention have
been described with reference to different subject matters.
In particular, some embodiments have been described with
reference to method type claims whereas other embodiments
have been described with reference to apparatus type claims.
However, a person skilled in the art will gather from the
above and the following description that, unless other noti-
fied, in addition to any combination of features belonging to
one type of subject matter also any combination between
features relating to different subject matters, in particular
between features of the method type claims and features of
the apparatus type claims is considered as to be disclosed

with this document.

The aspects defined above and further aspects of the present
invention are apparent from the examples of embodiment to be
described hereinafter and are explained with reference to the
examples of embodiment. The invention will be described in
more detail hereinafter with reference to examples of embodi-

ment but to which the invention is not limited.

Brief Explanation of the Drawings

Figure 1 shows a schematic overview of an exemplary embodi-
ment of a wind farm according to the state of the

art.

Figure 2 shows a schematic overview of an exemplary embodi-

ment of a wind farm according to the invention.
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Figure 3 illustrates an exemplary embodiment of a method for

operating a wind farm according to the invention.

Figure 4 illustrates an exemplary control strategy for an

exemplary wind farm according to the invention.

Figure 5 shows an exemplary embodiment of a control circuit.

Figure 6 shows an exemplary stop charging strategy.

Figure 7 shows a schematic overview of an exemplary embodi-

ment of a wind farm according to the invention.

Figure 8 shows an exemplary voltage scenario.

Figure 9 shows a visualization of potentials.

Figure 10 shows an exemplary voltage scenario.

Figure 11 shows a schematic overview of an exemplary embodi-

ment of a wind farm according to the invention.

Detailed Description

The illustration in the drawing is schematically.

Figure 1 shows schematic overview of an exemplary embodiment
of a wind farm 1 according to the state of the art. The wind
farm 1 comprises a first wind turbine 2, a second wind tur-
bine 3, and a third wind turbine 4. The wind turbine genera-
tors 5, 6, 7 of the respective wind turbines 2, 3, 4 are
connected to the low voltage side of corresponding wind
turbine transformers 8, 9, 10. The transformed power is
guided from the medium voltage side of the respective wind
turbine transformer 8, 9, 10 to a point of common coupling 11
via cables 12, 13, 14 with impedances 15, 16, 17 respec-—

tively. After the point of common coupling the power is



(22) JP 2013-70603 A 2013.4.18

further transformed to an even higher voltage via the wind
farm transformer 18. The power is then fed into an external
grid 19 via a reactive power compensator 20. A wind farm
controller 21 monitors the voltage, frequency, active power,
and reactive power before and/or after the wind farm trans-
former 18 and provides the wind turbines 2, 3, 4 with control
signals 22, 23. The control signals 22, 23 are used to con-
trol the power each wind turbine 2, 3, 4 produces and the
rotational speed of the wind turbine rotor of each wind
turbine 2, 3, 4.

Figure 2 shows a schematic overview of an exemplary embodi-
ment of a wind farm 24 according to the invention with a
first wind turbine 25, a second wind turbine 26, a third wind
turbine 27, and a forth wind turbine 28. The wind turbine
generators 29, 30, 31, 32 of the wind turbines 25, 26, 27, 28
respectively are rated for a power production of 2.3 MW. The
wind turbine transformers transform the power from 690 V to
33 kV. Via cables 37, 38, 39, 40 with impedances 41, 42, 43,
44 the power is guided to a point of common coupling 45. From
the point of common coupling 45 the power is guided to the
medium voltage side of the wind farm transformer 47 where the
power is typically transformed from 33 kV to 132 kV. However,
the transformation ratio may be changeable. This may enhance
the adaptability of the wind farm to different external grids
48. Furthermore, a wind farm transformer with a changeable
transformation ratio may provide enhanced external grid
support in case of external grid failures. From the high
voltage side of the wind farm transformer 47 the power is
provided to the external grid 48 via a reactive power compen-—
sator 49. The reactive power compensator 49 in this exemplary
embodiment has a ratio reactance to resistance of 10. An
energy storage device 46 is coupled to the point of common
coupling 45. However, in an alternative embodiment the energy
storage device 46 could as well be coupled to the high volt-
age side of the wind farm transformer 47. The energy storage

device 46 comprises a battery 50, a control circuit 51, a
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converter 52, a filter unit 53, and an injection transformer
54, The control circuit 51 controls the charging and dis-
charging of the battery 50 with direct current. The converter
52 converts the direct current to the alternating current to
be provided at the point of common coupling 45. The output of
the converter 52 is connected to the filter unit 53, which
smoothens the current before it is fed into the injection
transformer 45. The injection transformer 54 may in particu-
lar be a three-phase transformer. The injection transformer
54 may not only be used to inject the alternating current at
the point of common coupling 45, but may also transform the
voltage at the point of common coupling 45 side to a lower
value at the filter 52 side. This may allow using low voltage
devices for the energy storage element 46. A wind farm con-
troller 55 measures the voltage, frequency, active power, and
reactive power before and/or after the wind farm transformer
47. Based on these parameters the wind farm controller 55
controls the wind turbines 25, 26, 27, 28 and the energy
storage element 46, in particular the control circuit 51, via
control signals 56, 57, 58, 59. The control circuit 51 may
communicate with the wind farm controller 55 bidirectional to
prevent the wind farm controller from performing frequency
control. The wind farm controller 55 may for example deter-
mine how much power is to be extracted from the energy stor-
age element 46 via the control signal 58 and at the same time
receive feedback from the control circuit 51 about the re-

maining energy level of the battery 50.

Figure 3 illustrates an exemplary embodiment of a method for
operating a wind farm according to the invention. The diagram
shows the development of the power available in view of the
wind currently blowing Pay, active power the wind turbines
actually produce Pyr, the active power the wind farm provides
to a external grid Pgs, and active power the energy storage

element stores and releases Pps versus time.
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When the wind starts at to to blow the wind turbine may use
essentially all of the power available Pay to produce active
power Pyr. No energy has been stored in the energy storage
element yet. Accordingly the active power the wind farm
provides to the external grid Pg is equal to Pyr and Pay. When
the power available Py surpasses at time t; the active power
demanded by consumers Ppp the wind turbines may still use all
the active power available Pay to generate active power Pyr.
The active power provided to the external grid Pgs 1s reduced
by active power Pgs used to charge the energy storage ele-
ment. In this way the supplemental energy Egy may be retained
in the energy storage element as stored energy Esr. The
charging power of the energy storage element may be limited
by a certain threshold power Pryz. If the power available Pay
exceeds the demanded active power Ppp by an amount of more
than Pty at t; the active power produced by the wind turbines
Pyr may be reduced to avoid damaging the energy storage ele-
ment. When the wind reduces and the power available Pay be-
comes lower than the demanded power PDP energy Egr, may be
released from the energy storage element, such that more
active power Pgs may be provided to the external grid. In
this way even in low wind conditions consumer demands may be
better fulfilled.

Figure 4 illustrates an exemplary control strategy for an
exemplary wind farm according to the invention. A comparator
60 compares the power to be provided by the wind farm PWF
with the power Pppc available at a point of common coupling of
wind turbines and an energy storage element of the wind farm.
The difference thereof is provided to a wind farm controller
61, which determines a new preferred power Pty to be provided
by the wind turbines. A divisor 62 divides the value of this
preferred power Pro with the number of wind turbines con-
cerned and the individual set points Pisp are distributed to

the wind turbines.
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Element 63 monitors the power to be provided by the wind farm
Py and the power Pay, which is available due to current wind
condition. If Pay is greater than Py element 63 transmits the
value of Pay to comparator 64, where it will be subtracted
from Pro. The resulting difference Pgg will be negative and
hence the control circuit 65 will start charging the battery
with a positive power Pg. The control circuit may be provided
with an input for setting an upper power limit Pyp and a
lower power limit Pp; for charging and/or discharging the

battery.

Figure 5 shows an exemplary embodiment of a control circuit
65, which may be used for the implementation as has been
described with reference to Figure 4. Pgs may be fed through
the control circuit, which may be a PI controller with anti-
windup. The control circuit may comprise amplifier circuits
71, 69, a divisor 66, a comparator 67, an integrator 68,
adders 72, 70. Furthermore, a rate limiter 73 and a satura-
tion dynamic control circuit 74 may be included. The satura-
tion dynamic control circuit 74 may be influenced through an
input for an upper power limit Pyr and a lower power limit
Prr. The control circuit 65 finally determines the charging
power Py for the battery. The upper power limit Pyr and the
lower power limit Ppp may be event dependent, e.g. depending
on power demand from a transmission system operator, market
price, frequency events, etc. The highest value of these
limits may be the max charging power threshold, which dic-
tates how much power flow the battery can tolerate during

charging/discharging.

Figure 6 shows a strategy to avoid over-charging the battery.
The charging power Py is monitored and integrated with an
integrator 75 to obtain the amount of stored energy. The
integrator monitors furthermore receives a signal Sp, when
power from the energy storage element is fed into the exter-
nal grid, the battery is discharged. If the amount of stored

energy surpasses the maximum energy level 76 the battery may
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store, the comparator 77 emits a signal Ssc that charging

should be stopped.

Figure 7 shows a schematic overview of an exemplary embodi-
ment of a wind farm 78 according to the invention. Comparable
to the embodiment depicted in Figure 2 the wind turbines 79,
80, 81 each comprise a wind turbine generator 82, 83, 84, a
wind turbine transformer 85, 86, 87, and are connected to a
point of common coupling 88 via cables 89, 90, 91 with imped-
ances 92, 93, 94. An energy storage element 95 is connected
to the point of common coupling 88, too. After the point of
common coupling a wind farm transformer 96 is provided for
adapting the voltage to the voltage of the external grid 97.
The wind farm 78 is connected to the external grid 97 via a
reactive power compensator 98. The energy storage element 95
comprises a battery 99, a dynamic voltage restorer 100, a
converter 101 for converting alternative current to direct
current a filter 102, a bypass switch 107 and an injection
transformer 106. The inductivity 103 and the capacity 104 of
the filter 102 smoothen the alternative current provided by
the converter 101. This may be achieved by removing the
unnecessary higher order harmonic components generated by the
converter 101. The bypass switch 107 allows decoupling of the
energy storage element 95 from the point of common coupling
88. This may protect the energy storage element 95 in case of
grid failures. A capacity 105 may prevent that the battery 99
is subjected to alternating current. The wind farm controller
108 via signal 111 may control the dynamic voltage restorer
100. The wind farm controller 108 may measure the voltage,
frequency, active power and/or reactive power before and/or
after the wind farm transformer 96. Based on the parameters
the wind farm controller 108 may control the wind turbines
79, 80, 81 and the energy storage element 95, in particular
the dynamic voltage restorer 100, via control signals 109,
110, 111. The dynamic voltage restorer 100 influences the
converter 101 and the battery 99 such that the energy storage

element 95 injects power at the point of common coupling 88,
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which has a predetermined frequency and voltage as well as
predetermined reactive and active parts. The maximum compen-
sation ability of the dynamic voltage restorer 100 may be
dependent on the amount of active power, which may be pro-
vided by the battery. The converter 101 may be a pulse-width
modulated voltage source inverter. The pulse-width modulated
voltage source inverter may be the same used in wind tur-
bines. The high voltage side of the injection transformer 106
may be connected in series with the distribution line con-
necting the point of common coupling 88 with the wind farm
transformer 96, while the low voltage side of the injection
transformer 106 may be connected to the other components of
the energy storage device 95. For a three-phase dynamic
voltage restorer 100, three single-phase voltage injection
transformers 106 or one three-phase voltage injection trans-—
former 106 may be connected to the distribution line. For a
single—-phase dynamic voltage restorer 100 one single-phase
voltage injection transformer 106 may be sufficient. For a
three-phase dynamic voltage restorer 100 a three-phase volt-
age injection transformer 106 in either delta/open or
star/open configuration may be used. The injection trans-
former 106 may increase the voltage supplied by the filtered
output of the converter 101 to a desired level and may at the
same time isolate the energy storage device 95 from the other

components of the wind farm 78.

The wind farm controller may detect drops in voltage and
distribute control signals 111 to the energy storage element
95. A typical voltage scenario is shown in Figure 8. The
upper plot of Figure 8 shows the voltage at the external
grid, for example the external grid 97 shown in Figure 7. In
case of an offshore park the voltage 114 may be measured, for
example, at the connection point at the mainland. In case the
voltage drops the dynamic voltage restorer 100 may receive
signals 111 from the wind farm controller 108 such that the
energy storage device 95 establishes the required voltage 113

as shown in the intermediate plot of Figure 8. The voltage at
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the point of common coupling 88 shown in the lower plot of
Figure 8 would therefore amount to the sum 112 of these

voltages. Figure 9 shows a visualization of these potentials.

Figure 10 shows an exemplary voltage scenario where the
voltage of two phases is higher than rated (see upper dia-
gram) . With the dynamic voltage restorer 100 the voltage of
these two phases may be reduced by an amount shown in the
intermediate diagram such that finally all three phases have

the rated voltage as shown in the diagram below.

According to some embodiments of the invention a single
energy storage element may be connected to the point of
common coupling. However, according to other embodiments a
plurality of energy storage elements may be provided. These
energy storage elements may furthermore be included in the

individual wind turbines.

Figure 11 shows an exemplary embodiment of a wind farm 115
with two energy storage elements 138, 137. The energy storage
elements are included in the wind turbines 118, 119 of the
four wind turbines 116, 117, 118, 119. Each wind farm com-—
prises a generator 120, 121, 122, 123, a wind farm trans-
former 124, 125, 126, 127 and is connected via cables 128,
129, 130, 131 having an impedance 133, 134, 135, 136 to a
point of common coupling 132. The energy storage elements
138, 137 each comprise a battery 142, a control circuit 143,
a converter 144, a filter 145 and an injection transformer
146. The control circuits 143 are controlled via signal 150,
149 from the wind farm controller 151, which furthermore
controls the wind turbines 116, 117, 118, 119 wvia control
signals 147, 148 based on values measures before and/or after
the wind farm transformer 139. The wind farm 115 is connected

to an external grid 140 via a reactive power compensator 141.

It should be noted that the term "comprising" does not ex-

clude other elements or steps and the use of articles "a" or
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"an" does not exclude a plurality. Also elements described in
association with different embodiments may be combined. It
should also be noted that reference signs in the claims

should not be construed as limiting the scope of the claims.
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Claims

1. Method for operating a wind farm,
the wind farm comprising
a wind turbine, and
an energy storage device,
the wind farm being connected to an external grid,
the method comprising
determining a demanded active power,
determining a demanded reactive power,
determining power production of the wind turbine, and
charging the energy storage device, when the power
production is above the demanded active power, the demanded
reactive power, or the vector sum of demanded active power

and demanded reactive power.

2. Method for operating a wind farm according to preceding
claim 1, the method further comprising

discharging the energy storage device, when the power
production is below the demanded active power, the demanded
reactive power, or the vector sum of demanded active power

and demanded reactive power.

3. Method for operating a wind farm according to any one of
the preceding claims, the method further comprising
reducing the power production, when the power production

is above a rated power production of the wind turbine.

4. Method for operating a wind farm according to any one of
the preceding claims, the method further comprising

reducing the power production, when the power production
is above the sum of either the demanded active power, the
demanded reactive power, the vector sum of demanded active
power and demanded reactive power and a rated charging power

of the energy storage device.
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5. Method for operating a wind farm according to any one of
the preceding claims, the method further comprising

reducing the power production, when the power production
is above the sum of either the demanded active power, the
demanded reactive power, or the vector sum of demanded active
power and demanded reactive power and when furthermore the

energy storage device is full.

6. Method for operating a wind farm according to any one of
the preceding claims, the method further comprising
determining the external grid voltage, and
providing correctional voltage via the energy storage
device, when the external grid voltage differs from a prede-

termined external grid voltage.

7. Wind farm controller being adapted for operating a wind
farm according to a method as set forth in any one of the

claims 1 to 6.

8. Wind farm controller according to preceding claim 7, the
wind farm controller further comprising
a memory for storing data indicative of the amount of

energy stored within the energy storage element.

9. Wind farm comprising
a wind turbine,
an enerqgy storage element, and

a wind farm controller according to claim 7 or 8.

10. Wind farm according to claim 13, the energy storage
element comprising
a battery and/or a flywheel and/or a superconducting

magnetic energy storage.

11. Wind farm according to any one of the preceding claims,
the energy storage element comprising

a dynamic voltage restorer.
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12. Wind farm according to any one of the preceding claims,
the energy storage element comprising

a bypass switch.

13. Wind farm according to any one of the preceding claims,
the energy storage element comprising

an injection transformer.

14. Program element for operating a wind farm, the program
element, when being executed by a data processor, is adapted
for controlling and/or for carrying out the method as set

forth in any one of the claims 1 to 6.

15. Computer readable medium on which there is stored a
computer program for processing a physical object, the com-
puter program, when being executed by a data processor, is
adapted for controlling and/or for carrying out the method as

set forth in any one of the claims 1 to 6.

Abstract
To provide an improved method for operating a wind farm and a wind farm.

There is provided a method for operating a wind farm, the method
comprising determining a demand active power, determining a demanded
reactive power, determining power production of the wind turbine, and
charging the energy storage device, when the power production is above the
demanded active power, the demanded reactive power, or the vector sum of
demanded active power and demanded reactive power.

(Figure 2)
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