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DESCRIPTION

[0001] The subject matter described herein relates generally to systems for operating a
plurality of wind turbines in a wind farm, and more particularly, to systems for controlling
reactive power generated in the wind farm.

[0002] Generally, a wind turbine Iincludes a turbine that has a rotor that includes a rotatable
hub assembly having multiple blades. The blades transform wind energy into a mechanical
rotational torque that drives one or more generators via the rotor. The generators are
sometimes, but not always, rotationally coupled to the rotor through a gearbox. The gearbox
steps up the inherently low rotational speed of the rotor for the generator to efficiently convert
the rotational mechanical energy to electrical energy, which is fed into a utility grid via at least
one electrical connection. Gearless direct drive wind turbines also exist. The rotor, generator,
gearbox and other components are typically mounted within a housing, or nacelle, that Is
positioned on top of a base that may be a truss or tubular tower.

[0003] Some wind turbine configurations include double-fed induction generators (DFIGs).
Such configurations may also include power converters that are used to convert a frequency of
generated electrical power to a frequency substantially similar to a utility grid frequency.
Moreover, such converters, in conjunction with the DFIG, also transmit electrical power
between the utility grid and the generator as well as transmit generator excitation power to a
wound generator rotor from one of the connections to the electrical utility grid connection.
Alternatively, some wind turbine configurations include, but are not limited to, alternative types
of induction generators, permanent magnet (PM) synchronous generators and electrically-
excited synchronous generators and switched reluctance generators. These alternative
configurations may also include power converters that are used to convert the frequencies as
described above and transmit electrical power between the utility grid and the generator.

[0004] Known wind turbines have a plurality of mechanical and electrical components. Each
electrical and/or mechanical component may have Independent or different operating
limitations, such as current, voltage, power, and/or temperature limits, than other components.
Moreover, known wind turbines typically are designed and/or assembled with predefined rated
power limits. To operate within such rated power limits, the electrical and/or mechanical
components may be operated with large margins for the operating limitations. Such operation
may result in inefficient wind turbine operation, and a power generation capability of the wind
turbine may be underutilized.

[0005] When a plurality of wind turbines are arranged In a wind farm, reactive power
generated by individual wind turbines may be different In particular, an increasing size of wind
farms results in an increasing area for the wind farm such that the difference in reactive power
production, e.g. due to difference In topology increases as well. As an adjustable power factor
PF Is desired, such as a power factor of one (PF=1), controlling a large number of wind
turbines with the identical or nearly identical commands for compensating reactive power is not
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efficient. The larger the wind farm, the wider the area for the installation of individual wind
turbines is. Thus, long electrical connections between individual wind turbines and an electrical
collector bar for collecting the energy provided by the Iindividual wind turbines I1s an issue.
Therefore, an efficient and cost-effective power control for wind turbines arranged in a wind
farm 1s desired.

[0006] DE 10 2004 048 341 1s concerned with a wind farm with at least two turbines which are

connected via connecting lines to a main line, a point of attachment which connects the main
line with a power transmission network, and a park master.

[0007] DE 10 2009 030725 relates to a wind farm having a transfer point at which electrical
values are measured. A master regulator provides a lower control level to a plurality of sub-
master regulators.

[0008] EP 1 512 869 relates to voltage control in a wind park. A measured reactive power Is
compared to an operator or farm level Q command to determine a rotor current command.

[0009] The present invention is defined by the appended claims.

[0010] Various aspects, advantages and features of the present invention are apparent from
the dependent claims, the description and the accompanying drawings, in which:

Figure 1 1s a perspective view of a portion of an exemplary wind turbine;

Figure 2 I1s a schematic view of an exemplary electrical and control system suitable for use with
the wind turbine shown in Figure 1;

Figure 3 Is a schematic circuit diagram of a connection of different substations to a utility grid;

Figure 4 Is a detalled diagram showing a set-up for a control scheme Iin a wind farm including
three different sub-grids, according to a typical embodiment;

Figure 5 Is a detailed scheme of a wind farm having three individual sub-grids, wherein each

sub-grid Iincludes an associated sub-grid controller and a sub-grid measurement device,
according to another typical embodiment;

Figure 6 Is a detailed scheme of a wind farm having three individual sub-grids, wherein primary
and secondary controllers are provided at each sub-grid, according to yet another typical
embodiment;

Figure 7 Is a flowchart illustrating a method of controlling a wind farm according to a typical
embodiment; and

Figure 8 Is a flowchart illustrating a method of controlling a wind farm according to another
typical embodiment.



DK/EP 2610988 T3

[0011] Reference will now be made In detail to the various embodiments, one or more
examples of which are Illustrated in each figure. Each example is provided by way of
explanation and is not meant as a Iimitation. For example, features illustrated or described as
part of one embodiment can be used on or In conjunction with other embodiments to yield yet
further embodiments. It is intended that the present disclosure includes such modifications and
variations.

[0012] The embodiments described herein include a reactive power controller for a wind farm
having a wind farm grid including at least two sub-grids electrically connected to each other.
The reactive power controller includes a determination device such as a grid measurement
device which Is designed for measuring a reactive power component of electrical power
generated by at least one wind turbine In the sub-grid. Furthermore, the reactive power
controller includes a wind farm controller for controlling power generation at at least one sub-
grid on the basis of the measured reactive power component. In this way, the reactive power
component may be controlled with respect to at least one other sub-grid.

[0013] As used herein, the term "wind farm grid" Is intended to be representative of an
electrical grid for an electrical connection of devices used In a wind farm. As used herein, the
term "sub-grid” 1s Intended to be representative of an electrical grid provided for an electrical
connection of a specific number of wind turbines in a wind farm, such as a group or string of
wind turbines which may be connected to the same power output cable, or of a virtual group of
wind turbines which are controlled. Such group may also be regarded as a "logical group” or a
"virtual group” of Iindividual wind turbines. As used herein, the term "wind farm topology" Is
Intended to be representative of a specific topographic arrangement of wind turbines, e.g. an
arrangement In sub-grids or strings. As used herein, the term "blade"” Is intended to be
representative of any device that provides a reactive force when In motion relative to a
surrounding fluid. As used herein, the term "wind turbine” is intended to be representative of
any device that generates rotational energy from wind energy, and more specifically, converts
kinetic energy of wind into mechanical energy. As used herein, the term "wind generator” Is
Intended to be representative of any wind turbine that generates electrical power from
rotational energy generated from wind energy, and more specifically, converts mechanical
energy converted from kinetic energy of wind to electrical power. As used herein, the term
"power factor” is intended to be representative of a cosine of an angle ¢ with cos(¢) being a
ratio of an effective power P and an absolute value of the complex power |S|.

[0014] Figure 1 Is a perspective view of a portion of an exemplary wind turbine 100. Wind
turbine 100 includes a nacelle 102 housing a generator (not shown in Figure 1). Nacelle 102 is
mounted on a tower 104 (a portion of tower 104 being shown In Figure 1). Tower 104 may
have any suitable height that facilitates operation of wind turbine 100 as described herein.
Wind turbine 100 also includes a rotor 106 that includes three blades 108 attached to a
rotating hub 110. Alternatively, wind turbine 100 includes any number of blades 108 that
facilitates operation of wind turbine 100 as described herein. In the exemplary embodiment,
wind turbine 100 includes a gearbox (not shown In Figure 1) operatively coupled to rotor 106
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and a generator (not shown in Figure 1).

[0015] Figure 2 1s a schematic view of an exemplary electrical and control system 200 that
may be used with wind turbine 100. Rotor 106 includes blades 108 coupled to hub 110. Rotor
106 also Includes a low-speed shaft 112 rotatably coupled to hub 110. Low-speed shaft 112 is
coupled to a step-up gearbox 114 that i1s configured to step up the rotational speed of low-
speed shaft 112 and transfer that speed to a high-speed shaft 116. In the exemplary
embodiment, gearbox 114 has a step-up ratio of approximately 70:1. For example, low-speed
shaft 112 rotating at approximately 20 revolutions per minute (rpm) coupled to gearbox 114
with an approximately 70:1 step-up ratio generates a speed for high-speed shaft 116 of
approximately 1400 rpm. Alternatively, gearbox 114 has any suitable step-up ratio that
facilitates operation of wind turbine 100 as described herein. As a further alternative, wind
turbine 100 Includes a direct-drive generator that is rotatably coupled to rotor 106 without any
Intervening gearbox.

[0016] High-speed shaft 116 Is rotatably coupled to generator 118. In the exemplary
embodiment, generator 118 Is a wound rotor, three-phase, double-fed iInduction
(asynchronous) generator (DFIG) that includes a generator stator 120 magnetically coupled to
a generator rotor 122. In an alternative embodiment, generator rotor 122 includes a plurality of
permanent magnets in place of rotor windings.

[0017] Electrical and control system 200 includes a turbine controller 202. Turbine controller
202 Includes at least one processor and a memory, at least one processor input channel, at
least one processor output channel, and may include at least one computer (none shown In
Figure 2). As used herein, the term computer i1s not limited to integrated circuits referred to In
the art as a computer, but broadly refers to a processor, a microcontroller, a microcomputer, a
programmable logic controller (PLC), an application specific integrated circuit, and other
programmable circuits (none shown In Figure 2), and these terms are used interchangeably
herein. In the exemplary embodiment, memory may include, but is not limited to, a computer-
readable medium, such as a random access memory (RAM) (none shown In Figure 2).
Alternatively, one or more storage devices, such as a floppy disk, a compact disc read only
memory (CD-ROM), a magneto-optical disk (MOD), and/or a digital versatile disc (DVD) (none
shown In Figure 2) may also be used. Also, In the exemplary embodiment, additional input
channels (not shown In Figure 2) may be, but are not Iimited to, computer peripherals
associated with an operator interface such as a mouse and a keyboard (neither shown In
Figure 2). Further, in the exemplary embodiment, additional output channels may include, but
are not limited to, an operator interface monitor (not shown in Figure 2).

[0018] Processors for turbine controller 202 process information transmitted from a plurality of
electrical and electronic devices that may include, but are not limited to, voltage and current
transducers. RAM and/or storage devices store and transfer information and instructions to be
executed by the processor. RAM and/or storage devices can also be used to store and provide
temporary variables, static (i.e., non-changing) Information and instructions, or other
Intermediate information to the processors during execution of instructions by the processors.
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Instructions that are executed Include, but are not limited to, resident conversion and/or
comparator algorithms. The execution of sequences of instructions is not limited to any specific
combination of hardware circuitry and software instructions.

[0019] Generator stator 120 is electrically coupled to a stator synchronizing switch 206 via a
stator bus 208. In an exemplary embodiment, to facilitate the DFIG configuration, generator
rotor 122 i1s electrically coupled to a bi-directional power conversion assembly 210 via a rotor
bus 212. Alternatively, generator rotor 122 is electrically coupled to rotor bus 212 via any other
device that facilitates operation of electrical and control system 200 as described herein. As a
further alternative, electrical and control system 200 is configured as a full power conversion
system (not shown) that includes a full power conversion assembly (not shown In Figure 2)
similar in design and operation to power conversion assembly 210 and electrically coupled to
generator stator 120. The full power conversion assembly facilitates channeling electrical
power between generator stator 120 and an electrical power transmission and distribution grid
(not shown). In the exemplary embodiment, stator bus 208 transmits three-phase power from
generator stator 120 to stator synchronizing switch 206. Rotor bus 212 transmits three-phase
power from generator rotor 122 to power conversion assembly 210. In the exemplary
embodiment, stator synchronizing switch 206 i1s electrically coupled to a main transformer
circuit breaker 214 via a system bus 216. In an alternative embodiment, one or more fuses
(not shown) are used instead of main transformer circuit breaker 214. In another embodiment,
neither fuses nor main transformer circuit breaker 214 is used.

[0020] Power conversion assembly 210 includes a rotor filter 218 that is electrically coupled to
generator rotor 122 via rotor bus 212. A rotor filter bus 219 electrically couples rotor filter 218
to a rotor-side power converter 220, and rotor-side power converter 220 i1s electrically coupled
to a line-side power converter 222. Rotor-side power converter 220 and line-side power
converter 222 are power converter bridges including power semiconductors (not shown). In the
exemplary embodiment, rotor-side power converter 220 and line-side power converter 222 are
configured In a three-phase, pulse width modulation (PVWM) configuration including insulated
gate bipolar transistor (IGBT) switching devices (not shown In Figure 2) that operate as known
In the art. Alternatively, rotor-side power converter 220 and line-side power converter 222 have
any configuration using any switching devices that facilitate operation of electrical and control
system 200 as described herein. Power conversion assembly 210 is coupled In electronic data
communication with turbine controller 202 to control the operation of rotor-side power
converter 220 and line-side power converter 222.

[0021] In the exemplary embodiment, a line-side power converter bus 223 electrically couples
line-side power converter 222 to a line filter 224. Also, a line bus 225 electrically couples line
filter 224 to a line contactor 226. Moreover, line contactor 226 is electrically coupled to a
conversion circuit breaker 228 via a conversion circult breaker bus 230. In addition, conversion
circuit breaker 228 Is electrically coupled to main transformer circuit breaker 214 via system
bus 216 and a connection bus 232. Alternatively, line filter 224 is electrically coupled to system
bus 216 directly via connection bus 232 and Iincludes any suitable protection scheme (not
shown) configured to account for removal of line contactor 226 and conversion circuit breaker
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228 from electrical and control system 200. Main transformer circuit breaker 214 is electrically
coupled to an electrical power main transformer 234 via a generator-side bus 236. Main
transformer 234 is electrically coupled to a grid circuit breaker 238 via a breaker-side bus 240.
Grid circult breaker 238 1s connected to the electrical power transmission and distribution grid
via a grid bus 242. In an alternative embodiment, main transformer 234 is electrically coupled
to one or more fuses (not shown), rather than to grid circuit breaker 238, via breaker-side bus
240. In another embodiment, neither fuses nor grid circuit breaker 238 Is used, but rather main

transformer 234 iIs coupled to the electrical power transmission and distribution grid via
breaker-side bus 240 and grid bus 242.

[0022] In the exemplary embodiment, rotor-side power converter 220 1s coupled In electrical
communication with line-side power converter 222 via a single direct current (DC) link 244.
Alternatively, rotor-side power converter 220 and line-side power converter 222 are electrically
coupled via individual and separate DC links (not shown In Figure 2). DC link 244 includes a
positive rail 246, a negative rail 248, and at least one capacitor 250 coupled between positive
raill 246 and negative rail 248. Alternatively, capacitor 250 includes one or more capacitors
configured Iin series and/or in parallel between positive rail 246 and negative rail 248.

[0023] Turbine controller 202 1s configured to receive a plurality of voltage and electrical
current measurement signals from a first set of voltage and electrical current sensors 252.
Moreover, turbine controller 202 Is configured to monitor and control at least some of the
operational variables associated with wind turbine 100. In the exemplary embodiment, each of
three voltage and electrical current sensors 252 are electrically coupled to each one of the
three phases of grid bus 242. Alternatively, voltage and electrical current sensors 252 are
electrically coupled to system bus 216. As a further alternative, voltage and electrical current
sensors 252 are electrically coupled to any portion of electrical and control system 200 that
facilitates operation of electrical and control system 200 as described herein. As a still further
alternative, turbine controller 202 is configured to receive any number of voltage and electrical
current measurement signals from any number of voltage and electrical current sensors 252
Including, but not limited to, one voltage and electrical current measurement signal from one
transducer.

[0024] As shown In Figure 2, electrical and control system 200 also includes a converter
controller 262 that iIs configured to receive a plurality of voltage and electrical current
measurement signals. For example, in one embodiment, converter controller 262 receives
voltage and electrical current measurement signals from a second set of voltage and electrical
current sensors 254 coupled In electronic data communication with stator bus 208. Converter
controller 262 receives a third set of voltage and electrical current measurement signals from a
third set of voltage and electrical current sensors 256 coupled In electronic data
communication with rotor bus 212. Converter controller 262 also receives a fourth set of
voltage and electrical current measurement signals from a fourth set of voltage and electrical
current sensors 264 coupled In electronic data communication with conversion circuit breaker
bus 230. Second set of voltage and electrical current sensors 254 i1s substantially similar to first
set of voltage and electrical current sensors 252, and fourth set of voltage and electrical
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current sensors 264 is substantially similar to third set of voltage and electrical current sensors
256. Converter controller 262 1s substantially similar to turbine controller 202 and is coupled In
electronic data communication with turbine controller 202. Moreover, In the exemplary
embodiment, converter controller 262 i1s physically integrated within power conversion
assembly 210. Alternatively, converter controller 262 has any configuration that facilitates
operation of electrical and control system 200 as described herein.

[0025] During operation, wind impacts blades 108 and blades 108 transform wind energy into
a mechanical rotational torque that rotatably drives low-speed shaft 112 via hub 110. Low-
speed shaft 112 drives gearbox 114 that subsequently steps up the low rotational speed of low-
speed shaft 112 to drive high-speed shaft 116 at an increased rotational speed. High speed
shaft 116 rotatably drives generator rotor 122. A rotating magnetic field is induced by generator
rotor 122 and a voltage is induced within generator stator 120 that is magnetically coupled to
generator rotor 122. Generator 118 converts the rotational mechanical energy to a sinusoidal,
three-phase alternating current (AC) electrical energy signal in generator stator 120. The
associated electrical power Is transmitted to main transformer 234 via stator bus 208, stator
synchronizing switch 206, system bus 216, main transformer circuit breaker 214 and
generator-side bus 236. Main transformer 234 steps up the voltage amplitude of the electrical

power and the transformed electrical power is further transmitted to a grid via breaker-side bus
240, grid circuit breaker 238 and grid bus 242.

[0026] In the exemplary embodiment, a second electrical power transmission path is provided.
Electrical, three-phase, sinusoidal, AC power is generated within generator rotor 122 and is
transmitted to power conversion assembly 210 via rotor bus 212.

[0027] Within power conversion assembly 210, the electrical power is transmitted to rotor filter
218 and the electrical power 1s modified for the rate of change of the PWM signals associated
with rotor-side power converter 220. Rotor-side power converter 220 acts as a rectifier and
rectifies the sinusoidal, three-phase AC power to DC power. The DC power is transmitted into
DC link 244. Capacitor 250 facilitates mitigating DC link 244 voltage amplitude variations by
facilitating mitigation of a DC ripple associated with AC rectification.

[0028] The DC power iIs subsequently transmitted from DC link 244 to line-side power
converter 222 and line-side power converter 222 acts as an inverter configured to convert the
DC electrical power from DC link 244 to three-phase, sinusoidal AC electrical power with pre-
determined voltages, currents, and frequencies. This conversion IS monitored and controlled
via converter controller 262. The converted AC power 1s transmitted from line-side power
converter 222 to system bus 216 via line-side power converter bus 223 and line bus 225, line
contactor 226, conversion circuit breaker bus 230, conversion circuit breaker 228, and
connection bus 232. Line filter 224 compensates or adjusts for harmonic currents In the
electrical power transmitted from line-side power converter 222. Stator synchronizing switch
206 Is configured to close to facilitate connecting the three-phase power from generator stator
120 with the three-phase power from power conversion assembly 210.
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[0029] Conversion circuit breaker 228, main transformer circuit breaker 214, and grid circuit
breaker 238 are configured to disconnect corresponding buses, for example, when excessive
current flow may damage the components of electrical and control system 200. Additional
protection components are also provided including line contactor 226, which may be controlled

to form a disconnect by opening a switch (not shown In Figure 2) corresponding to each line of
line bus 225.

[0030] Power conversion assembly 210 compensates or adjusts the frequency of the three-
phase power from generator rotor 122 for changes, for example, in the wind speed at hub 110
and blades 108. Therefore, in this manner, mechanical and electrical rotor frequencies are
decoupled from stator frequency.

[0031] Under some conditions, the bi-directional characteristics of power conversion assembly
210, and specifically, the bi-directional characteristics of rotor-side power converter 220 and
line-side power converter 222, facilitate feeding back at least some of the generated electrical
power Into generator rotor 122. More specifically, electrical power Is transmitted from system
bus 216 to connection bus 232 and subsequently through conversion circuit breaker 228 and
conversion circuit breaker bus 230 Iinto power conversion assembly 210. Within power
conversion assembly 210, the electrical power 1s transmitted through line contactor 226, line
bus 225, and line-side power converter bus 223 Into line-side power converter 222. Line-side
power converter 222 acts as a rectifier and rectifies the sinusoidal, three-phase AC power to
DC power. The DC power is transmitted into DC link 244. Capacitor 250 facilitates mitigating
DC link 244 voltage amplitude variations by facilitating mitigation of a DC ripple sometimes
associlated with three-phase AC rectification.

[0032] The DC power Is subsequently transmitted from DC link 244 to rotor-side power
converter 220 and rotor-side power converter 220 acts as an inverter configured to convert the
DC electrical power transmitted from DC link 244 to a three-phase, sinusoidal AC electrical
power with pre-determined voltages, currents, and frequencies. This conversion Is monitored
and controlled via converter controller 262. The converted AC power iIs transmitted from rotor-
side power converter 220 to rotor filter 218 wvia rotor filter bus 219 and i1s subsequently
transmitted to generator rotor 122 via rotor bus 212, thereby facilitating sub-synchronous
operation.

[0033] Power conversion assembly 210 1s configured to receive control signals from turbine
controller 202. The control signals are based on sensed conditions or operating characteristics
of wind turbine 100 and electrical and control system 200. The control signals are received by
turbine controller 202 and used to control operation of power conversion assembly 210.
Feedback from one or more sensors may be used by electrical and control system 200 to
control power conversion assembly 210 via converter controller 262 including, for example,
conversion circuit breaker bus 230, stator bus and rotor bus voltages or current feedbacks via
second set of voltage and electrical current sensors 254, third set of voltage and electrical
current sensors 256, and fourth set of voltage and electrical current sensors 264. Using this
feedback information, and for example, switching control signals, stator synchronizing switch
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control signals and system circuit breaker control (trip) signals may be generated in any known
manner. For example, for a grid voltage transient with predetermined characteristics, converter
controller 262 will at least temporarily substantially suspend the IGBTs from conducting within
line-side power converter 222. Such suspension of operation of line-side power converter 222
will substantially mitigate electrical power being channeled through power conversion assembly
210 to approximately zero.

[0034] Figure 3 I1s a schematic diagram Illustrating a connection scheme for Individual
substations 606, 607, and 608 to a common power line 612. The substations 606, 60/, and
608 may form associated sub-grids, wherein each sub-grid includes an associated sub-grid
transformer (illustrated in Figures 4 and 5). A reference numeral 605 Indicates a region of
reactive power compensation. A first substation 606, a second substation 607 and a third
substation 608 are provided. The power S delivered by the individual substations respectively
Includes effective power components P and reactive power components Q. It is noted here,
although determining reactive power components Is described herein, effective power
components P and/or power S may be determined such that reactive power components may
be evaluated using S and P.

[0035] In order to reduce unwanted reactive power components Q, or to control reactive power
such that a desired reactive power value and/or a desired power factor is obtained, a first
reactive power compensation 610 may be provided by transferring reactive power Q between
the substation 608 and the substation 607. Furthermore, a second reactive power
compensation 611 may be provided by a transfer from the substation 608 to the substation 606
(shown by arrows 610, 611in Figure 3). It Is noted here that, as used herein, the term "reactive
power compensation” Is intended to be representative of a reactive power control which may
result in a complete or a partial compensation of reactive power, e.g. according to
requirements of an external utility grid and/or other loads connected to the wind farm grid.

[0036] As an example, the three substations 606, 607 and 608 each may include 20 wind
turbines. Furthermore, according to the present example, a cable charge load of substation
606 1s 10 MVAr capacitive, a cable charge load at the substation 607 1s 20 MVAr capacitive and
a cable charge load at the substation 608 I1s 30 MVAr capacitive. Thus, according to the
example described herein, the sum of cable charge loads amounts to 10 MVAr + 20 MVAr + 30
MVAr = 60 MVAr. A wind farm management system without individual control of sub-grids will
provide identical or nearly identical commands for each wind turbine. These commands are
estimated as follows: 60 MVAr/60 = 1.0 MVAr inductive. Taking into account that the individual
sub-grids have different lengths and the number of wind turbines connected to a subgrid may
be different, the reactive power Q generated by the reactance and inductance of cable and
transformers may be different. In case a park voltage, VAR or power-factor (PF) regulator
regulates a park set-point and adjusts all wind turbines using the same VAR command, the
reactive power Q generated in the sub-grids will be different. Situations might occur where In
one sub-grid the reactive power Q may be positive, whereas Iin another sub-grid the reactive
power Q may be negative. Then, a compensating reactive power flow between the sub-grids
may occur which may stress one or more of the sub-grid transformers and/or the collector bar.
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As a result an inefficient operation of the entire wind farm can occur.

[0037] Electrical power provided by the individual substations is fed to associated electrical
transformers, e.g. a first high-voltage transformer 602, a second high-voltage transformer 603
and a third high-voltage transformer 604. Each of these transformers may provide the
transformation of 110 kV to 400 kV, 1.e. from high-voltage region to ultra high-voltage region (3
X 110 kV to 3 x 400 kV).

[0038] The first reactive power compensation 610 may be provided from substation 608 to
substation 607. Furthermore, the second reactive power compensation 611 may be provided
from substation 608 to substation 606. Thus, substation 608 Includes turbines which pull less
reactive power Q than requested via the power line, wherein the substations 606 and 607
Include wind turbines which pull more reactive power Q than requested via the power line. In
this case an undesired equalization of reactive power via the 110 kV bus bar may occur. It Is
noted here that electrical connection lines within the wind farm typically contribute to capacitive
portion of reactive power, whereas the at least one wind turbine connected to an associated
sub-grid typically contributes to inductive portion of reactive power. The capacitive portion of
reactive power Is more or less constant due to fixed wiring and thus unchanged electrical
connection lines during operation of the at least one wind turbine. The Inductive portion of
reactive power, however, may be adjusted at an individual wind turbine such that above
mentioned one or more reactive power compensations 610, 611may be provided. Controlling
Inductive portions of reactive power at individual wind turbines thus allows capacitive portions
of reactive power resulting from electrical connection lines within the wind farm to be
compensated. Larger wind farms occupy a larger area for wind turbine installation. This fact
results Iin long power transfer cables for collecting energy from individual wind turbines. In
order to reduce cost of cabling, the number of wind turbines connected to a cable is Iimited. All
sub-grid-cables are connected to a common collector bar in the substation. In this case,
reactive power compensation flow could appear and increase the losses of the entire wind
farm.

[0039] According to a typical embodiment of the present invention, the individual substations
606, 607 and 608 may be controlled such that reactive power for the substations is
compensated individually. In this case no equalization via the 110 kV bus bar iIs performed.
Thus, each power line to the Iindividual substations 606, 607 and 608 Is compensated
separately in order to provide a desired power factor PF, e.g. a power factor PF of one (PF =
1). Thus, the cosine of the angle ¢ between effective power P and output power |S| may be set
to cos(¢) = 1 with cos(9) = P/|S|. Therefore, the relation PF =1 corresponds to ¢ =0 or Q = 0.

[0040] Figure 4 1s a schematic diagram showing a set-up of a wind farm according to a typical
embodiment. The wind farm topology illustrated in Figure 4 includes an arrangement of wind
turbines, e.g. an arrangement of wind turbines In sub-grids or strings. Such topology
arrangement may be stored in a memory such that reactive power components and/or power
factors resulting from, or being influenced by, the topology of a specific sub-grid or a number of
sub-grids may be evaluated on basis of known and stored topology. A wind farm grid Is
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connected to a utility grid 900 and includes at least two sub-grids 300, 400, 500 and a collector
portion 905. The at least two wind turbines are connected to each sub-grid 300, 400, 500,
wherein the at least two sub-grids 300, 400, 500 are connected to the collector portion 905 and
wherein the collector portion 905 establishes the connection to the utility grid 900. A reactive
power controller is operatively connected to the wind farm grid, wherein the reactive power
controller includes a determination device for determining an actual reactive power value at the
collector portion 905 and a wind farm controller 800 operatively connected to the determination
device /00 for controlling at least two of said wind turbines on basis of the determined actual
reactive power value such that a desired reactive power value is attained.

[0041] Thus, the wind farm shown In Figure 4 includes three sub-grids, 1.e. a first sub-grid 300,
a second sub-grid 400 and a third sub-grid 500. It 1s noted here, although not shown In the
drawings, that more than three sub-grids or less than three sub-grids may be provided. The
collector portion 905 (broken line In Figure 4) may include a collector bar 600, a substation
transformer 601 and a determination device 700, and may represent a connection to the utility
grid 900 via a grid regulation point 707. According to a typical embodiment which can be
combined with other embodiments described herein, an actual reactive power value Q may be
measured at the grid regulation point 707. Thereby, a desired output power factor - or a
desired reactive power value at the output - of the wind farm grid at the collector portion 905 -
and, In turn, a desired reactive power value of the wind farm grid - may be provided for a utility
grid connected to the wind farm grid. In other words, controlling at least two of said wind
turbines on basis of the determined actual reactive power value may be used for attaining a
desired reactive power value. Furthermore, determining an actual power value of the
generated electrical power output by the wind farm grid, to an external utility grid, may include
evaluating or measuring a reactive power components at one or all sub-grids on basis of the
topology of at least one sub-grid. It iIs noted here that a desired reactive power value and/or a
desired power factor PF may be adjusted at the collector bar 600. The adjusted power factor
PF at a take-over point 706 (broken line in Figure 4) is a basis for billing the generated
electrical power. Thus, a power factor PF = 1 at the collector bar may be advantageous even
though the power factor at the grid regulation point 707 is less than 1. In other words, it may be
desirable for the operator of the wind farm to provide a power factor PF close to one at a
location (e.g., at the collector bar 600 of Figure 4) within the wind farm grid where this power
factor represents the basis for billing. Using the method according to one or more typical
embodiments described herein, it is thus possible to adjust this power factor on basis of sub-
grid measurements.

[0042] Each sub-grid 300, 400, 500 includes at least two wind turbines turbine. 301-303, 401,
402, and 501-504. Electrical power Is generated with at least two of said wind turbines and fed
to the sub-grid to which the at least two wind turbines are connected. It Is noted here that
topology may influence reactive power components in a sub-grid. Thus, reactive power In one
sub-grid may be different from reactive power in another sub-grid, e.g. due to different cable
lengths, different number of wind turbines connected to a sub-grid, etc. In this way, topology Is
a factor which may be considered when reactive power components are controlled. In the
embodiment shown In Figure 4, the first sub-grid 300 includes three wind turbines 301, 302,
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303, the second sub-grid 400 includes two wind turbines 401 and 402, and the third sub-grid
500 iIncludes four wind turbines 501, 502, 503 and 504. The actual reactive power value may
be determined at the collector portion 905.

[0043] Each individual wind turbine 301-303, 401-402, 501-503 Includes an associated wind
turbine controller. Furthermore, for each sub-grid 300, 400 and 500 an associated sub-grid
transformer for connecting the respective sub-grid 300, 400 und 500 to the common collector
pbar 600 may be provided. Such sub-grid transformer may be adapted for transferring electrical
power In a range from 150 MW to 250 MW. The common collector bar i1s used for collecting
electrical power generated by the individual wind turbines. A resulting electrical power Spark IS

transferred to the substation transformer 601 which transforms the electrical power Spark from

a high-voltage region HV to an ultra high-voltage region (UHV region). The substation
transformer 601 may be regarded as a main transformer in the wind farm. At the UHV side of
the substation transformer 601, a utility grid 900 may be connected. Thus, the wind farm grid
electrically connected to at least two sub-grids may be connected to the utility grid and the
generated power may be transferred from the wind farm having at least two sub-grids to the
utility grid. A grid regulation point iIs Indicated by a reference numeral 707. At the grid
regulation point 707/, voltages and currents may be measured by a grid measurement device
700 such that reactive power control is possible.

[0044] According to a typical embodiment which can be combined with other embodiments
described herein, the grid measurement device 700 includes a voltage sensor 704 and a
current sensor /05 such that effective power components P and reactive power components Q
detected at the secondary side of the substation transformer 601. A measurement signal 903
which i1s output from the grid measurement device 700 Is used for controlling a wind farm
controller 800 connected to the grid measurement device 700. In addition to that, the wind
farm controller 800 1s connected to a utility input device 901 for inputting a desired control
status for individual wind turbines and to a human-machine interface 902 for inputting user
commands. Awind farm control signal 804 is output from the wind farm controller 800 and may
be used for controlling individual wind turbines via their associated wind turbine controllers. In
order to provide wind turbine control, the wind farm controller 800 is connected to the individual
wind turbines 301-303; 401-402; 501-503 via a data communication device 904 such as a
communication line (broken lines in Figure 4). The communication line 904 is used for
communicating data signals between the wind farm controller 800 and individual wind turbines
/ wind turbine controllers.

[0045] According to another typical embodiment which may be combined with other
embodiments described herein, the data communication device may be provided for
communicating data signals between the wind farm controller and at least one wind turbine,
wherein the data communication device may be selected from a group consisting of a local
area network, a wireless LAN, Internet, an optical wave guide and any combination thereof.

[0046] The grid measurement device 700 for measuring a reactive power component Qpyr Of

electrical power Sy, generated by the wind turbines may include at least one sensor selected
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from the group consisting of a voltage sensor 704, a current sensor 705, a power meter, a
VAR-sensor, and any combination thereof. Using the grid measurement device /00 according
to a typical embodiment herein described with respect to Figure 4, the reactive power
component Qpgrk contained in the generated power Spak (Including effective power and

reactive power components) may be determined.

[0047] Each sub-grid 300, 400 and 500 includes a group of wind turbines 301-303; 401-402;
501-503 which are connected to the same power output cable such that a group of wind
turbines may be controlled with respect to their output power. The output power at the
Individual sub-grid 300, 400 and 500 is according to the following equations (1), (2) and (3),
respectively:

S =P +)Q (1)
>, =Py 7JQ (2)
S:=P; +)Q; (3)

[0048] Thereby, the resulting amount of electrical power Spork generated by the wind turbines
P

arranged within the wind farm is evaluated using the complex power formulation as defined by

the above equations (1), (2) and (3):
-§park = _S,,,l L SZ t+S: (4)

[0049] Thus, the generated wind farm power Spark InCludes effective power components Ppgei

and reactive power components Qpr, as indicated in the following equation (9):
.S_[)nrkl — ppurk + jQ'p.zuik (5)

[0050] Using equation (5) above the sum of reactive power components Qpgr Within the wind

farm may be determined using the following equation (6):

Qpark — Q'! T QZ i Q" (6)

[0051] It Is noted here that the individual reactive power components provided by the individual
sub-grids 300, 400 and 500 may be written as the sum of respective reactive power
components set by a command Q command and respective reactive power components due to
cable transmission Q_.apletrans- 1 hus, the following equations (7) to (8) may be used:

Q'l’ - Ql_jcommand T Q'l_‘cablctrﬂns (7)
QZ - QZ_co-mmemd T Q?,_’__cablctrans (8)

Q* - QS_;command u Q})ﬂcnblc(r’ans (9)
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[0052] As the Individual sub-grids 300, 400 and 500 are different from each other, e.g. with
respect to topology, to the number of connected wind turbines, cable lengths, area of
Installation, etc., the reactive power components due to cable transmission Q_.apjetrans are

different from each other as well:

Ql. cabletrans = Qf2__.-cablcl'rzms # QS_cahlct’rans (10)

[0053] Thus, If the reactive power components set by a command Q command correspond to
each other, as indicated in equation (11) below, all wind turbines connected to the respective
sub-grids 300, 400 and 500 would be controlled in the same way.

Qi command = Ql command = Qa command (l 1)

[0054] Then, Qpgrk Is set according to the following equation (12):
[E: Q: < 0

AND: 01>0.Q:>0 ( 12)
THEN:Q; compensated by Qy, Qx

Qpnrk = IQII + iQ:I - lel

[0055] According to a typical embodiment, however, an individual control of the reactive power
components Is provided. The individual reactive power components provided by the cable
transmission are calculated and a Qpgrk COmMmand is output by a control device.

[0056] Thus, the reactive power components may be controlled or set by commands
Q command Which are provided individually for the three sub-grids 300, 400 and 500. Moreover,

the reactive power components may cancel out such that, e.g. reactive power of at least two
sub-grids may compensate each other. Thus the command Q ¢ommang May be weighted

according to an effective cable transmission in the respective sub-grid and may be calculated
as Indicated by the following equation (13) for the first sub-grid 300, by the following equation
(14) for the second sub-grid 400 and by the following equation (15) for the third sub-grid 500:

| Q park _command Q1 _ cabletrans | (13)

QI _cohletans + Q 2 cadletrans T Q3 _caki!cmms

Q | command —

Q park cénri'mand Q 2 _cabletrans ( l 4)

Ql _cabletrans a Q ;2 cablewans T Q3 _cabletans

Qz_, command T

Q park mm.m@é Q 3 ca'bletrarjs' ( | 5)

Q_?__Command T T |
| | - Q )
Q | cabletrans T Q 3 cabletrans © ™3 cabletrans
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[0057] It iIs noted here that weighting according to the above equations may be provided as a
dynamical weighting, e.g. a weighting when one or more cable transmissions Q capletrans

change. Thereby, the reactive power components in the individual sub-grids 300, 400 and 500

may be set, and an adjustment of a desired reactive power value of the wind farm grid may be
attained.

[0058] Furthermore, a complete or partial compensation Q¢omp Of reactive power components

Q near the take-over point 706 at the collector bar 600 1s provided. Thus, virtual groups or
strings or sub-grids may be used for controlling reactive power Q In these groups without

measuring a reactive power in each group. In this way, a segmented reactive power control
may be provided. As used herein, the term "reactive power value" Is Intended to be

representative of a value of reactive power which is provided for a utility grid connected to the

wind farm grid. It iIs noted here, although not shown In the drawings, that more than three sub-
grids or less than three sub-grids may be provided.

[0059] Thus, a reactive power controller for a wind farm having at least two sub-grids includes
a grid determination device 700 such as the grid measurement device for measuring a reactive
power component Q of electrical power generated by the respective wind turbines, and the
wind farm controller 800 for controlling power generation at at least one sub-grid on the basis
of the measured reactive power component Q such that the reactive power component Q Is
controlled with respect to at least one other sub-grid.

[0060] It i1s noted here that each sub-grid 300, 400 and 500 includes two wind turbines or more
than two wind turbines. The wind farm controller 800 may include a CPU which cooperates with
the grid measurement device 700.

[0061] Figure 5 1s a schematic diagram of a set-up of a wind farm according to another typical
embodiment. It iIs noted here that components which have been described with respect to
Figure 4 are not described here In order to avoid a redundant description. A wind farm grid
connected to the utility grid 900 is provided and includes at least two sub-grids 300, 400, 500
and the collector portion 905. At least one wind turbine is connected to each sub-grid 300, 400,
500, wherein the at least two sub-grids 300, 400, 500 are connected to the collector portion
905 and wherein the collector portion 905 establishes the connection to the utility grid 900.

[0062] As Indicated In Figure 5, each sub-grid 300, 400 and 500 includes a respective sub-grid
measurement device, I.e. the first sub-grid 300 includes a first sub-grid measurement device
701, the second sub-grid 400 Iincludes a second sub-grid measurement device 702, and the
third sub-grid 500 includes a third sub-grid measurement device 703. In this way, reactive
power components Q may be measured directly at the power lines of the respective sub-grids
300, 400 and 500. In this way, according the typical embodiment depicted in Figure 5, a
reactive power component may be determined at each sub-grid 300, 400, 500. Thereby, at
least two of said wind turbines are controlled on basis of the determined reactive power
components such that a desired reactive power value 1s attained. The desired actual power
value Is provided at the collector portion 905.
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[0063] In addition to that, or alternatively, individual sub-grid controllers may be provided. As
shown In Figure 5, the first sub-grid 300 includes a first sub-grid controller 801 connected to
the first sub-grid measurement device 701, the second sub-grid 400 includes a second sub-
grid controller 802 connected to the second sub-grid measurement device 702, and the third
sub-grid 500 Includes a third sub-grid controller 803 connected to the third sub-grid
measurement device 703. The sub-grid controllers 801, 802 and 803 are connected to the
Individual wind turbine controllers via sub-grid data communication devices such as
communication lines (broken lines in Figure 35), I.e. the first sub-grid controller 801 Is connected
to the wind turbine controllers 311, 312 and 313, the second sub-grid controller 802 iIs
connected to the wind turbine controllers 411 and 412, and the third sub-grid controller 803 Is
connected to the wind turbine controllers 511, 512, 513 and 514. The Individual sub-grid
controllers 801, 802 and 803 are respectively connected to the wind farm controller 800.

[0064] The collector portion 905 (broken line in Figure 5) includes the collector bar 600, the
substation transformer 601 and the determination device 700, and may represent a connection
to the utility grid 900 via the grid regulation point 707. According to a typical embodiment which
can be combined with other embodiments described herein, the reactive power component Q
may be measured at the grid regulation point 707. Thus, In addition to, or alternatively to,
measuring reactive power components Q at the power lines of the respective sub-grids 300,
400 and 500 by means of the first sub-grid measurement device 701, the second sub-grid
measurement device /02 and the third sub-grid measurement device 703, respectively, the
reactive power component Q may be measured at the grid regulation point 707.

[0065] Thus, the wind farm controller 800 1s used for controlling the individual sub-grid
controllers 801, 802 and 803 which In turn control the respective wind turbines In the
associated sub-grid 300, 400 and 500. It is noted here that current and voltage measurements
provided by the sub-grid measurement devices are performed at a secondary side of the
respective sub-grid transformers 321, 421 and 521. The sub-grid transformers 321, 421 and
521 are used to transform the power generated by the individual sub-grids 300, 400 and 500
from the medium-voltage range MV to the high-voltage range HV. Thus, voltage and current

measurement is performed at the high-voltage side (HV) of the sub-grid transformers 321, 421
and 521.

[0066] One or more of the sub-grid controllers 801, 802 and 803 for controlling power
generation at at least one of the sub-grids 300, 400 and 500 on the basis of a reactive power
component Q measured by the respective grid measurement device 701, 702 and 703 are
used for controlling the reactive power component Q with respect to at least one other sub-
grid. Thereby, after generating electrical power with at least one of said wind turbines and
feeding the generated electrical power to the sub-grid to which the at least one wind turbine is
connected, a reactive power component at each sub-grid may be determined and at least two
of said wind turbines on basis of the determined reactive power components may be controlled
such that a desired reactive power value Is attained. The desired reactive power value may be
provided at the collector portion 905.
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[0067] It Is noted here that the first sub-grid measurement device 701 and/or the second sub-
grid measurement device 702 and/or the third sub-grid measurement device /03 may include
at least one sensor selected from the group consisting of a voltage sensor, a current sensor, a
power meter, and VAR-sensor, and any combination thereof. The data communication lines
between the Individual wind turbines and the associated sub-grid controller within a sub-grid
(broken lines In Figure 5) may be replaced by other communication devices such as, but not
imited to, a local area network, a wireless LAN, Internet, an optical waveguide, and any
combination thereof.

[0068] Figure 6 Is a detailled scheme of a wind farm having three individual sub-grids, wherein
primary and secondary controllers are provided at each sub-grid, according to yet another
typical embodiment. It is noted here that components which have been described with respect
to Figures 4 and 5 are not described here Iin order to avoid a redundant description. A wind
farm grid connected to the utility grid 900 i1s provided and includes at least two sub-grids 300,
400, 500 and the collector portion 905. At least two wind turbines are connected to each sub-
grid 300, 400, 500, wherein the at least two sub-grids 300, 400, 500 are connected to the
collector portion 905 and wherein the collector portion 905 establishes the connection to the
utility grid 900.

[0069] Each sub-grid 300, 400 and 500 includes a respective sub-grid measurement device,
.e. the first sub-grid 300 Includes a first sub-grid measurement device 701, the second sub-
grid 400 includes a second sub-grid measurement device 702, and the third sub-grid 500
Includes a third sub-grid measurement device /03. Using these sub-grid measurement
devices, reactive power components Q may be determined directly at the power lines of the
respective sub-grids 300, 400 and 500. Thereby, at least two of said wind turbines may be
controlled on basis of the determined reactive power components such that a desired reactive
power value i1s attained. The desired actual power value may be provided at the collector
portion 905.

[0070] In accordance with a typical embodiment which can be combined with other
embodiments described herein, sub-grid controllers 801a, 802a, and 803a are provided at the
Individual sub-grids 300, 400, 500. In the embodiment illustrated in Figure 6, a first sub-grid
controller 801a may act as a primary sub-grid controller, whereas second and third sub-grid
controllers 802a, 803a may be provided as secondary sub-grid controllers. As shown In Figure
6, the first sub-grid 300 Iincludes the first sub-grid controller 801a connected to the first sub-
grid measurement device 701, the second sub-grid 400 includes the second sub-grid controller
802a connected to the second sub-grid measurement device 702, and the third sub-grid 500
Includes the third sub-grid controller 803a connected to the third sub-grid measurement device
703. The sub-grid controllers 801a, 802a and 803a are connected to the individual wind
turbine controllers via sub-grid data communication devices such as communication lines
(broken lines in Figure 6), 1.e. the first sub-grid controller 801a i1s connected to the wind turbine
controllers 311, 312 and 313, the second sub-grid controller 802a is connected to the wind
turbine controllers 411 and 412, and the third sub-grid controller 803a is connected to the wind
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turbine controllers 511, 512, 513 and 514. Thereby, the first sub-grid controller 801a acting as
the primary sub-grid controller and being operatively connected to the secondary sub-grid
controllers 802a and 803a may be used for controlling the secondary sub-grid controllers 802a
and 803a which In turn may control the respective wind turbines in the associated sub-grids
400 and 500. Thus, power generation at at least one sub-grid 300, 400, 500 on the basis of
the measured reactive power component Q may be provided such that the reactive power
component Q i1s controlled with respect to at least one other sub-grid. The generation of
electrical power with at least two of said wind turbines may be controlled and the generated
electrical power may be fed to the sub-grid to which the at least two wind turbines are
connected such that a reactive power component at each sub-grid may be determined. In this
way, at least two of said wind turbines are controlled on basis of the determined reactive power
component such that a desired reactive power value is attained. The desired reactive power
value 1s provided at the collector portion 905. It 1s noted here that the first sub-grid
measurement device 701 and/or the second sub-grid measurement device 702 and/or the
third sub-grid measurement device 703 may Include at least one sensor selected from the
group consisting of a voltage sensor, a current sensor, a power meter, and VAR-sensor, and
any combination thereof. The data communication lines between the individual wind turbines
and the associated sub-grid controller 801a, 802a, 803a within a sub-grid (broken lines In
Figure 6) may be replaced by other communication devices such as, but not limited to, a local
area network, a wireless LAN, Internet, an optical waveguide, and any combination thereof.
According to yet another alternative embodiment which can be combined with other
embodiments described herein, a measurement signal 903 and/or farm grid measurement
signals output from the determination device 700 may be used for controlling the primary sub-
grid controller 801a connected to the determination device 700 (dash-dotted line In Figure 6).
Moreover, the primary sub-grid controller 801a may be connected to a utility input device 901
for inputting a desired control status and/or utility commands for individual wind turbines, and
to a human-machine interface 902 for inputting user commands. Thereby, the first sub-grid
controller 801a acting as a primary sub-grid controller may take over a main control of the wind
farm shown In Figure 6.

[0071] Figure 7 Is a flowchart illustrating a method of controlling a wind farm according to a
typical embodiment. At a block 1000, the procedure Is started. A wind farm grid connected to a
utility grid 900 and including at least two sub-grids and a collector portion Is provided. At least
two wind turbines are connected to each sub-grid, wherein the at least two sub-grids are
connected to the collector portion and wherein the collector portion establishes the connection
to the utility grid 900 (block 1001). Then, electrical power i1s generated with at least two of the
wind turbines (block 1002). The generated electrical power is fed to the sub-grid to which the
at least two wind turbines are connected (block 1003). Then, at a block 1004, an actual
reactive power value at the collector portion is determined. At a block 1005, at least two of said
wind turbines are controlled on basis of the determined actual reactive power value such that a
desired reactive power value Is attained. The procedure I1s ended at a block 1006.

[0072] Determining an actual reactive power value of the generated electrical power S in block
1003 may include measuring a current and a voltage at a high-voltage side of at least one sub-
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grid transformer 321, 421, 521. The procedure of controlling the reactive power component Q

(block 1004 In Figure /) may Include cancelling out reactive power Q of at least two adjacent
sub-grids 300, 400, 500.

[0073] Controlling power generation at at least one sub-grid on the basis of the measured
reactive power component Q such that the reactive power component Q adjusted according to
block 1004 may include communicating data signals between the wind farm controller 800 and
at least two wind turbines , between the wind farm controller 800, at least one sub-grid
controller 801, 802, 803 and individual wind turbines. Thus, controlling power generation at at
least one sub-grid on the basis of the measured reactive power component Q may include

communicating data signals between a sub-grid controller 801, 802, 803 associated to at least
one sub-grid 300, 400, 500 and at least two wind turbines of said sub-grid 300, 400, 500.

[0074] The method for transferring electrical power from a wind farm having at least two sub-
grids and the reactive power controller for a wind farm arranged in at least two sub-grids
according to typical embodiments described herein provides reduction of current compensation
flow through one or more transformers. In this way, e.g. overheating of wind turbines due to
excessive reactive power transfer may be avoided. Furthermore, available Q resources of wind
turbines which are not over-heated may be used to reduce Q components at over-heated wind
turbines. In addition to that the method for transferring electrical power and the reactive power
controller according to typical embodiments described herein may assist in avoiding penalty
payments due to insufficient Q compensation at the point of interconnection (POI).

[0075] Figure 8 1s a flowchart illustrating a method of controlling a wind farm according to a
further typical embodiment. At a block 1100, the procedure Is started. A wind farm grid
connected to a utility grid 900 and including at least two sub-grids and a collector portion Is
provided. At least two wind turbines are connected to each sub-grid, wherein the at least two
sub-grids are connected to the collector portion and wherein the collector portion establishes
the connection to the utility grid 900 (block 1101). Then, electrical power i1s generated with at
least two of the wind turbines (block 1102). The generated electrical power is fed to the sub-
grid to which the at least two wind turbines are reconnected (block 1103). Then, at a block
1104, a reactive power component at each sub grid is determined. At a block 11095, at least two
of said wind turbines are controlled on basis of the determined reactive power components
such that a desired reactive power value i1s attained. The procedure Is ended at a block 1106.

[0076] Exemplary embodiments of systems and methods for transferring electrical power from
a wind farm having at least two sub-grids, to a utility grid are described above In detail. The
systems and methods are not limited to the specific embodiments described herein, but rather,
components of the systems and/or steps of the methods may be utilized independently and
separately from other components and/or steps described herein. For example, a reactive
power controller for a wind farm arranged In at least two sub-grids is not limited to practice with
only the wind turbine systems as described herein. Rather, the exemplary embodiment can be
iImplemented and utilized in connection with many other wind turbine applications.
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[0077] Although specific features of various embodiments of the invention may be shown In
some drawings and not in others, this is for convenience only. In accordance with the principles
of the Invention, any feature of a drawing may be referenced and/or claimed in combination
with any feature of any other drawing.

[0078] This written description uses examples to disclose the invention, including the preferred
mode, and also to enable any person skilled in the art to practice the invention, including
making and using any devices or systems and performing any incorporated methods. While
various specific embodiments have been disclosed in the foregoing, those skilled in the art will
recognize that the scope of the claims allows for equally effective modifications. Especially,
mutually non-exclusive features of the embodiments described above may be combined with
each other. The patentable scope of the invention Is defined by the claims, and may include
other examples that occur to those skilled in the art. Such other examples are intended to be
within the scope of the claims If they have structural elements that do not differ from the literal
language of the claims, or If they Include equivalent structural elements with insubstantial
differences from the literal language of the claims.
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KRAV

1. Reaktiv effektstyringsanordning til styring af reaktiv effekt i et vindmglleparknet, der er forbundet
til et elforsyningsnet og omfatter mindst to undernet (300, 400, 500) og en kollektordel (905), hvor
5 mindst to vindmgller (301,401,501) er forbundet til hvert undernet af de mindst to undernet, hvor
de mindst to undernet er forbundet med kollektordelen (905), og hvor kollektordelen opretter

forbindelsen til elforsyningsnettet, hvor den reaktive effektstyringsanordning omfatter:

mindst en undernet-maleanordning (701, 702, 703) anbragt ved hvert undernet til maling af
en reaktiv effektkomponent ved hvert undernet (300, 400, 500);

10 mindst en undernet-styringsanordning (801, 802, 803), der er operativt forbundet til den
mindst ene undernet-mdleanordning (701, 702, 703), til styring af naevnte mindst to
vindmgller (301, 401, 501) forbundet til undernettet, baseret pa den madlte reaktive
effektkomponent ved hvert undernet (300, 400, 500), sdledes at en gnsket reaktiv effektveerdi
opnas ved hvert undernet;

15 hvor den mindst ene undernet-styringsanordning (801, 802, 803) er forbundet til individuelle
vindmglle-styringsanordninger af vindmgllerne (301, 302, 303) forbundet til undernettet;
en bestemmelsesanordning (700) til bestemmelse af en faktisk reaktiv effektveerdi ved
kollektordelen (905); og
en vindmgllepark-styringsanordning  (800), der er operativt forbundet til

20 bestemmelsesanordningen (700) til styring af mindst en af den mindst ene undernet-
styringsanordning (801, 802, 803) baseret pa den bestemte faktiske reaktive effektveerdi ved
kollektordelen (905), saledes at en gnsket reaktiv effektveerdi ved kollektordelen (905) opnas;
og hvor hvert undernet (300, 400, 500) omfatter en tilhgrende undernet-transformator (321,
421, 521), der bruges til at transformere energien der genereres af de individuelle undernet

25 (300, 400, 500) fra et mellemspaendingsomrdde til et hgjspsendingsomrdde; og hvor
vindmgllepark-styringsanordningen (800) bruges til styring af individuelle undernet-
styringsanordninger (801, 802, 803), der styrer respektive vindmgller i det tilhgrende undernet
(300, 400, 500), og hvor strem- og speendingsmalinger udfgres af undernet-
maleanordningerne til at mdle reaktive effektkomponenter ved hver undernet-side af de

30 respektive undernet-transformatorer (321, 421, 521)
og hvor kollektordelen (905) omfatter en kollektorstang (600) og et overtagelsespunkt (706)
er tilvejebragt mellem de mindst to undernet (300, 400, 500) og kollektorstangen (600) og
en komplet eller delvis kompensation (Qcomp) af reaktive effektkomponenter (Q) naer
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overtagelsespunktet (706) ved kollektorstangen (600) tilvejebringes af de reaktive
effektvaerdier, der opnds ved hvert undernet.

2. Reaktiv effektstyringsanordning ifglge et hvilket som helst af de foregdende krav, yderligere
omfattende en reaktiv effektkompensator der kan give en effektfaktor teet pa en.

3. Reaktiv effektstyringsanordning ifglge krav 2, hvor effektfaktoren teet pa en tilvejebringes ved en
kollektorstang (600).

4. Reaktiv effektstyringsanordning ifglge et hvilket som helst af de foregaende krav, hvor en flerhed
af vindmgller (401, 402) er forbundet til mindst et undernet (400).

5. Reaktiv effektstyringsanordning ifglge et hvilket som helst af de foregdende krav, yderligere
omfattende mindst et af naevnte undernet (300, 400, 500):

mindst en undernet-styringsanordning (801, 802, 803) til styring af elproduktion ved de mindst to
vindmgller (301, 401, 501) baseret pa den bestemte faktiske reaktive effektveerdi, saledes at der
indstilles en reaktiv effektvaerdi med hensyn til mindst et andet undernet (300, 400, 500).

6. Reaktiv effektstyringsanordning ifglge et hvilket som helst af de foregdende krav, yderligere
omfattende mindst et af naevnte undernet (300, 400, 500):

en undernet-maleanordning (701, 702, 703) til maling af en reaktiv effektveerdi af elektrisk strgm
genereret ved mindst en af neevnte vindmgller (301, 401, 501) forbundet til mindst et af
undernettene (300, 400, 500).

7. Reaktiv effektstyringsanordning ifglge et hvilket som helst af de foregdende krav, hvor
anordningen omfatter mindst en sensor (252, 254, 256, 264) valgt fra gruppen bestdende af en
spaendingssensor, en strgmsensor, en effektmaler, en VAR-sensor og enhver kombination deraf.

8. Reaktiv effektstyringsanordning ifglge et hvilket som helst af de foregaende krav, hvor undernet-
maleanordningen (701, 702, 703) omfatter mindst en sensor (252, 254, 256, 264) valgt fra gruppen
bestdende af en spaendingssensor, en strgmsensor, en effektmadler, en VAR-sensor og enhver

kombination deraf.

9. Reaktiv effektstyringsanordning ifglge et hvilket som helst af de foregaende krav, yderligere

omfattende mindst en datakommunikationsanordning (904) til overfgrsel af datasignaler mellem
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vindmgllepark-styringsanordningen (800) og mindst to vindmgller (301, 401, 501), hvor
datakommunikationsanordningen (904) er valgt fra en gruppe bestdende af et lokalnet, et tradlgst
lokalnet, internet, en lysbglgeleder og enhver kombination deraf.

10. Reaktiv effektstyringsanordning ifglge et hvilket som helst af de foregaende krav, yderligere
omfattende mindst en undernet-datakommunikationsanordning til overfgrsel af datasignaler mellem
mindst en af navnte undernet-styringsanordninger (801, 802, 803) og mindst to vindmgller (301,
401, 501) anbragt i naevnte undernet (300, 400, 500), hvor undernet-
datakommunikationsanordningen er valgt fra en gruppe bestdaende af et lokalnet, et tradlgst lokalnet,
internet, en lysbglgeleder og enhver kombination deraf.

11. Reaktiv effektstyringsanordning ifglge et hvilket som helst af de foregaende krav, hvor den
mindst ene undernet-styringsanordning (801, 802, 803) er tilvejebragt som en primaer undernet-
styringsanordning ved et undernet og mindst en vyderligere undernet-styringsanordning er
tilvejebragt som en sekundaer undernet-styringsanordning ved mindst et andet undernet, hvor det
primaere undernet er tilvejebragt til styring af den mindst ene sekundeere undernet-
styringsanordning.

12. En vindmgllepark omfattende:

et vindmgllenet, der er forbundet til et elforsyningsnet (900) og omfattende mindst to
undernet (300, 400, 500) og en kollektordel (905), hvor mindst to vindmgller (301, 401, 501)
er forbundet til hvert undernet (300, 400, 500) hvor de mindst to undernet (300, 400, 500)
er forbundet til kollektordelen (905), og hvor kollektordelen (905) opretter forbindelsen til
elforsyningsnettet (900); og

en reaktiv effektstyringsanordning ifglge et hvilket som helst af de foregaende krav.
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FIG. 7

1000

| START |

1001 | providing a wind farm grid connected to a utility grid
and comprising at least two sub-grids and a collector

| portion, wherein at least one wind turbine is connected |

to each sub-grid, wherein the at least two sub-grids

| are connected to the collector portion and wherein the |

collector portion establishes the connection to the
utility grid

1002

generating electrical power with at least one of said
wind turbines

1003 | feeding the generated electrical power to the sub-grid |
~ to which the at least one wind turbine is connected

1004
~ determining an actual reactive power value at the
collector portion
1005 controlling at least one of said wind turbines on basis

of the determined actual reactive power value such
that a desired reactive power value is attained

1006\_
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FIG. 8

1101 | providing a wind farm grid connected to a utility grid
v | and comprising at least two sub-grids and a collector

| portion, wherein at least one wind turbine is connected

to each sub-grid, wherein the at least two sub-grids

are connected to the collector portion and wherein the

collector portion establishes the connection to the
utility grid

1102

generating electrical power with at least one of said
wind turbines

1103 | feeding the generated electrical power to the sub-grid |
S to which the at least one wind turbine is connected

1104
| determining a reactive power compenent at each sub-
grid
1105 controiling at least one of said wind turbines on basis

of the determined reactive power components such
that a desired reactive power value is attained
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