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DESCRIPTION

FIELD

[0001] The present disclosure relates generally to wind turbines and, more particularly, to a
system and method to enhance reactive power capability of the wind turbine by controlling the
switching frequency of the rotor-side converter (RSC) in a doubly-fed induction generator
(DFIG) system.

BACKGROUND

[0002] Generally, during operation of a wind turbine, wind impacts the rotor blades and the
blades transform wind energy into a mechanical rotational torque that drives a low-speed shaft.
The low-speed shaft drives a gearbox that subsequently steps up the low rotational speed of
the low-speed shaft to drive a high-speed shaft at an increased rotational speed, wherein the
high-speed shaft rotatably drives a generator rotor. In many conventional wind turbine
configurations, the generator is electrically coupled to a bi-directional power converter that
includes a rotor-side converter (RSC) joined to a line-side converter (LSC) via a regulated DC
link. Each of the RSC and the LSC typically includes a bank of pulse width modulated switching
devices, for example insulated gate bipolar transistors (IGBT modules). The LSC converts the
DC power on the DC link into AC output power that is combined with the power from the
generator stator to provide multi-phase power having a frequency maintained substantially at
the frequency of the electrical grid bus (e.g. 50 HZ or 60 HZ).

[0003] The above system is generally referred to as a doubly-fed induction generator (DFIG)
system, whose operating principles include that the rotor windings are connected to the grid via
slip rings and the power converter controls rotor current and voltage. Control of rotor voltage
and current enables the generator to remain synchronized with the grid frequency while the
wind turbine speed varies (e.g., rotor frequency can differ from the grid frequency). Also, the
primary source of reactive power from the DFIG system is from the RSC via the generator
(generator stator-side reactive power) and the LSC (generator line-side reactive power). Use
of the power converter, in particular the RSC, to control the rotor current/voltage makes it is
possible to adjust the reactive power (and real power) fed to the grid from the RSC
independently of the rotational speed of the generator. In addition, the generator is able to
import or export reactive power, which allows the system to support the grid during extreme
voltage fluctuations on the grid.

[0004] Typically, the amount of reactive power to be supplied by a wind farm to the grid during
steady-state and transient conditions is established by a code requirement dictated by the grid
operator, wherein a wind farm controller determines the reactive power demand made on each
wind turbine within the wind farm. A local controller at each wind turbine receives and allocates
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the reactive power demand between the generator sources (e.g., between generator-side
reactive power and line-side reactive power).

[0005] As the generator speed approaches synchronous speed, the rotor fundamental
frequency approaches DC where the thermal cycling of the IGBTs is greatest, resulting in a
peak temperature of the rotor side IGBT at or near the synchronous speed. This results in a
reduction of the total output current capability of the RSC, and thus a reduction in the reactive
power capability of the RSC. Typically, the switching frequency on the rotor side of a DFIG
power convertor is maintained at an elevated frequency (e.g., about 2000 or 3000 Hz) for all
rotor speeds. While this elevated switching frequency is desirable for most operating speeds,
at or near synchronous generator rotor speeds, it generates peak temperatures and thermal
cycling stresses in the IGBTs and limits the reactive power capability of the DFIG system.

[0006] In addition, operation of a DFIG generator at or near synchronous speed is even more
complicated because current harmonics are feed through the generator from the rotor side to
the stator side and then directly to the transmission utility grid. These harmonics must be
controlled to levels dictated by utility grid harmonic requirements.

[0007] U.S. Pat. No. 8,853,876 describes a system and method for operating a DFIG power
generation system in a wind turbine. A control command is generated to control a switching
frequency of the switching elements in the power converter to an adjusted switching frequency
that is substantially equal to a fundamental frequency of the load when the generator is at or
near synchronous speed. By reducing the switching frequency with reductions in the generator
speed, power losses in the switching elements may be reduced. With such a reduction in
power loss, the temperature rise in the switching elements may also be reduced, which may
provide an extra margin in the output current capability of the power convertor and may also
increase the component life of the switching elements. In addition, by closely matching the
switching frequency with the fundamental frequency of the grid, a reduction in the amount of
harmonics fed through to the line side of the converter may also be obtained, thereby
decreasing the harmonic distortion to the grid.

[0008] U.S. Pat. No. 9,625,921describes a method for temperature regulation of IGBTs in a
power converter to reduce thermal stresses and extend the life of the devices. When the IGBTs
are not within a predetermined temperature range, the switching frequencies of the devices
are modified to bring the IGBTS within the temperature range.

[0009] US2014319838A1 discloses a doubly fed induction generator wind turbine electric
power generation system comprising a controller, a line side converter, and a rotor side
converter. Z

[0010] A system and method that operate a power converter in a power generation system,
such as a wind turbine DFIG system, in a manner to enhance the reactive power generation
capability of the system in real time while maintaining harmonic distortions within limits would
be desirable in the industry.
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BRIEF DESCRIPTION

[0011] Aspects and advantages of the invention will be set forth in part in the following
description, or may be obvious from the description, or may be learned through practice of the
invention. The invention is defined in the independent Claims.

[0012] In one aspect, the present disclosure is directed to a method for operating a power
generation system that supplies real and reactive power to a load. A power converter in the
system includes switching elements and receives alternating current power generated by a
generator, the power converter generating the reactive power within an operating range of
generator rotor speed. As the generator rotor speed changes and approaches synchronous
speed, a control command is generated to decrease a switching frequency of the switching
elements in the power converter from a first switching frequency to a second switching
frequency, wherein the reactive power output of the power converter is increased at the
second switching frequency. The second switching frequency is determined in real operating
time of the generator and is based on providing a defined reactive power value generated by
the power converter at a changed generator rotor speed, such as a speed at or near
synchronous speed, while maintain the switching elements within defined thermal limits.

[0013] The second switching frequency may also be based on maintaining total harmonic
distortion (THD) of the system within defined limits, which may be limits dictated by the grid
operator, by minimizing harmonic distortions induced by the power converter and transferred
to the load.

[0014] In a certain embodiment of the method, the power converter comprises a line-side
converter (LSC) and a rotor-side converter (RSC), where the RSC generates the reactive
power.

[0015] In a particular embodiment, the generator (with LSC and RSC) may be a doubly fed
induction generator (DFIG) in a wind turbine power generation system.

[0016] In one embodiment, the switching elements may be insulated gate bipolar transistor
(IGBT) elements.

[0017] In a particular embodiment, a controller determines the second switching frequency
from a look-up table that cross-references reactive power values generated at the second
switching frequency for different generator rotor speeds. The look-up table may provide the
different generator rotor speeds as a plurality of sub-ranges, wherein for each sub-range a
second switching frequency is provided for a particular reactive power value. The look-up table
may provide a plurality of different reactive power values and corresponding second switching
frequencies for each sub-range of generator rotor speeds.
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[0018] In one embodiment, the reactive power value required from the power generation
system at a particular generator rotor speed is pre-defined (e.g., based on known
characteristics of the power generation system and known load requirements) and entered into
the look-up table to determine the second switching frequency.

[0019] In an alternate embodiment, the reactive power value required from the power
generation system at a particular generator rotor speed is computed or otherwise determined
in real time (e.g., by measuring the load reactive power or the reactive power supplied by the
power generation system at a normal operating rotor speed of the generator, such as a normal
super-synchronous speed, before reduction of the rotor generator speed to at or near
synchronous speed) and entered into the look-up table to determine the second switching
frequency.

[0020] Also, the second switching frequency may be determined so that harmonic distortions
induced by the power converter and transferred to the load are within a pre-defined limit value.

[0021] The present disclosure also encompasses a wind turbine system configured to supply
real and reactive power to a load, the system including a wind turbine rotor comprising a hub
and a plurality of blades coupled to the hub. A doubly fed induction generator (DFIG) is
coupled to the wind turbine rotor and is operable in a range of generator rotor speeds. A power
converter is operationally configured with the DFIG and includes a line-side converter (LSC)
and a rotor-side converter (RSC), the RSC configured to generate the reactive power. A
controller is in communication with the power converter and, as the generator rotor speed
changes and approaches synchronous speed, the controller generates a control command to
decrease a switching frequency of the switching elements (e.g., insulated gate bipolar
transistor (IGBT) elements) in the RSC from a first switching frequency to a second switching
frequency to increase the reactive power output of the RSC. The second switching frequency is
determined in real operating time of the generator by the controller to provide a defined
reactive power value generated by the RSC at a changed generator rotor speed, such as a
speed at or near synchronous speed, while maintaining the switching elements within defined
thermal limits.

[0022] In a particular embodiment of the system, the controller determines the second
switching frequency from a look-up table that cross-references reactive power values
generated at the second switching frequency for different generator rotor speeds. The look-up
table may provide the different generator rotor speeds as a plurality of sub-ranges, wherein for
each sub-range a second switching frequency is provided for a particular reactive power value.
The look-up table may provide a plurality of different reactive power values and corresponding
second switching frequencies for each sub-range of generator rotor speeds.

[0023] In one embodiment of the system, the reactive power value required from the RSC at a
particular generator rotor speed is pre-defined (e.g., based on known characteristics of the
power generation system and known load requirements) and entered into the look-up table to
determine the second switching frequency.
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[0024] In an alternate embodiment of the system, the reactive power value required from the
RSC at a particular generator rotor speed is measured in real time (e.g., by measuring the load
reactive power or the reactive power supplied by the power generation system at a normal
operating rotor speed of the generator, such as a normal super-synchronous speed, before
reduction of the rotor generator speed to at or near synchronous speed) and entered into the
look-up table to determine the second switching frequency.

[0025] The present disclosure further encompasses a power generation system configured to
supply real and reactive power to a load, the system including a generator operable at a
generator rotor speed. A power converter is coupled to the generator and includes a plurality
of switching elements configured to generate the reactive power. A controller in communication
with the power converter and, as the generator rotor speed approaches synchronous speed,
generates a control command to decrease a switching frequency of the switching elements
from a first switching frequency to a second switching frequency to increase the reactive power
output of the power converter. The second switching frequency is determined in real time by
the controller and is based on providing the defined reactive power value generated by the
power converter at a changed generator rotor speed, such as a speed at or near synchronous
speed, while maintain the switching elements within defined thermal limits.

[0026] It should be understood that the methods and systems may further include any
combination of the additional features and/or steps as described herein.

[0027] These and other features, aspects and advantages of the present invention will become
better understood with reference to the following description and appended claims. The
accompanying drawings, which are incorporated in and constitute a part of this specification,
illustrate embodiments of the invention and, together with the description, serve to explain the
principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] A full and enabling disclosure of the present invention, including the best mode thereof,
directed to one of ordinary skill in the art, is set forth in the specification, which makes
reference to the appended figures, in which:

FIG. 1 illustrates a perspective view of an embodiment of a wind turbine according to the
present disclosure;

FIG. 2 illustrates a schematic view of one embodiment of a wind turbine electrical power
system suitable for use with the wind turbine shown in FIG. 1;

FIG. 3 is a schematic diagram of one embodiment of a power converter of a wind turbine
according to the present disclosure;
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FIG. 4 is a flow diagram of one embodiment of a method for operating the switching devices of
a power converter of an electrical power system connected to a power grid or load according
to the present disclosure; and

FIG. 5 is an example of a look-up table in accordance with aspects of the present disclosure.

DETAILED DESCRIPTION

[0029] Reference now will be made in detail to embodiments of the invention, one or more
examples of which are illustrated in the drawings. Each example is provided by way of
explanation of the invention, not limitation of the invention. In fact, it will be apparent to those
skilled in the art that various modifications and variations can be made in the present invention
without departing from the scope or spirit of the invention. For instance, features illustrated or
described as part of one embodiment can be used with another embodiment to yield a still
further embodiment. Thus, it is intended that the present invention covers such modifications
and variations as come within the scope of the appended claims and their equivalents.

[0030] In general, the present subject matter is directed to a system and method for operating
a power generation system, such as a wind turbine configured with a doubly fed induction
generator (DFIG) system. As mentioned, in a particular embodiment of the system and
method, the present subject matter is directed to a system and method for operating a power
converter of a wind-driven DFIG in a manner that increases reactive power output of the power
converter when the generator is operating at or near its synchronous speed while maintaining
the switching elements within defined thermal limits and controlling harmonic distortions
introduced by the converter. For example, under normal power-generation speeds, a DFIG is
typically operated at super-synchronous speeds. However, during specific operating modes
(e.g., during a noise-reduced operating mode of the wind turbine system), the generator may
be operated at speeds at or near its synchronous speed where reactive power capability of the
power converter is limited by the thermal cycling constraints of the switching elements (e.g.,
the IGBTs). In such instances, the present method and system propose to increase the
reactive power output of the power converter by reducing the switching frequency of the
switching elements to a frequency that is determined in real time by the controller and is based
on providing pre-defined reactive power values from the power converter at different generator
rotor speeds The reduced switching frequency is also based on maintaining the switching
elements within defined thermal limit (e.g., below a defined delta temperature value during
thermal cycling of the devices).

[0031] Although not limited to such configurations, for sake of explanation, the present method
and system aspects of the invention are described herein with reference to a wind turbine
power generating system, and more particularly to a wind turbine DFIG system that supplies
real and reactive power to a grid.
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[0032] Referring now to the drawings, FIG. 1 illustrates a perspective view of one embodiment
of a wind turbine 10. As shown, the wind turbine 10 generally includes a tower 12 extending
from a support surface 14, a nacelle 16 mounted on the tower 12, and a rotor 18 coupled to
the nacelle 16. The rotor 18 includes a rotatable hub 20 and at least one rotor blade 22
coupled to and extending outwardly from the hub 20. For example, in the illustrated
embodiment, the rotor 18 includes three rotor blades 22. However, in an alternative
embodiment, the rotor 18 may include more or less than three rotor blades 22. Each rotor
blade 22 may be spaced about the hub 20 to facilitate rotating the rotor 18 to enable kinetic
energy to be transferred from the wind into usable mechanical energy, and subsequently,
electrical energy. For instance, as will be described below, the rotor 18 may be rotatably
coupled to an electric generator 120 (FIG. 2) to permit electrical energy to be produced.

[0033] Wind power generation is typically provided by a wind farm having a large number
(often 100 or more) of the wind turbines, wherein each individual wind turbine 10 typically
experiences a unique wind force. Accordingly, the output power for each individual wind turbine
generator 120 may vary from one wind turbine 10 to another wind turbine 10 within the wind
farm.

[0034] As is generally understood, active power (P) and reactive power (Q) are provided by
each wind turbine generator 120. In some embodiments, a farm-level controller provides
reactive power commands to the wind turbine generators 120, based on transmission grid
needs (which may be dictated by the grid operator or determined based on grid voltage). The
(Q) demand may be identical for each wind turbine generator. In an alternate control
methodology, the reactive power commands may be individually tailored to the wind turbine
generators 120 in the wind farm based on the different power generation characteristics of the
respective wind turbine generators 120, as described, for example in US Pat. Pub. No.
2015/0295529. It should be appreciated that the present invention is not limited to the manner
or methodology in which the reactive power command for an individual wind turbine generator
120 is generated.

[0035] Referring now to FIG. 2, a schematic diagram of one embodiment of a wind turbine
DFIG power system 100 is illustrated in accordance with aspects of the present subject matter.
Although the present subject matter will generally be described herein with reference to the
system 100 shown in FIG. 2, those of ordinary skill in the art, using the disclosures provided
herein, should understand that aspects of the present disclosure may also be applicable in
other power generation systems, and that the invention is not limited to wind turbine systems.

[0036] In the embodiment of FIG. 2, the rotor 18 of the wind turbine 10 (FIG. 1) may,
optionally, be coupled to a gear box 118, which is, in turn, coupled to the generator 120, which
may be a doubly fed induction generator (DFIG).

[0037] As shown, the DFIG 120 is connected to a stator bus 154. A power converter is
connected to the DFIG 120 via a rotor bus 156, and to the stator bus 154 via a line side bus
188. The stator bus 154 provides an output multiphase power (e.g. three-phase power) from a
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stator of the DFIG 120, and the rotor bus 156 provides an output multiphase power (e.g. three-
phase power) from a rotor of the DFIG 120. The power converter 162 includes a rotor side
converter (RSC) 166 and a line side converter (LSC) 168. The DFIG 120 is coupled via the
rotor bus 156 to the rotor side converter 166. Additionally, the RSC 166 is coupled to the LSC
168 via a DC link 136 across which is a DC link capacitor 138. The LSC 168 is, in turn, coupled
to a line side bus 188.

[0038] The RSC 166 and the LSC 168 may be configured for normal operating mode in a
three-phase, pulse width modulation (PWM) arrangement using insulated gate bipolar
transistor (IGBT) switching elements, as will be discussed in more detail with respect to FIG. 3.

[0039] In addition, the power converter 162 is coupled to a converter controller 174 in order to
control the operation of the rotor side converter 166 and the line side converter 168. It should
be noted that the controller 174 may, in several embodiments, be configured as an interface
between the power converter 162 and a local controller 176 and include any number of control
devices. In one embodiment, the converter controller 174 may include a processing device
(e.g. microprocessor, microcontroller, etc.) executing computer-readable instructions stored in
a computer-readable medium. The instructions when executed by the processing device may
cause the processing device to perform operations, including providing control commands (e.g.
switching frequency commands) to the switching elements of the power converter 162.

[0040] It should be appreciated that the converter controller 174 and the local wind turbine
controllers 176 may each correspond to any suitable computing device and/or any combination
of computing devices. For instance, a controller may include one or more processor(s) and
associated memory device(s) configured to perform a variety of computer-implemented
functions. As used herein, the term "processor” refers not only to integrated circuits referred to
in the art as being included in a computer, but also refers to a controller, a microcontroller, a
microcomputer, a programmable logic controller (PLC), an application specific integrated
circuit, and other programmable circuits. Additionally, the memory device(s) may generally
comprise memory element(s) including, but not limited to, computer readable medium (e.g.,
random access memory (RAM)), computer readable non-volatiie medium (e.g.,, a flash
memory), a floppy disk, a compact disc-read only memory (CD-ROM), a magneto-optical disk
(MOD), a digital versatile disc (DVD) and/or other suitable memory elements. Such memory
device(s) may generally be configured to store suitable computer-readable instructions that,
when implemented by the processor(s), configure the controller to perform various functions,
such as the steps disclosed herein.

[0041] As mentioned, for an individual DFIG wind turbine power system 100, the reactive
power (Q) is supplied primarily by the RSC, via the generator 120 and the LSC.

[0042] In typical configurations, various line contactors and circuit breakers including, for
example, a grid breaker 182 may also be included for isolating the various components as
necessary for normal operation of the DFIG 120 during connection to and disconnection from a
load, such as the electrical grid 184. For example, a system circuit breaker 178 may couple the
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system bus 160 to a transformer 180, which may be coupled to the electrical grid 184 via the
grid breaker 182. In alternative embodiments, fuses may replace some or all of the circuit
breakers.

[0043] In operation, alternating current power generated at the DFIG 120 by rotating the rotor
18 is provided to the electrical grid 184 via dual paths defined by the stator bus 154 and the
rotor bus 156. On the rotor bus side 156, sinusoidal multi-phase (e.g. three-phase) alternating
current (AC) power is provided to the power converter 162. The rotor side power converter 166
converts the AC power provided from the rotor bus 156 into direct current (DC) power and
provides the DC power to the DC link 136. As is generally understood, switching elements (e.g.
IGBTs) used in the bridge circuits of the rotor side power converter 166 may be modulated to
convert the AC power provided from the rotor bus 156 into DC power suitable for the DC link
136.

[0044] In addition, the line side converter 168 converts the DC power on the DC link 136 into
AC output power suitable for the electrical grid 184. In particular, switching elements (e.g.
IGBTs) used in bridge circuits of the line side power converter 168 can be modulated to
convert the DC power on the DC link 136 into AC power on the line side bus 188. The AC
power from the power converter 162 can be combined with the power from the stator of DFIG
120 to provide multi-phase power (e.g. three-phase power) having a frequency maintained
substantially at the frequency of the electrical grid 184 (e.g. 50 Hz or 60 Hz).

[0045] Additionally, various circuit breakers and switches, such as grid breaker 182, system
breaker 178, stator sync switch 158, converter breaker 186, and line contactor 172 may be
included in the wind turbine power system 100 to connect or disconnect corresponding buses,
for example, when current flow is excessive and may damage components of the wind turbine
power system 100 or for other operational considerations. Additional protection components
may also be included in the wind turbine power system 100.

[0046] Moreover, the power converter 162 may receive control signals from the local controller
176 via the converter controller 174. The control signals may be based, among other things,
on sensed conditions or operating characteristics of the wind turbine power system 100, and
provide for control of the operation of the power converter 162. For example, feedback in the
form of a sensed speed of the DFIG 120 may be used to control the conversion of the output
power from the rotor bus 156 to maintain a proper and balanced multi-phase (e.g. three-
phase) power supply. In particular, as will be described below, the sensed speed may be used
as a basis for adjusting the switching frequency of the switching elements (e.g., when the DIFG
120 is operating at or near its synchronous speed). Other feedback from other sensors may
also be used by the controller 174 to control the power converter 162, including, for example,
stator and rotor bus voltages and current feedbacks. Using the various forms of feedback
information, switching control signals (e.g. gate timing commands for IGBTs), stator
synchronizing control signals, and circuit breaker signals may be generated.

[0047] The power converter 162 also compensates or adjusts the frequency of the three-
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phase power from the rotor for changes, for example, in the wind speed at hub 20 and blades
22. Therefore, mechanical and electrical rotor frequencies are decoupled and the electrical
stator and rotor frequency matching is facilitated substantially independently of the mechanical
rotor speed.

[0048] Under some conditions, the bi-directional characteristics of the power converter 162,
and specifically, the bi-directional characteristics of the LSC 168 and RSC 166, facilitate
feeding back at least some of the generated electrical power into generator rotor. More
specifically, electrical power is transmitted from the stator bus 154 to line side bus 188 and
subsequently through the line contactor 172 and into the power converter 162, specifically the
LSC 168 which acts as a rectifier and rectifies the sinusoidal, three-phase AC power to DC
power. The DC power is transmitted into DC link 136. Capacitor 138 facilitates mitigating DC
link voltage amplitude variations by facilitating mitigation of a DC ripple sometimes associated
with three-phase AC rectification.

[0049] The DC power is subsequently transmitted to the RSC 166 that converts the DC
electrical power to a three-phase, sinusoidal AC electrical power with predetermined voltages,
currents, and frequencies. This conversion is monitored and controlled via controller 174. The
converted AC power is transmitted from RSC 166 via rotor bus 156 to the generator rotor. In
this manner, generator reactive power control is facilitated by controlling rotor current and
voltage.

[0050] Referring now to FIG. 3, a schematic diagram of one embodiment of the power
converter shown in FIG. 2 is illustrated in accordance with aspects of the present subject
matter. As shown, the rotor side converter (RSC) 166 includes a plurality of bridge circuits (e.g.
H-bridge circuits), with each phase of the rotor bus 156 input to the rotor side converter 166
being coupled to a single bridge circuit. In addition, the line side converter (LSC) 168 may also
include a plurality of bridge circuits. Similar to the rotor side converter 166, the line side
converter 168 also includes a single bridge circuit for each output phase of the line converter
168. In other embodiments, the line side converter 168, the rotor side converter 166, or both
the line side converter 168 and the rotor side converter 166 may include parallel bridge circuits
without deviating from the scope of the present disclosure.

[0051] Each bridge circuit may generally include a plurality of switching elements (e.g. IGBTs)
coupled in series with one another. For instance, as shown in FIG. 3, each bridge circuit
includes an upper IGBT (e.g. IGBT 212) and a lower IGBT (e.g. IGBT 214). In addition, a diode
may be coupled in parallel with each of the IGBTs. In alternative embodiments, parallel IGBTs
and diodes may be used to increase the current rating of the converter. As is generally
understood, the line side converter 168 and the rotor side converter 166 may be controlled, for
instance, by providing control commands, using a suitable driver circuit, to the gates of the
IGBTs. For example, the controller 174 may provide suitable gate timing commands to the
gates of the IGBTs of the bridge circuits. The control commands may control the switching
frequency of the IGBTs to provide a desired output. It should be appreciated by those of
ordinary skill in the art that, as an alternative to IGBTs, the power convertor 162 may include
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any other suitable switching elements.

[0052] Referring to FIG. 3, each IGBT 212 includes a power diode, wherein the IGBT and
power diode are joined to positive or negative DC lines and output lines output three-phase
voltages. Changes to the output current of the IGBTs 212, used to produce a three-phase
output current waveform at the output lines, can result in power losses, resulting in a higher
junction temperature at the IGBTs 212. Such junction temperatures may result in mechanical
strain and/or deformation of the bond wires, thereby shortening the lifespan of the converters
166, 168.

[0053] It is recognized that the junction thermal cycle temperature difference (AT) generated in
cycling of the IGBTs from ON to OFF significantly affects the number of cycles that the device
can sustain, and thus the life of the IGBT. For example, a reduction in a temperature change
(AT) by approximately 10° C. may improve the semiconductor life by a factor of two. Changing
the AT from 10° C. to 30° C. may improve the life from under 100,000 cycles to more than
400,000 cycles. By reducing the switching frequency of the RSC 166, the AT is reduced. Thus,
the second switching frequency may also be established based on maintaining the junction AT
below a defined value.

[0054] Referring now to FIG. 4, a flow diagram of one embodiment of a method 300 for
operating a power generation system is illustrated in accordance with aspects of the present
subject matter. In general, the method 300 is described herein as implemented using a wind
turbine power system, such as the DFIG wind turbine power system 100 described above with
reference to FIG. 2. However, it should be appreciated that the disclosed method 300 may be
implemented using any other suitable power generation system that is configured to supply
power, including reactive power, for application to a load, such as a power grid. In addition,
although FIG. 4 depicts steps performed in a particular order for purposes of illustration and
discussion, the methods described herein are not limited to any particular order or
arrangement. One skilled in the art, using the disclosures provided herein, will appreciate that
various steps of the methods can be omitted, rearranged, combined and/or adapted in various
ways.

[0055] At (302), the method 300 includes generating alternating current (AC) power with a
generator of a power generation system, such as a wind turbine power system incorporating a
DFIG as discussed above. The AC power may be a multiphase alternating current power, such
as a three-phase alternating current power.

[0056] At (304), the AC power is received by a power converter via a bus and is converted by
the power converter to an output power suitable for application to a load (e.g., to an electrical
grid). The output power includes real power (P) and reactive power (Q). The power converter
includes a plurality of switching elements, such as IGBTs, wherein pulse width modulation of
the switching elements may be controlled at a first switching frequency to provide output power
for application to the load at a first operating speed of generator rotor. The first switching
frequency on the rotor side converter (RSC) of a DFIG power convertor may be the frequency
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typically used for all generator rotor speeds within the generator's normal operating speed
range (e.g., about 2000 or 3000 Hz). However, as discussed above, while this first (elevated)
switching is desirable for most operating speeds, it results in peak temperatures and thermal
cycling stresses in the switching elements and limits the reactive power output of the power
converter (particularly, the RSC) at or near synchronous speeds of the generator rotor.

[0057] At (306), a reduced second switching frequency is determined for the switching
elements at a changed generator rotor speed, in particular speeds at or near synchronous
speed. The power converter receives a control command to reduce the switching frequency of
the switching elements to the second switching frequency from a controller. The second
switching frequency is determined in real operating time of the generator based on the
changed generator rotor speed and is selected to provide a defined reactive power value from
the power converter at the changed generator rotor speeds at or near synchronous speed.
The second switching frequency may also be defined based on maintaining the IGBTs below a
junction AT value. The second switching frequency compensates for the deficiency in reactive
power that would otherwise result if the first switching frequency were maintained at the
changed generator rotor speeds.

[0058] It should be appreciated that the second switching frequency based on the variables of
rotor speed, reactive power, and AT limit may be determined empirically, via computer
modeling, testing of actual systems, and by any other suitable means.

[0059] In a certain embodiment, the change (deficiency) in reactive power at the power
converter may be measured in real time as the generator rotor speed changes, wherein the
switching frequency of the IGBTs is reduced in a feedback control loop until the deficiency of
reactive power is compensated for by the second switching frequency.

[0060] In an alternate embodiment, the second switching frequency may be pre-defined. For
example, a controller may determine the second switching frequency from a pre-defined and
stored look-up table 216 (FIG. 5) that cross-references reactive power values generated at the
second switching frequency for different generator rotor speeds at or near synchronous speed
(in the embodiment of the look-up table 216 depicted in Fig. 5, synchronous speed of the
generator rotor is 1200 rpm). Information in the look-up table can be presented in various ways
within the scope and spirit of "predefined” values. For example, referring to FIG. 5, the look-up
table 216 provides the different generator rotor speeds as a plurality of sub-ranges (e.g., 1140-
1170 rpm; 1170-1190 rpm; etc.), wherein for each sub-range a second switching frequency is
provided for a particular reactive power value, the second switching frequency also determined
to meet the AT limit defined for the switching elements. For example, to provide 2250 kVar
from the power converter at a generator rotor speed within the sub-range of 1190-1210 rpm,
the second switching frequency is 75% of the first switching frequency (base value) at normal
operating speeds of the generator rotor (e.g., speeds outside of the "at or near" synchronous
speed band). As shown in Fig. 5, the look-up table 216 may provide a plurality of different
reactive power values and corresponding second switching frequencies for each sub-range of
generator rotor speeds. For example, to provide 2300 kVar from the power converter at the
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same generator rotor speed within the sub-range of 1190-1210 rpm, the second switching
frequency is 70% of the first switching frequency.

[0061] The desired reactive power generation value required for production by the power
converter at the changed generator rotor speed (e.g., 2200 kVar or 2300 kVar) may be pre-
defined based on known characteristics of the power generation system at the first switching
frequency and/or the known load (grid) reactive power requirements and entered into the look-
up table to determine the second switching frequency. Alternatively, the reactive power output
of the power converter may be measured at the first switching frequency and used to enter the
look-up table 216 to determine the second switching frequency that will be needed at the
changed generator rotor speed.

[0062] It certain embodiments, it may also be desired to limit or define the second switching
frequencies so that harmonic distortions induced by the power converter and transferred to the
grid via the LSC or the generator are within a pre-defined Total Harmonic Distortion (THD)
value set for the power generation system.

[0063] At (308), a command is generated (e.g., from the controller 174) to reduce the
switching frequency to the second switching frequency in order to increase the reactive power
output of the power converter. This command may be generated before the generator rotor
speed changes, during the speed change, or after the speed change of the generator rotor.

[0064] At (310), the increased reactive power output from the power converter at the changed
speed of the generator rotor is supplied to the load, which may be an electrical grid. However,
in other embodiments, the load may be a motor, resistive load or any other load. It should be
appreciated that, while an electrical grid is traditionally a supplier of power, the electrical grid
may act as a load for the disclosed wind turbine power system 100.

[0065] It should be appreciated that, as indicated above, the "synchronous speed" of a
generator generally refers to the speed at which the rotor current is equal to DC current. In
addition, it should be appreciated that the operating speed of a generator may be "at or near"
its synchronous speed when the operating speed is within +/- 10% of the synchronous speed,
such as by operating the generator at a speed of within +/- 5% of the synchronous speed or at
a speed of within +/- 2.5% of the synchronous speed and any other subranges therebetween.
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KRAV

1. Fremgangsmdade (300) til drift af et energigenereringssystem (100), der leverer reel og

10

15
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35

reaktiv effekt til en belastning (ENG: load), omfattende:

med en effektomformer (162) med omskifterelementer, modtagelse (304) af
vekselstramseffekt fra en generator (120) og generering af den reaktive effekt inden
for et driftsomrdde af generatorens rotorhastighed;

efterhdnden som generatorens rotorhastighed aendres og naermer sig
synkronhastighed, generering (308) af en styrekommando for at reducere en
omskiftefrekvens (ENG: switching frequency) for omskifterelementerne fra en fgrste
omskiftefrekvens til en anden omskiftefrekvens, hvor den reaktive effektudgang
(ENG: reactive power output) fra effektomformeren (162) gges ved den anden
omskiftefrekvens; og

hvor den anden omskiftefrekvens bestemmes i reel driftstid for generatoren (120)
baseret pd at tilvejebringe en defineret reaktiv effektveerdi fra effektomformeren
(162) ved den aendrede generatorrotorhastighed ved eller teet pd synkronhastighed
og opretholdelse af omskifterelementerne inden for definerede termiske graenser.

Fremgangsmadde ifglge krav 1, hvor effektomformeren (162) omfatter en linjesideomformer,
LSC (168), og en rotorsideomformer, RSC (166), hvor RSC'en (166) genererer den reaktive
effekt.

Fremgangsmdde ifglge krav 2, hvor generatoren (120) er en dobbeltfadet
induktionsgenerator , DFIG, i et vindmglleenergigenereringssystem (100).

Fremgangsmdde ifglge krav 2, hvor omskifterelementerne omfatter bipolaere
transistorisolerede, IGBT, elementer (212, 214).

Fremgangsmadde ifglge et hvilket som helst af de foregdende krav, hvor en styreenhed (174)
bestemmer den anden omskifterfrekvens fra en opslagstabel, der krydsrefererer reaktive
effektvaerdier genereret ved den anden omskifterfrekvens ved forskellige
generatorrotorhastigheder.

Fremgangsmdde ifglge krav 5, hvor opslagstabellen tilvejebringer de forskellige
generatorrotorhastigheder som en flerhed af underintervaller (ENG: sub-ranges), og for
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hvert underinterval er der tilvejebragt en anden omskiftefrekvens for den reaktive
effektvaerdi.

Fremgangsmadde ifglge krav 6, hvor opslagstabellen tilvejebringer en flerhed af de reaktive
effektvaerdier og en tilsvarende anden omskiftefrekvens for hvert underinterval ved hver af
de reaktive effektvaerdier.

Fremgangsmdde ifglge krav 5, hvor den reaktive effektvaerdi, der kreeves fra
energigenereringssystemet (100) ved en bestemt generatorrotorhastighed, er
foruddefineret og indtastet i opslagstabellen for at bestemme den anden omskiftefrekvens.

Fremgangsmdde ifglge krav 5, hvor den reaktive effektvaerdi, der kreeves fra
energigenereringssystemet (100) ved en bestemt generatorrotorhastighed, males i realtid
og indtastes i opslagstabellen for at bestemme den anden omskiftefrekvens.

Fremgangsmdde ifglge et hvilket som helst af de foregdende krav, hvor den anden
omskiftefrekvens bestemmes sdledes, at harmoniske forvraengninger induceret af
effektomformeren (162) i belastningen er inden for en foruddefineret graenseveaerdi.

Vindmgllesystem (100) konfigureret til at levere reel og reaktiv effekt til en belastning,
omfattende:

en vindmgllerotor (18) omfattende et nav (20) og en flerhed af vinger (22) koblet til
navet (20);

en dobbeltfadet induktionsgenerator , DFIG (120), koblet til vindmgllerotoren (18) og
der kan betjenes ved en generatorrotorhastighed;

en effektomformer (162) konfigureret med DFIG'en (120) og omfattende en
linjesideomformer, LSC (168) og en rotorsideomformer, RSC (166), hvor RSC'en (166)
omfatter en flerhed af omskifterelementer konfigureret til at generere den reaktive
effekt;

en styreenhed (174) i kommunikation med effektomformeren (162) og, ndr
generatorrotorhastigheden aendrer sig og neaermer sig synkronhastighed, er
konfigureret til at generere en styrekommando til at reducere en omskiftefrekvens for
omskifterelementerne i RSC'en (166) fra en fgrste omskiftefrekvens til en anden
omskiftefrekvens for at gge et output af den reaktive effekt fra RSC'en (166); og
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hvor den anden omskiftefrekvens bestemmes i reel driftstid for generatoren, af
styreenheden (174), for at tilvejebringe en defineret reaktiv effektvaerdi genereret af
RSC'en (166) ved en eendret generatorrotorhastighed ved eller taet pa
synkronhastighed, mens omskifterselementerne opretholdes inden for definerede

termiske greenser.

Vindmgllesystem (100) ifglge krav 11, hvor omskifterelementerne omfatter bipolaere
transistorisolerede, IGBT, elementer (212, 214).

Vindmgllesystem (100) ifglge krav 11-12, hvor styreenheden (174) bestemmer den anden
omskiftefrekvens fra en opslagstabel, der krydsrefererer reaktive effektvaerdier genereret
ved den anden omskiftefrekvens ved forskellige generatorrotorhastigheder.

Vindmgllesystem (100) ifalge krav 13, hvor opslagstabellen omfatter de forskellige
generatorrotorhastigheder praesenteret som en flerhed af underintervaller, og for hvert
underinterval er der tilvejebragt en anden omskiftefrekvens for en bestemt reaktiv
effektveaerdi.

Vindmgllesystem (100) ifglge krav 14, hvor opslagstabellen omfatter en flerhed af de
reaktive effektvaerdier og de tilsvarende andre omskiftefrekvenser ved underintervallerne af
generatorrotorhastigheder.
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300

OF A POWER GENERATION SYSTEM
OPERATING AT A GENERATOR ROTOR
SPEED

302 -\ GENERATE AC POWER WITH GENERATOR

A
RECEIVE THE AC POWER AND GENERATE
304 \ REACTIVE POWER WITH A POWER
CONVERTER (SWITCHING ELEMENTS)
OPERATING AT A FIRST SWITCHING
FREQUENCY

THD Limit

A

306 DETERMINE A REDUCED SECOND
\ SWITHCING FREQUENCY FOR THE

SWITCHING ELEMENTS AT A CHANGED
GENERATOR ROTOR SPEED

1 AT Limit

Q atchanged
rotor speed

A | rotor speed
AS GENERATOR ROTOR SPEED

APPROACHES SYNCHRONOQUS SPEED,

308 \ DECREASE SWITHCING FREQUENCY OF

SWITCHING ELEMENTS TO THE SECOND

SWITCHING FREQUENCY TO INCREASE
REACTIVE POWER OUTPOUT AT THE
CHANED GENERATOR ROTOR SPEED

310
\ SUPPLY THE INCREASED REACTIVE

POWERTO A LOAD

FIG. -4-
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\'

Speed RSC switching frequency (% of
{rpm) base value at normal speed)
1140-1170 90% 85% 80%
1170-1190 85% 80% 75%
1190-1210 80% 75% 70%
1210-1230 85% 85% 75%
1230-1260 90% 80% 80%
Reactive 2200 2250 2300
power kVar kVar kvar
{vars)

FIG. -5-
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