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DESCRIPTION

[0001] The subject matter described herein relates generally to controlling operation of power
generation and delivery systems, and more specifically, to controlling operation of a wind
turbine In response to a power grid contingency event.

[0002] WInd turbine generators utilize wind energy to produce electrical power. See, for
example, US 2011/137474 and WO 2010/125687. Wind turbine generators typically include a
rotor having multiple blades that transform wind energy into rotational motion of a drive shaft,
which In turn is utilized to drive an electrical generator to produce electrical power. Each of the
multiple blades may be pitched to increase or decrease the rotational speed of the rotor. A
power output of a wind turbine generator increases with wind speed until the wind speed
reaches a rated wind speed for the turbine. At and above the rated wind speed, the wind
turbine generator operates at a rated power. The rated power is an output power at which a
wind turbine generator can operate with a level of fatigue to turbine components that is
predetermined to be acceptable. At wind speeds higher than a certain speed, or at a wind
turbulence level that exceeds a predetermined magnitude, typically referred to as a "trip limit"
or "'monitor set point limit,” wind turbines may be shut down, or the loads may be reduced by
regulating the pitch of the blades or braking the rotor, in order to protect wind turbine
components against damage.

[0003] Variable speed operation of the wind turbine generator facilitates enhanced capture of
energy by the wind turbine generator when compared to a constant speed operation of the
wind turbine generator. However, variable speed operation of the wind turbine generator
produces electricity having varying voltage and/or frequency. More specifically, the frequency
of the electricity generated by the variable speed wind turbine generator i1s proportional to the
speed of rotation of the rotor. A power converter may be coupled between the electric
generator and a utility grid. The power converter outputs electricity having a fixed voltage and
frequency for delivery on the utility grid.

[0004] A balance between a torque on the rotor created by interaction of the rotor blades and
the wind and a generator torque facilitates stable operation of the wind turbine. Wind turbine
adjustments, for example, blade pitch adjustments, or grid events, for example, low voltages or
zero voltages on the grid, may cause an imbalance between the torque on the rotor caused by
the wind and the generator torque. The electric generator has an air gap torque between the
generator rotor and stator that opposes the torque applied by the rotor. The power converter
also controls the air gap torque which facilitates controlling the power output of the electric
generator. However, the wind turbine may not be able to operate through certain grid events,
or may sustain wear and/or damage due to certain grid events, due to a time period required
for adjustments to wind turbine operation to take effect after detecting the grid event.

[0005] Hence the present invention, as defined by the independent claims, Is provided.
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[0006] Various aspects and embodiments of the present invention will now be described In
connection with the accompanying drawings, in which:

Figure 1 1s a block diagram of an exemplary power generation system.

Figure 2 1s a perspective view of a portion of an exemplary wind turbine that may be used In
the power generation system shown in Figure 1.

Figure 3 Is a partially cut-away view of a portion of the wind turbine shown in Figure 2.
Figure 4 is a block diagram of the wind turbine shown In Figure 2.

Figure 5 Is a block diagram of an exemplary power generation and delivery system that may
Include the wind turbine shown in Figure 2.

Figure 6 1s a block diagram of an exemplary control system that may be included within the
power generation and delivery system shown in Figure 5.

Figure 7 I1s a block diagram of an exemplary voltage regulator and reactive booster that may
be included within the control system shown in Figure 6.

Figure 8 Is a graphical view of the derivative of reactive current with respect to power needed
by the grid to maintain near constant voltage during a power increase In the system shown In
Figure 5 as a function of real power output of the system for three different grid mpedances.

Figures 9-12 show graphical views of operating characteristics of the system shown In Figure 5
before, during, and after occurrence of a grid contingency event.

[0007] As used herein, the term "blade” is intended to be representative of any device that
provides 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 Iinto mechanical
energy. As used herein, the term "wind turbine 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.

[0008] Various technical effects of the methods, systems, and computer-readable media
described herein may Iinclude at least one of: (a) monitoring an output parameter of a power
generation and delivery system; (b) determining a rate of change of the output parameter as a
function of time; (¢c) generating a supplementary voltage command as a function of the
determined rate of change of the output parameter; and (d) controlling operation of a power
converter based at least partially on the supplementary voltage command.

[0009] The methods, systems, and computer readable media described herein facilitate
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iIdentification of a grid contingency event, a rapid reactive power response to the grid
contingency event, and/or voltage stability during recovery from the grid contingency event.
The rapid response reduces or substantially eliminates the risk of voltage collapse, and
facilitates stabilizing the power generation system and utility grid. Although generally described
herein with respect to a wind turbine and/or a solar power generation system, the methods and
systems described herein are applicable to any type of electric generation system including, for
example, fuel cells, geothermal generators, hydropower generators, and/or other devices that
generate power from renewable and/or non-renewable energy sources.

[0010] Figure 1 1s a block diagram of an exemplary power generation system 1 that includes a
power generator 2. Power generator 2 includes one or more power generation units 3. Power
generation units 3 may include, for example, wind turbines, solar cells, fuel cells, geothermal
generators, hydropower generators, and/or other devices that generate power from renewable
and/or non-renewable energy sources. Although three power generation units 3 are shown In
the exemplary embodiment, in other embodiments, power generator 2 may include any
suitable number of power generation units 3, including only one power generation unit 3.

[0011] In the exemplary embodiment, power generator 2 i1s coupled to a power converter 4, or
a power converter system 4, that converts a substantially direct current (DC) power output
from power generator 2 to alternating current (AC) power. The AC power Is transmitted to an
electrical distribution network 5, or "grid." Power converter 4, in the exemplary embodiment,
adjusts an amplitude of the voltage and/or current of the converted AC power to an amplitude
suitable for electrical distribution network 5, and provides AC power at a frequency and a
phase that are substantially equal to the frequency and phase of electrical distribution network
5. Moreover, In the exemplary embodiment, power converter 4 provides three phase AC power
to electrical distribution network 5. Alternatively, power converter 4 provides single phase AC
power or any other number of phases of AC power to electrical distribution network 18.
Furthermore, In some embodiments, power generation system 1 may include more than one
power converters 4. For example, iIn some embodiments, each power generation unit may be
coupled to a separate power converter 4.

[0012] In an exemplary embodiment, power generation units 3 include solar panels coupled to
form one or more solar array to facilitate operating power generation system 1 at a desired
power output. Each power generation unit 3 may be an individual solar panel or an array of
solar panels. In one embodiment, power generation system 1 includes a plurality of solar
panels and/or solar arrays coupled together In a series-parallel configuration to facilitate
generating a desired current and/or voltage output from power generation system 1. Solar
panels Include, iIn one embodiment, one or more of a photovoltaic panel, a solar thermal
collector, or any other device that converts solar energy to electrical energy. In the exemplary
embodiment, each solar panel Is a photovoltaic panel that generates a substantially direct
current power as a result of solar energy striking solar panels. In the exemplary embodiment,
the solar array is coupled to power converter 4, or power converter system 4, that converts the
DC power to alternating current power that is transmitted to electrical distribution network 5.
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[0013] In other embodiments, power generation units 3 include one or more wind turbines
coupled to facilitate operating power generation system 1 at a desired power output. Each wind
turbine generates substantially direct current power. The wind turbines are coupled to power
converter 4, or power converter system 4, that converts the DC power to AC power that Is
transmitted to an electrical distribution network 5, or "grid.” Methods and systems will be further
described herein with reference to such a wind turbine based power generation system.
However, the methods and systems described herein are applicable to any type of electric
generation system Including, for example, fuel cells, geothermal generators, hydropower
generators, and/or other devices that generate power from renewable and/or non-renewable
energy sources.

[0014] Figure 2 1s a perspective view of an exemplary wind turbine 10 that may be used In
power generation system 1. Figure 3 is a partially cut-away perspective view of a portion of
wind turbine 10. Wind turbine 10 described and shown herein i1s a wind turbine generator for
generating electrical power from wind energy. Moreover, wind turbine 10 described and
llustrated herein Includes a horizontal-axis configuration, however, in some embodiments,
wind turbine 10 may include, in addition or alternative to the horizontal-axis configuration, a
vertical-axis configuration (not shown). Wind turbine 10 may be coupled to an electrical load
(not shown In Figure 2), such as, but not limited to, a power grid, for receiving electrical power
therefrom to drive operation of wind turbine 10 and/or its associated components and/or for
supplying electrical power generated by wind turbine 10 thereto. Although only one wind
turbine 10 Is shown In Figures 2 and 3, iIn some embodiments, a plurality of wind turbines 10
may be grouped together, sometimes referred to as a "wind farm.”

[0015] WInd turbine 10 Includes a body or nacelle 12 and a rotor (generally designated by 14)
coupled to nacelle 12 for rotation with respect to nacelle 12 about an axis of rotation 20. In the
exemplary embodiment, nacelle 12 is mounted on a tower 16, however, In some embodiments,
In addition or alternative to tower-mounted nacelle 12, nacelle 12 may be positioned adjacent
the ground and/or a surface of water. The height of tower 16 may be any suitable height
enabling wind turbine 10 to function as described herein. Rotor 14 includes a hub 22 and a
plurality of blades 24 (sometimes referred to as "airfoils”) extending radially outwardly from hub
22 for converting wind energy Into rotational energy. Although rotor 14 Is described and
llustrated herein as having three blades 24, rotor 14 may have any number of blades 24.
Blades 24 may each have any length that allows wind turbine 10 to function as described
herein. For example, iIn some embodiments, one or more rotor blades 24 are about one-half
meter long, while In some embodiments one or more rotor blades 24 are about fifty meters
long. Other examples of blade 24 lengths include ten meters or less, about twenty meters,
about thirty-seven meters, and about forty meters. Still other examples include rotor blades
between about fifty and about one-hundred meters long, and rotor blades greater than one-
hundred meters long.

[0016] Despite how rotor blades 24 are illustrated in Figure 2, rotor 14 may have blades 24 of
any shape, and may have blades 24 of any type and/or any configuration, whether such
shape, type, and/or configuration Is described and/or Illustrated herein. One example of
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another type, shape, and/or configuration of blades 24 is a Darrieus wind turbine, sometimes
referred to as an "eggbeater” turbine. Yet another example of another type, shape, and/or
configuration of blades 24 1s a Savonious wind turbine. Moreover, wind turbine 10 may, In
some embodiments, be a wind turbine wherein rotor 14 generally faces upwind to harness
wind energy, and/or may be a wind turbine wherein rotor 14 generally faces downwind to
harness energy. Of course, In any of the embodiments, rotor 14 may not face exactly upwind
and/or downwind, but may face generally at any angle (which may be variable) with respect to
a direction of the wind to harness energy therefrom.

[0017] Referring now to Figure 3, wind turbine 10 includes an electrical generator 26 coupled
to rotor 14 for generating electrical power from the rotational energy generated by rotor 14.
Generator 26 may be any suitable type of electrical generator, such as, but not limited to, a
wound rotor induction generator, a double-fed induction generator (DFIG, also known as dual-
fed asynchronous generators), a permanent magnet (PM) synchronous generator, an
electrically-excited synchronous generator, and a switched reluctance generator. Generator 26
Includes a stator (not shown) and a rotor (not shown) with an air gap included therebetween.
Rotor 14 includes a rotor shaft 28 coupled to rotor hub 22 for rotation therewith. Generator 26
IS coupled to rotor shaft 28 such that rotation of rotor shaft 28 drives rotation of the generator
rotor, and therefore operation of generator 26. In the exemplary embodiment, the generator
rotor has a generator shaft 30 coupled thereto and coupled to rotor shaft 28 such that rotation
of rotor shaft 28 drives rotation of the generator rotor. In other embodiments, the generator
rotor Is directly coupled to rotor shaft 28, sometimes referred to as a "direct-drive wind turbine.”
In the exemplary embodiment, generator shaft 30 Is coupled to rotor shaft 28 through a

gearbox 32, although In other embodiments generator shaft 30 is coupled directly to rotor shaft
28.

[0018] The torque of rotor 14 drives the generator rotor to thereby generate variable
frequency AC electrical power from rotation of rotor 14. Generator 26 has an air gap torque
between the generator rotor and stator that opposes the torque of rotor 14. A power
conversion assembly 34 1s coupled to generator 26 for converting the variable frequency AC to
a fixed frequency AC for delivery to an electrical load (not shown in Figure 3), such as, but not
imited to a power grid (not shown In Figure 3), coupled to generator 26. Power conversion
assembly 34 may Iinclude a single frequency converter or a plurality of frequency converters
configured to convert electricity generated by generator 26 to electricity suitable for delivery
over the power grid. Power conversion assembly 34 may also be referred to herein as a power
converter. Power conversion assembly 34 may be located anywhere within or remote to wind
turbine 10. For example, power conversion assembly 34 may be located within a base (not
shown) of tower 16.

[0019] In some embodiments, wind turbine 10 includes a rotor speed limiter, for example, but
not limited to a disk brake 36. Disk brake 36 brakes rotation of rotor 14 to, for example, slow
rotation of rotor 14, brake rotor 14 against full wind torque, and/or reduce the generation of
electrical power from electrical generator 26. Furthermore, in some embodiments, wind turbine
10 includes a yaw system 38 for rotating nacelle 12 about an axis of rotation 40 for changing a
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vaw of rotor 14, and more specifically for changing a direction faced by rotor 14 to, for
example, adjust an angle between the direction faced by rotor 14 and a direction of wind.

[0020] In one embodiment, wind turbine 10 Includes a variable blade pitch system 42 for
controlling, including but not limited to changing, a pitch angle of blades 24 (shown In Figures
2-3) with respect to a wind direction. Pitch system 42 may be coupled to system controller 44
for control thereby. Pitch system 42 is coupled to hub 22 and blades 24 for changing the pitch
angle of blades 24 by rotating blades 24 with respect to hub 22. The pitch actuators may
Include any suitable structure, configuration, arrangement, means, and/or components,
whether described and/or shown herein, such as, but not limited to, electrical motors, hydraulic
cylinders, springs, and/or servomechanisms. Moreover, the pitch actuators may be driven by
any suitable means, whether described and/or shown herein, such as, but not limited to,
hydraulic fluid, electrical power, electro-chemical power, and/or mechanical power, such as, but
not limited to, spring force.

[0021] Figure 4 is a block diagram of an exemplary embodiment of wind turbine 10. In the
exemplary embodiment, wind turbine 10 includes one or more system controllers 44 coupled to
at least one component of wind turbine 10 for generally controlling operation of wind turbine 10
and/or controlling operation of the components thereof, regardless of whether such
components are described and/or shown herein. For example, In the exemplary embodiment
system controller 44 is coupled to pitch system 42 for generally controlling rotor 14. In the
exemplary embodiment, system controller 44 is mounted within nacelle 12 (shown In Figure 3),
however, additionally or alternatively, one or more system controllers 44 may be remote from
nacelle 12 and/or other components of wind turbine 10. System controllers 44 may be used for
overall system monitoring and control including, without limitation, pitch and speed regulation,
high-speed shaft and yaw brake application, yaw and pump motor application, and/or fault
monitoring. Alternative distributed or centralized control architectures may be used In some
embodiments.

[0022] In an exemplary embodiment, wind turbine 10 includes a plurality of sensors, for
example, sensors 50, 54, and 56. Sensors 50, 54, and 56 measure a variety of parameters
Including, without limitation, operating conditions and atmospheric conditions. Each sensor 50,
54, and 56 may be an individual sensor or may include a plurality of sensors. Sensors 50, 54,
and 56 may be any suitable sensor having any suitable location within or remote to wind
turbine 10 that allows wind turbine 10 to function as described herein. In some embodiments,
sensors 50, 54, and 56 are coupled to system controller 44 for transmitting measurements to
system controller 44 for processing thereof.

[0023] In some embodiments, system controller 44 includes a bus 62 or other communications
device to communicate information. One or more processor(s) 64 are coupled to bus 62 to
process Information, including information from sensors 50, 54, and 56 and/or other sensor(s).
Processor(s) 64 may include at least one computer. As used herein, the term computer is not
imited to Iintegrated 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
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application specific integrated circuit, and other programmable circuits, and these terms are
used interchangeably herein.

[0024] System controller 44 may also include one or more random access memories (RAM) 66
and/or other storage device(s) 68. RAM(s) 66 and storage device(s) 68 are coupled to bus 62
to store and transfer information and instructions to be executed by processor(s) 64. RAM(s)
66 (and/or storage device(s) 68, If included) can also be used to store temporary variables or
other intermediate information during execution of Instructions by processor(s) 64. System
controller 44 may also Iinclude one or more read only memories (ROM) 70 and/or other static
storage devices coupled to bus 62 to store and provide static (i.e., non-changing) information
and Instructions to processor(s) 64. Processor(s) 64 process Iinformation transmitted from a
plurality of electrical and electronic devices that may include, without limitation, speed and
power transducers. Instructions that are executed Include, without I[imitation, resident
conversion and/or comparator algorithms. The execution of sequences of instructions I1s not
limited to any specific combination of hardware circuitry and software instructions.

[0025] System controller 44 may also include, or may be coupled to, input/output device(s) 72.
Input/output device(s) 72 may Include any device known In the art to provide Iinput data to
system controller 44 and/or to provide outputs, such as, but not Imited to, yaw control and/or
pitch control outputs. Instructions may be provided to RAM 66 from storage device 68
Including, for example, a magnetic disk, a read-only memory (ROM) integrated circuit, CD-
ROM, and/or DVD, via a remote connection that is either wired or wireless providing access to
one or more electronically-accessible media. In some embodiments, hard-wired circuitry can
be used In place of or in combination with software instructions. Thus, execution of sequences
of Instructions I1s not limited to any specific combination of hardware circuitry and software
Instructions, whether described and/or shown herein. Also, In the exemplary embodiment,
Input/output device(s) 72 may include, without limitation, computer peripherals associated with
an operator Iinterface such as a mouse and a keyboard (neither shown In Figure 4).
Alternatively, other computer peripherals may also be used that may include, for example, a
scanner (not shown in Figure 4). Furthermore, in the exemplary embodiment, additional output
channels may include, for example, an operator interface monitor (not shown in Figure 4).
System controller 44 may also include a sensor interface 74 that allows system controller 44 to
communicate with sensors 50, 54, and 56 and/or other sensor(s). Sensor interface 74 may
Include one or more analog-to-digital converters that convert analog signals into digital signals
that can be used by processor(s) 64.

[0026] In an exemplary embodiment, wind turbine 10 Includes a phase locked loop (PLL)
regulator 80. PLL regulator 80 1s coupled to sensor 54. In the exemplary embodiment, sensor
54 Is a voltage transducer configured to measure a terminal grid voltage output by frequency
converter 34. Alternatively, PLL regulator 80 is configured to receive a plurality of voltage
measurement signals from a plurality of voltage transducers. In an example of a three-phase
generator, each of three voltage transducers Is electrically coupled to each one of three
phases of a grid bus. PLL regulator 80 may be configured to receive any number of voltage
measurement signals from any number of voltage transducers that allow PLL regulator 80 to
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function as described herein.

[0027] Figure 5 is a block diagram of an exemplary power generation and delivery system 150.
Power generation and delivery system 150 may be used with, or included within, wind turbine
10 (shown In Figures 2 and 3). System 150 includes an energy source, for example, generator
26. Although described herein as wind turbine generator 26, the energy source may Iinclude
any type of electrical generator that allows system 150 to function as described herein, e.g. a
solar power generation system. System 150 also includes a power converter, such as, power
conversion assembly 34. Power conversion assembly 34 receives electrical power (P,) 132

generated by generator 26 and converts electrical power 132 to an electrical power (Py) 134

(referred to herein as terminal power 134) suitable for transmission over an electric power
transmission and distribution grid 136 (referred to herein as utility grid 136). A terminal voltage
(V1) 138 Is defined at a node between power conversion assembly 34 and utility grid 136. A
bulk power system 140 is coupled to utility grid 136. Bulk power system 140 includes a plurality
of loads and/or power sources.

[0028] In the exemplary embodiment, system 150 Iincludes a grid-dependent power limiter
system 152. In the exemplary embodiment, a controller, for example, but not Iimited to,
controller 44 (shown In Figure 4), Is programmed to perform the functions of grid-dependent
power limiter system 152. However, In alternative embodiments, the functions of grid-
dependent power limiter system 152 may be performed by any circuitry configured to allow
system 150 to function as described herein. Power limiter system 152 1s configured to identify
the occurrence of a grid contingency event, and provide power conversion assembly 34 with
signals that facilitate reducing pole-slipping and providing a stable recovery from the grid
event. In certain embodiments, power conversion assembly 34 responds according to the
signals provided by power Imiter system 152 and substantially eliminates pole-slipping.
Generally, upon detection of a grid contingency event, power limiter system 152 provides
signals to reduce the power output of power conversion assembly 34. During recovery from the
grid contingency event, power limiter system 152 provides signals to increase the active power
output of power conversion assembly 34. In some embodiments, power limiter system 152
provides a signal, or signals, to Iincrease the active power output of power conversion
assembly 34 gradually until the output power of power conversion assembly 34 is returned to
its pre-fault level.

[0029] System 150 includes a reactive booster system 241 configured to generate a
supplemental voltage command signal 243 to increase a reactive current output of power
conversion assembly 34 during recovery from a grid contingency event to facilitate maintaining
a substantially constant terminal voltage 138 and facilitate prevention of voltage collapse. In
the exemplary embodiment, a controller, for example, but not Iimited to, controller 44 (shown In
Figure 4), Is programmed to perform the functions of reactive current booster system 241.
However, In alternative embodiments, the functions of reactive current booster system 241
may be performed by any circuitry configured to allow system 150 to function as described
herein. In certain embodiments, power conversion assembly 34 responds according to the
signals provided by reactive booster system 241 and provides a substantially constant terminal
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voltage 138 during recovery from the grid event.

[0030] A grid event, also referred to herein as a grid contingency event, may leave utility grid
136 In a degraded mode where the grid impedance Is too high to accommodate power
generated by generator 26. An example of a grid event includes a short-circuit fault on one of
the transmission lines within utility grid 136. Electrical transmission protection actions remove
the faulted portion of utility grid 136 to permit operation of the remaining unfaulted portion of
utility grid 136. A transmission path remains that i1s degraded in its ability to transmit power
from system 150 to bulk power system 140. Such grid events cause a brief period of low
voltage on utility grid 136 prior to clearing the faulted portion of the utility grid 136. Typically,
terminal voltage 138 will be significantly degraded at the time of the grid event..

[0031] Such a grid event may lead to a post-fault condition where the high impedance of utility
grid 136 prevents utility grid 136 from transmitting the pre-fault power from wind generator 26
(.e., the impedance of utility grid 136 is too high to carry the pre-fault power from wind
generator 26). In a synchronous machine, this condition may cause a rotor angle of the
generator rotor to move past the point where a restraining torque of utility grid 136 i1s able to
balance the mechanical input to wind turbine 10, which is referred to herein as "pole-slipping.”
In a machine with a power electronic interface (e.g., power conversion assembly 34), this
condition may lead to a series of rapid pulsations of power and voltage. Such pulsations are
analogous to pole-slipping, although with power conversion assembly 34, control algorithms
govern the behavior rather than the physics of synchronous machines. Without precautions In
the power converter control algorithms, pole-slipping may occur. The reduction of active
current below the pre-fault level during and shortly after the fault can help mitigate pole-
slipping. In the post-fault time period, the degraded transmission system 136 may be unable to
transfer the pre-fault level of active current before an appropriate amount of reactive current is
Injected from the generation system 150 Iinto the transmission system 136. Increasing the
active current to pre-fault levels without appropriately increasing the reactive current can result
In voltage collapse of the transmission system 136.

[0032] As shown In Figure 5, In the exemplary embodiment, power conversion assembly 34 Is
configured to receive control signals 154 from a converter interface controller 156. Control
signals 154 are based on sensed operating conditions or operating characteristics of wind
turbine 10 as described herein and used to control the operation of power conversion
assembly 34. Examples of measured operating conditions may include, but are not limited to, a
terminal grid voltage, a PLL error, a stator bus voltage, a rotor bus voltage, and/or a current.
For example, sensor 54 measures terminal grid voltage 138 and transmits a terminal voltage
feedback signal 160 to a voltage regulator 184. A sensor, such as sensor 54, measures
electrical power 134 and transmits an electrical power feedback signal 161 to reactive booster
system 241. Reactive booster system 241 generates supplemental voltage command signal
243 based at least partially on the feedback signal 161 and transmits supplemental voltage
command signal 243 to voltage regulator 184. \oltage regulator 184 generates a reactive
current command signal 168 based at least partially on supplemental voltage command signal
and transmits reactive current command signal 168 to converter interface controller 156. In



DK/EP 2573894 13

some embodiments power limiter system 152 also receives terminal voltage feedback signal
160. Based at least partially on terminal voltage feedback signal 160, power limiter system 152
determines when a grid contingency event occurs and/or concludes and generates a real
current limiter signal 166 to limit active power output of power conversion assembly 34 during a
grid contingency event and gradually increase active power output of power conversion
assembly 34 on conclusion of the grid contingency event. Power limiter system 152 transmits
real current limiter signal 166 to converter Interface controller 156. In an alternative
embodiment, converter interface controller 156 Is included within system controller 44. Other
operating condition feedback from other sensors also may be used by controller 44 and/or
converter interface controller 156 to control power conversion assembly 34.

[0033] Figure 6 I1s a block diagram of an exemplary control system of power generation and
delivery system 150 Iincluding an exemplary reactive booster system, for example, reactive
booster system 241. In the exemplary embodiment, reactive booster system 241 is configured
to output supplementary voltage command signal 243. In other embodiments, reactive booster
system 241 may output a supplementary current command, a reactive current command, or
any other signal suitable for causing an increase In reactive current output from power
conversion assembly 34. In the exemplary embodiment, reactive booster system 241 includes
a power derivative estimator 242, and a non-linear gain 244. Derivative estimator 242 receives
at least one measured operating condition of system 150. In the exemplary embodiment, the
measured operating condition 1s power output signal 161 from sensor 54. In other
embodiments, the measured operating condition includes, but Is not limited to, an active
current command signal, a power command signal, etc. In the exemplary embodiment,
derivative estimator 242 generates, utilizing power derivative estimator 242, a power time-
derivative signal 245 and provides power time-derivative signal 245 to non-linear gain 244.
Non-linear gain 244 generates supplementary voltage command signal 243 and transmits
supplementary voltage command signal 243 to the voltage regulator 184. Voltage regulator
184 generates reactive current command signal 168 and transmits reactive current command
signal 168 to converter interface controller 156. Converter interface controller 156 may also be
referred to herein as a converter firing control.

[0034] Figure 7 Is a block diagram of an exemplary voltage regulator, for example, voltage
regulator 184 (shown In Figure 6) and an exemplary reactive booster system, for example
reactive booster system 241 (shown In Figure 6). As described above with respect to Figure 6,
In the event of a grid contingency such as a weak grid, real current limiter signal 166 instructs
converter interface controller 156 to decrease a real component of current that conversion
assembly 34 tries to inject onto utility grid 136. Furthermore, to support the terminal voltage
138, upon a drop In terminal voltage 138 identified by voltage regulator 184 based on terminal
voltage feedback signal 160, voltage regulator 184 generates reactive current command signal
168 and sends reactive current command signal 168 to converter interface controller 156.
Reactive current command signal 168 instructs converter interface controller 156 to increase a
reactive component of current injected onto utility grid 136 upon occurrence of a grid
contingency event. Further, in the exemplary embodiment, reactive current command signal
168 Instructs converter interface controller 156 to increase a reactive component of current
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Injected onto utility grid 136 proportional to an output of conversion assembly 34 during
recovery from occurrence of a grid contingency event to maintain a substantially constant
terminal voltage 138.

[0035] In the exemplary embodiment, voltage regulator 184 receives supplementary voltage
command signal 243 from reactive booster system 241, receives terminal voltage feedback
signal 160, and receives a voltage command signal (VREF) 240 from other volt-ampere
reactive (VAR) regulators 247 (shown In Figure 6). Upon detection of a grid contingency event,
power limiter system 152 transmits a real current limiter signal 166 to converter interface
controller 156 to reduce the output power of power conversion assembly 34. After the grid
contingency event iIs completed, power limiter system 152 generates signals, for example real
current command signal 166, that command a gradual increase In the power output of power
conversion assembly 34. During the grid contingency event, e.g., terminal voltage 138
Indicates occurrence of a grid contingency event, voltage regulator 184 generates a reactive
current command signal 168 that increases the reactive current output by power conversion
assembly 34 to support terminal grid voltage 138 until the grid contingency event is resolved.
At the resolution of the grid contingency event, reactive current command signal 168 returns to
a lower level, causing reactive current output by power conversion assembly 34 to decrease to
about its level prior to the grid contingency event. As the output power of power conversion
assembly 34 Increases during recovery from the grid contingency event, additional reactive

current may be needed to maintain terminal voltage 138 and avoid voltage collapse of utility
grid 136.

[0036] To facilitate maintaining a substantially constant terminal voltage 138 after terminal
voltage feedback signal 160 indicates that the grid contingency event has ended (e.g., the
terminal voltage 138 Increases), reactive booster 241 generates supplementary voltage
command signal 243 and transmits supplementary voltage command signal 243 to the voltage
regulator 184. Supplementary voltage command signal 243 s added to voltage command
signal 240. Hence, voltage regulator 184 generates a reactive current command signal 168
that increases reactive current output by power conversion assembly 34 as the power output of
power conversion assembly 34 increases. In the exemplary embodiment, voltage regulator 184
causes an increase In reactive current output as a function of the rate of change of the output
power of power conversion assembly 34. In other embodiments, the reactive current output of
power conversion assembly 34 may be increased as a function of a magnitude of power, a
magnitude of real current output, a rate of change of real current output, torque, a real current
command, a power command, or any other suitable output parameter. In the exemplary
embodiment, a rate of change (e.g., the derivative with respect to time) 245 of the output
power of power conversion assembly 34 1s estimated by a derivative estimator 242. In the
example embodiment, non-linear gain (Kp) 244 is applied to rate of change 245 output by
derivative estimator 242. Non-linear gain 244 is a function of the active power output level of
power conversion assembly 34. The output of non-linear gain 244 (i.e. supplementary voltage
command signal 243) is Iimited to positive values. Voltage regulator 184 sums supplementary
voltage command signal 243 and voltage command signal 240 and subtracts terminal voltage
feedback signal 160 to produce an error signal. A control block 246 receives the error signal
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and generates reactive current command signal 168. To facilitate avoiding voltage collapse of
the utility grid 136 and to maintain a substantially constant terminal voltage 138 as the power
output of power conversion assembly 34 Is increased, nonlinear gain 244 is selected to satisfy
the following inequality:

. oly
Kp. . ¢ KVi>— _.

p(P) aP . Vi=Const (1)
where ly 1s the reactive current output of power conversion assembly 34, P is the active power
output of power conversion assembly 34, and Vt is terminal voltage 138. The derivative term
oly
ap Vi=Consi
IS a characteristic of utility grid 136 that may vary depending on, for example, the condition of

utility grid 136, the construction of a particular utility grid, etc. As shown in Figure 8,
oly

6}) Vt Const

IS nonlinear. For a particular grid, such as utility grid 136, the derivative term varies with the
iImpedance of utility grid 136. In Figure 8, X1, X2, and X3 are three different impedances of
utility grid 136 as seen by, for example, power conversion assembly 34. The derivation of

equation 1 i1s further described below.

[0037] Figures 9-12 are graphical views illustrating, in solid lines, operation of power
generation and delivery system 150 before during and after a grid contingency event. More
specifically, Figure 9 i1s a graphical view of terminal voltage 138 versus time and Figure 10 is a
graphical view of power output signal 161 versus time. Figure 11 is a graphical view of real
current (IX) output versus time, while Figure 12 is a graphical view of reactive current (IY)
output versus time. Figures 9-12 also illustrate, in dashed lines, operation of power generation
and delivery system 150 without reactive booster 241.

[0038] With reference to Figures 9-12, at time t0, power generation and delivery system 150 Is
operating normally and at steady state. At time t1, a grid contingency event occurs. Terminal
voltage 138 drops rapidly. As described above, power limiter system 152 generates signal to
decrease power output of power conversion assembly 34 in response to the grid contingency
event and real current (Figure 11) decreases accordingly. Reactive current output (Figure 12),
however, Is Increased to support terminal voltage 138. Following resolution of the grid
contingency event at time {2, terminal voltage 138 returns to substantially its initial, 1.e. pre-
contingency event, level and power limiter system 152 causes a gradual increase In the output
power of power conversion assembly 34. The real current output of power generation and
delivery system 150 also gradually increases beginning at time t2. Also at time t2, voltage
regulator 184 generates a reactive current command signal 168 to increase reactive current
output as a function of the rate of change of power signal 161. As a result, terminal voltage 138
remains substantially constant as the power output of power generation and delivery system
150 Is Increased to its level prior to the grid contingency event at about time t4.

[0039] Also shown, represented in dashed lines, In Figures 9-12 are the approximate terminal
voltage 138, power output signal 161, real current output (I1X), and reactive current output (IY)
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of power generation and delivery system 150 if reactive booster system 241 were not included.
If reactive booster 241 did not generate a supplementary voltage command signal 243 to
Increase reactive current output as a function of the rate of change of power signal 161, the
reactive output current would not increase as rapidly. As seen In Figures 11 and 12, the real
and reactive current outputs diverge from those of power generation and delivery system 150
Including reactive booster system 241 from the resolution of the grid contingency event at
about time t2. As a result, terminal voltage 138 begins to decreases just after time t2, and
terminal voltage 138 and power output begin to collapse at about time {3.

[0040] Mathematical support of this result for power generation and delivery system 150
Including reactive booster system 241 and voltage regulator 184 may be shown beginning with
an approximation for a change in terminal voltage 138. A change In terminal voltage 138 may
be approximated by:

AVt = APaVr + Aly on (2)

ap fy=const “ a]) ’

where ly 1s the reactive current output of power conversion assembly 34, P is the active power
output of power conversion assembly 34, and Vt is terminal voltage 138.

P=const

[0041] If power output of power conversion assembly 34 increases at a constant rate (rp),

then:
V
n_ P

, where s Is the Laplace operator. With reference to voltage regulator 184 (shown In Figure 8)
and equation 3:

Wt OVt
; + (Z KpKyi
AT ~ r, A oP oIy y (4)
N Kvi id / )
oVt
Kyt -
. oy

[0042] Based on equation 4, in order to obtain a AVt of about zero, assuming Kp Is a function

of the active power P and active power Is changing at a nonzero rate ry, then:

oVt oVt
(,_.\ t | (ﬁ Kp (o Kvi= 0 (3)
oF Cly |

[0043] As a result, the following inequality can be defined:
oVt

§P N Iy=const
oVt (6)
oly

FP=const
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[0044] Inequality 6 may be then be reduced to inequality 1 given above.

[0045] The above-described embodiments facilitate efficient and cost-effective operation of a
wind turbine. The wind turbine Iincludes a reactive booster system that monitors an output
parameter of the wind turbine and determines a supplemental voltage command based at least
partially on the rate of change of the monitored output parameter. The wind turbine also
Includes a voltage regulator that determines a reactive current command based at least
partially on the supplementary voltage command. Providing additional reactive current output
as a function of the rate of change In the monitored parameter facilitates maintaining a
substantially constant terminal voltage following a grid contingency event. The method and
systems described herein facilitate prevention of voltage collapse and improve the voltage
stability of a deteriorated utility grid following a grid contingency event.

[0046] Exemplary embodiments of a wind turbine, power limiter system, and methods for
operating a wind turbine In response to an occurrence of a grid contingency event are
described above In detaill. The methods, wind turbine, and reactive booster system are not
Iimited to the specific embodiments described herein, but rather, components of the wind
turbine, components of the reactive booster system, and/or steps of the methods may be
utilized independently and separately from other components and/or steps described herein.
For example, the reactive booster system and methods may also be used in combination with
other wind turbine power systems and methods, and are not limited to practice with only the
power system as described herein. Rather, the exemplary embodiment can be implemented
and utilized in connection with many other wind turbine or power system applications.
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KRAV

1. Fremgangsmade til styring af et energigenererings- og leveringssystem (150) under forggelse af
en effekt fra energigenererings- og leveringssystemet (150), hvor energigenererings- og
leveringssystemet (150) omfatter en elektrisk generator (26), en effektomformer (34) og en
styreenhed (44), hvilken fremgangsmade omfatter:

overvagning af en outputparameter af energigenererings- og leveringssystemet

(150); kendetegnet ved

bestemmelse af en forandringshastighed af outputparameteren som en funktion af tid;
generering af et reaktivt stremindgangssignal (168) som en funktion af den bestemte
forandringshastighed af outputparameteren:; og

styring af driften af effektomformeren (34) i det mindste delvist baseret pa det reaktive
stramindgangssignal (168) for at lette opretholdelsen af en i det vaesentlige konstant
polspaending (138), nar effekten af energigenererings- og leveringssystemet (150) gges:
hvor overvdgning af en outputparameter fra energigenererings- og leveringssystemet
(150) omfatter overvagning af et signal (161), der indikerer effekten fra
energigenererings- og leveringssystemet (150); og

hvor styring af driften af effektomformeren (34) i det mindste delvist baseret pa det
reaktive stremindgangssignal (168) omfatter forggelse af reaktivt stramoutput fra
effektomformeren (34) proportional med den bestemte forandringshastighed for signalet

(161), der indikerer effekten af energigenererings- og leveringssystemet (150).

2. Fremgangsmadde ifglge krav 1, hvor generering af et reaktivt strgmindgangssignal (168)

omfatter generering af et reaktivt stremindgangssignal (168) ved en spaendingsregulator (184).

3. Et styresystem (44) omfattende:

en reaktiv booster (241), kendetegnet ved, at den reaktive booster (241) er
konfigureret til at:

modtage et udgangseffektsignal (161) fra en effektomformerkonstruktion (34); og
generere et supplerende spandingssignal (243) som en funktion af en

forandringshastighed for udgangseffektsignalet (161); og
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en spaendingsregulator (184) koblet til den reaktive booster (241), hvilken

spaendingsregulator (184) er konfigureret til at:

modtage det supplerende spandingssignal (243);
generere et reaktivt stremindgangssignal (168) baseret i det mindste delvist pa det

supplerende spaendingssignal (243); og
transmittere det reaktive stramindgangssignal (168) til en styreenhed (156).

4, System (44) ifglge krav 3, hvor den reaktive booster (241) er konfigureret til at bestemme
forandringshastigheden af udgangseffektsignalet (161).

5. System (44) ifglge krav 3 eller krav 4, hvor den reaktive booster (241) er konfigureret til at
bestemme forandringshastigheden for udgangseffektsignalet (161) ved at estimere et derivat af

udgangseffektsignalet (161).

6. System (44) ifglge et hvilket som helst af kravene 3 til 5, hvor spaendingsregulatoren (184) er
konfigureret til at generere et reaktivt stramindgangssignal (168), der leder en effektomformer
(34) til at gge et reaktivt stramoutput af effektomformeren (34) under forggelse af et stremoutput
fra effektomformeren (34) efter en retablering (ENG: recovery) fra en netberedskabshandelse

(ENG: grid contingency event).

/. Et energigenererings- og distributionssystem (150) omfattende:

en elektrisk generator (26);

en effektomformerkonstruktion (34) koblet til den elektriske generator (26) og et
forsyningsnet (ENG: utility grid) (140), hvilken effektomformerskonstruktion (34) er
konfigureret til at modtage effekt genereret af den elektriske generator (26) og konvertere
den modtagne effekt til en effekt egnet til transmission over forsyningsnettet (140); og

et styresystem (44) som defineret i et hvilket som helst af kravene 3 til 6, der er
kommunikativt koblet til effektomformerkonstruktionen (34) og konfigureret til at
tilvejebringe det reaktive stramstyresignal til effektomformerskonstruktionen (34).
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