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DESCRIPTION

FIELD

[0001] The present disclosure relates generally to systems and methods for controlling wind
turbines, and more particularly, systems and methods for managing or controlling resonance in
wind turbine power systems.

BACKGROUND

[0002] Wind power is considered one of the cleanest, most environmentally friendly energy
sources presently available, and wind turbines have gained increased attention in this regard.
Existing electrical power distribution systems (e.g., power grids) can be utilized for distributing
power from renewable energy sources, such as wind, if control systems and methodologies
are utilized to coordinate power produced by the renewable energy sources, the power
demand on the power distribution systems and the power consumed based on the varying
operational states that are inherent with respect to renewable energy sources. For example,
the operational state of a wind turbine can vary based on wind speeds or the absence of wind.

[0003] Wind power does not always have a constant power output, but can include variations;
therefore, operators of power distribution systems have to take this into account. One of the
consequences is, for example, that the distribution and transmission networks have become
more difficult to manage. This pertains also to the management of resonance in a power
distribution system, including wind turbines. Like conventional power plants, wind power plants
or wind farms should be managed or controlled to provide power grids with power that is stable
(e.g., with constant voltage and frequency, minimum disturbances, and low harmonics
emission) to ensure reliability and proper delivery of power.

[0004] Wind turbine power systems, which may include wind turbines and wind farms, have a
plurality of mechanical and electrical components. Each of the electrical and/or mechanical
components may have independent or different operating limitations, such as current, voltage,
power, and/or temperature limits. In some instances, when wind turbine power systems, wind
turbines and/or wind farms are integrated into or connected with power distribution systems
(e.g., main and/or existing power grids), resonance can cause distortion which can negatively
impact power quality. Resonance can be caused by interactions among and between certain
components of the electrical infrastructure of the wind turbine power systems, such as
interconnected power converters associated with each of a plurality of wind turbines, the grid,
or the wind farm.

[0005] Within a wind turbine power system or wind farm, several components of the electrical
infrastructure can resonate with each other (e.g., transformers, power cables, capacitors, etc.).
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When a frequency (voltage or current) experiences an inductive element reactance equal or
nearly equal to a capacitive element reactance, resonance can occur. Additionally, with respect
to renewable energy plants, such as wind farms, connection of these renewable energy plants
to the grid can include long high voltage transmission lines due to the remote locations in which
these plants can be located. Transmission lines (i.e., power cables) and additional electrical
infrastructure (e.g., transformers, reactors, capacitors) can result in resonance at low
frequencies (e.g., below second or third harmonics). Resonance at low frequencies occurs
because of the capacitance associated with high voltage transmission lines. The capacitance
of transmission lines increases as the length of transmission lines increases. Resonance
occurring at low frequencies can interact with wind farm power converters, or components
thereof, such as converter control regulators (i.e., wind turbine terminal voltage regulator), and
result in instability with respect to the power provided by the wind farm.

[0006] Resonance can cause instability with respect to the power provided by a wind farm,
because resonance can cause voltages to be significantly higher than normal operating levels
for the wind farm and/or power grid, when current for the wind farm and/or grid is below normal
operating levels. Maintenance of voltage within electrical power distribution systems is
important to the stability of the system with respect to power delivery and power flow. Failing to
maintain voltage within electrical power distribution systems can have negative consequences
and effects on the systems, including voltage collapse which can cause damage to generation,
transmission and distribution equipment and result in blackouts. The stability of electrical power
distribution systems (e.g., electrical grids) is related to resonance; therefore, it is usually
necessary to manage resonance related to a renewable source to fulfill electrical demand while
providing stability for the electrical grid.

[0007] The operation of inverter-based resources, such as wind turbines, requires grid
strength which enables the grid to operate in a reliable and stable manner. However, in many
instances due to the remote or harsh conditions where many wind farms are located, wind
farms are often integrated with weak grids that can be negatively impacted by resonance.
Integrating inverter-based resources into weak grids can present many challenges, such as
creating the potential for a resonance condition in the system, that can be mitigated by
different methods including reinforcements of the transmission lines or integrating additional
equipment into the grid to improve strength. These methods of grid reinforcement include
disadvantages, including additional space requirements, multiple control locations and settings,
increased system component costs, increased system installation costs and increased system
maintenance costs.

[0008] Documents US 2018/138708 A1, US 2017/067445 A1, US 2016/065105 A1, EP
2793343 A1, US 2014/300108 A1, US 2010/109447 A1 relate to systems and/or methods for
controlling a wind farm.

BRIEF DESCRIPTION
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[0009] 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 example embodiments
of the present disclosure.

[0010] One example aspect of the present disclosure is directed to a method for controlling a
wind farm electrical power system. The wind farm electrical power system can include a
controller and one or more wind turbines electrically connected to a power grid through a point
of interconnection. Each wind turbine can also include a voltage regulator. The method
includes receiving, by the controller, one or more signals from a sensor associated with the
one or more wind turbines and determining, by the controller, one or more wind turbines that
are operating in conditions indicative of a resonance condition in the wind turbine electrical
power system based, at least in part, on the one or more of the sensor signals. The method
also included generating, by the controller, one or more control signals based, at least in part,
on a power requirement at the point of intersection and controlling, by the controller, an
operational state of each of the voltage regulators to reduce the resonance condition based, at
least in part, on the one or more control signals.

[0011] Another example aspect of the present disclosure is directed to a control system for
operating a wind farm electrical power system. The wind farm electrical power system can
includes one or more wind turbines electrically connected to a power grid through a point of
interconnection. The control system comprising can include one or more processors and one
or more memory devices. The memory devices can be configured to store instructions that
when executed by the one or more processors cause the cause the one or more processors to
perform operations. The operations can include receiving, by the processors, one or more
signals from a sensor associated with the one or more wind turbines and determining, by the
processors, one or more wind turbines that are operating in conditions indicative of a
resonance condition in the wind turbine electrical power system based, at least in part, on the
one or more of the sensor signals. The operations can also include generating, by the
processors, one or more control signals based, at least in part, on a power requirement at the
point of intersection and controlling an operational state of each of the voltage regulators to
reduce the resonance condition based, at least in part, on the one or more control signals.

[0012] Another example aspect of the present disclosure is directed to a wind farm. The wind
farm can include one or more wind turbines electrically connected to a power grid through a
point of interconnection. The wind farm can include a controller configured to perform one or
more operations. The operations can include receiving, by the processors, one or more signals
from a sensor associated with the one or more wind turbines and determining, by the
processors, one or more wind turbines that are operating in conditions indicative of a
resonance condition in the wind turbine electrical power system based, at least in part, on the
one or more of the sensor signals. The operations can also include generating, by the
processors, one or more control signals based, at least in part, on a power requirement at the
point of intersection and controlling an operational state of each of the voltage regulators to
reduce the resonance condition based, at least in part, on the one or more control signals.
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[0013] Variations and modifications can be made to these example aspects of the present
disclosure. These and other features, aspects and advantages of various embodiments 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 present disclosure and, together with the
description, serve to explain the related principles.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Detailed discussion of embodiments directed to one of ordinary skill in the art are set
forth in the specification, which makes reference to the appended figures, in which:

FIG. 1 depicts a perspective view of a portion of a wind turbine according to example
embodiments of the present disclosure;

FIG. 2 depicts a schematic diagram of a wind turbine electrical power system according to
example embodiments of the present disclosure which is suitable for use with the wind turbine
shown in FIG. 1;

FIG. 3 depicts a schematic diagram of a wind farm electrical power system according to
example embodiments of the present disclosure;

FIG. 4 depicts a block diagram of a controller according to example embodiments of the
present disclosure; and

FIG. 5 depicts a flow diagram of an example method for managing or controlling resonance in
wind turbine systems.

DETAILED DESCRIPTION

[0015] Reference now will be made in detail to embodiments of the invention, which is defined
by the appended claims.

[0016] Connection of wind turbine electrical power systems (e.g., power systems which can
include one or more wind turbines and one or more wind farms), to power grids can include
long high voltage transmissions lines. These transmission lines and other electrical
infrastructure (e.g., transformers, reactors, capacitors) associated with the wind turbine power
system can result in resonance at low frequencies (i.e., below second or third harmonics). The
resonances can interact with converter control regulators (i.e., a wind turbine terminal voltage
regulator) that are part of the wind turbine power system and result in instabilities in the power
provided by the wind turbine electrical power system. Therefore, example aspects of the



DK/EP 3641088 T3

present disclosure are directed to systems and methods for controlling wind turbine electrical
power systems, and more particularly, to systems and methods for controlling or managing
resonance in wind turbine electrical power systems.

[0017] According to example aspects of the present disclosure, wind turbine electrical power
systems, including wind turbines and wind farms, can be dynamically managed or controlled
such that these renewable energy sources (e.g., wind turbines) are operated more efficiently
with respect to resonance, without the need for additional electrical infrastructure or grid
reinforcement. For instance, example aspects of the present disclosure can include a
controller, such as a central master controller, which is utilized to gather and process wind
turbine or wind farm level operational information indicative of one or more operating
conditions of the wind turbine or wind farm (e.g., the voltage level or power output of the wind
turbine or wind farm). Said turbine level or farm level information can be utilized by the
controller to dynamically control one or more operational aspects of the wind turbine electrical
power system. For example, the turbine level or farm level information can be utilized by the
controller to generate one or more control signals to configure, adjust or tune the voltage
regulator gains for one or more voltage regulators that can be associated with the one or more
wind turbines or wind farms, such as voltage regulators associated with power converters for
the one or more wind turbines.

[0018] According to example aspects of the present disclosure, the systems and methods can
include a central master controller and/or a central control unit associated with each of one or
more wind farms, to provide stable power (e.g., stable voltage and current) to the point of
interconnection (POI) between the one or more wind farms and the power grid when low
frequency resonances exist in the wind turbine electrical power systems. The wind turbine
electrical power systems can include one or more wind farms. The one or more wind farms can
include one or more wind turbines. Each wind turbine can include a power converter, which
may include one or more voltage regulators.

[0019] When low frequency resonances exist in wind turbines electrical power systems,
resonance can be dynamically and efficiently managed through example embodiments of the
present disclosure by selectively adjusting or configuring the gain of the one or more voltage
regulators, simultaneously or independently, based upon the level of voltage required at the
POI to provide stable or consistent voltage to the power grid and/or based on the number of
wind turbines that are operational and one or more characteristics of the operational wind
turbines (e.g., wind turbine size, location, age, maintenance status), characteristics of the
power grid (e.g., strength or condition of the grid, strength or condition of the connection of the
wind farm or wind turbine to the grid, grid architecture, grid location), characteristics of the load
on the grid (e.g., loads that are heavy or variable) and/or the environmental conditions (e.g.,
the wind conditions for the one or more wind turbines).

[0020] An example method for management or control of resonance according to example
aspects of the present disclosure can include receiving, via a central master controller, one or
more signals from a plurality of turbine-level controllers indicative of the number of active wind
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turbines within one or more wind farms. The method also can include, determining, via the
central master controller, the total power producing capability of the number of active wind
turbines within the one or more wind farms (i.e., the maximum aggregate amount of power that
can be produced by the one or more active turbines). The method also can include,
determining, via the central master controller, the amount of power that is being produced from
the number of active wind turbines within the one or more wind farms.

[0021] The method can further include comparing the amount of power being produced by the
one or more active turbines to a predetermined power threshold. Resonance is often
experienced during low power situations (e.g., environmental conditions, wind speeds, during
which the wind turbines are producing a level of power that is below a predetermined power
threshold). The predetermined power threshold can also be based, at least in part, on the total
power production capabilities of the one or more wind turbines in the wind farm. The
predetermined power threshold can correspond to conditions during which one or more wind
turbines are not generating enough power to compensate for the power that is consumed by
the wind turbines while they are kept online (i.e., the wind turbines are producing less real
power than is being consumed). In each instance, the predetermined power threshold is
indicative of conditions at the one or more wind turbines that can result in a resonance
condition in the wind turbine electrical power system. A condition of resonance occurs when
the wind turbine electrical power system or portions thereof are in a state of resonance. During
a resonance condition, a collapsing magnetic field of the inductive elements of the electrical
system (i.e., the wind turbine electrical power system and the grid) charge the capacitive
elements of the electrical system, and then the capacitive elements discharge to provide an
electric current that builds a magnetic field in the inductive elements of the electrical system.
This process can repeat continually until it is controlled or managed. A resonance condition
can be detrimental to the operation of electrical systems because it can cause unwanted
sustained and transient oscillations that may cause noise, signal distortion, and damage to
circuit elements. Thus, the example method can be utilized to reduce the resonance condition
or otherwise reduce the amount of resonance present in the electrical system.

[0022] The method can further include generating, via the central master controller, one or
more control signals for controlling the one or more wind turbines based, at least in part on the
comparison of the amount of power being produced by the one or more active turbines to a
predetermined power threshold. The control signal can correspond to and control the voltage
regulator gain for the voltage regulator associated with each of the one or more wind turbines.
The voltage regulator command can correspond to a scaler or gain level command between
zero and one. By adjusting the voltage regulator gains, the resonance condition can be
reduced or the amount of resonance present in the electrical system can be reduced.

[0023] More particularly, the generation of the one or more control signals according to
example embodiments of the present disclosure can include the following: when the amount of
power being produced by the one or more active turbines exceeds or is equal to the
predetermined power threshold, the method includes generating, via the central master
controller, a voltage regulator gain command for each the voltage regulators of wind turbines,
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such that the gain of each voltage regulator remains constant (i.e., a voltage regulator
command of one). This voltage regulator command can be sent from the central master
controller to each turbine-level controller or can be sent directly from the central master
controller to each of the voltage regulators. In response to the voltage regulator gain
command, the power converter and voltage regulator associated with each wind turbine
continues to operate in its current conditions and based on its current parameters.

[0024] The generation of the one or more control signals according to example embodiments
of the present disclosure can also include the following: when the amount of power being
produced by the one or more active turbines is less than the predetermined power threshold,
the method includes generating, via the central master controller, a voltage regulator gain
command for each the voltage regulators of wind turbines, such that the gain of each voltage
regulator is dynamically tuned based, at least in part, on the power needs at the POI (i.e., a
voltage regulator command that is less than one). This voltage regulator command can be sent
from the central master controller to each turbine-level controller or can be sent directly from
the central master controller to each of the voltage regulators. In response to the voltage
regulator gain command, one or more controllers will reduce the terminal voltage gains of each
voltage regulator associated with each operational wind turbine is modified such that the wind
farm provides power at the POI which includes voltage and current levels that are within a
hysteresis window. The hysteresis window associated with the POI represents the power
fluctuations associated with the power system which do not adversely affect the stability of the
power grid. In some circumstances the hysteresis window is based on the tolerances of the
electrical equipment at the POI. In some instances the hysteresis window is within 10% of the
amount of power required at the POI.

[0025] In these ways, a central master controller can be utilized to dynamically tune
parameters of multiple wind turbines and/or wind farms operating in a particular area and/or
which are connected to the grid at a particular POI. In this way, example systems and methods
according to the present disclosure can be utilized to tune multiple power converters such that
the power converters, and the wind turbines associated therewith, operate in a desired
operational mode based on common conditions at a POI (e.g., in an operational state wherein
the resonance condition is reduced or the amount of resonance present in the electrical
system is otherwise reduced).

[0026] In this way, example aspects of the present disclosure can provide a number of
technical effects and benefits, including simultaneously tuning or controlling the parameters of
the one or more power converters (and associated voltage regulators) operating within a
certain geographic area to dynamically adapt the operation of said converters to the varying
needs of the power grid at the POI, the power conditions (i.e., the voltage or current levels) at
the POI, the overall power available from the one or more wind turbines and/or one or more
wind farms and to adapt the operation of said converters based on varying grid conditions.

[0027] Dynamic and simultaneous, or near simultaneous, management of one or more power
converters to control or manage resonance contained in a wind turbine electrical system by
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selectively adjusting the gains of the voltage regulators of the one or more power converters
can also allow for the reduction or elimination of grid reinforcements (e.g., including
reinforcements of the transmission lines or integrating additional equipment into the grid to
improve strength) that as specifically designed or needed to correct weak grid conditions such
that the wind turbine electrical system provides stable power (including stable voltage levels)
which is required by the grid at the POl Such systems and methods also provide the
advantages of permitting the use of existing wind turbines to provide stable power to the grid
without the need for the addition of further system components (e.g., including reinforcements
of the transmission lines or integrating additional equipment into the grid to improve strength)
to address weak grid conditions. Other technical effects and benefits of such advantages of the
example systems of methods of the present disclosure include enhanced grid security for grid
events, tight voltage regulation under varying conditions and security from system voltage
disturbances. In this way, example aspects of the present disclosure can provide a number of
technical effects and benefits.

[0028] Referring now to the figures, example aspects of the present disclosure will be
discussed in greater detail.

[0029] FIG. 1 depicts a wind turbine 10 according to example embodiments of the present
disclosure. As shown, the wind turbine 10 includes a nacelle 14 that typically houses a
generator 28 (shown in FIG. 2). The nacelle 14 is mounted on a tower 12 extending from a
support surface. The wind turbine 10 also includes a rotor 16 that includes a plurality of rotor
blades 20 attached to a rotating hub 18.

[0030] FIG. 2 depicts a wind turbine power system 100, which includes a wind turbine 10 and
associated power system 102 suitable for use with the wind turbine 10. As wind impacts the
rotor blades 20, the blades 20 transform wind energy into a mechanical rotational torque that
rotatably drives a low-speed shaft 22. The low-speed shaft 22 is configured to drive a gearbox
24 (where present) that subsequently steps up the low rotational speed of the low-speed shaft
22 to drive a high-speed shaft 26 at an increased rotational speed. The high-speed shaft 26 is
generally rotatably coupled to a generator 28 (such as a doubly-fed induction generator or
DFIG) so as to rotatably drive a generator rotor 30. As such, a rotating magnetic field may be
induced by the generator rotor 30 and a voltage may be induced within a generator stator 32
that is magnetically coupled to the generator rotor 30. The associated electrical power can be
transmitted from the generator stator 32 to a main three-winding transformer 34 that is
connected to a power grid at a POl 56 via a grid breaker 36. Thus, the main transformer 34
steps up the voltage amplitude of the electrical power such that the transformed electrical
power may be further transmitted to the power grid.

[0031] In addition, as shown, the generator 28 is electrically coupled to a bidirectional power
converter 38 that includes a rotor-side converter 40 joined to a line-side converter 42 via a
regulated DC link 44. The rotor-side converter 40 converts the AC power provided from the
rotor 30 into DC power and provides the DC power to the DC link 44. The line side converter
42 converts the DC power on the DC link 44 into AC output power suitable for the power grid.



DK/EP 3641088 T3

Thus, the AC power from the power converter 38 can be combined with the power from the
stator 32 to provide multi-phase power (e.g. three-phase power) having a frequency
maintained substantially at the frequency of the power grid (e.g. 50 Hz/60 Hz).

[0032] In some configurations power system 102 can include a turbine level controller 224
(shown in FIG. 3). Turbine level controller 224 can be a control, such as the controller shown
and described in FIG. 4.

[0033] The illustrated three-winding transformer 34 can have (1) a 33 kilovolt (kV) medium
voltage (MV) primary winding 33 connected to the power grid, (2) a 6 to 13.8 kV MV secondary
winding 35 connected to the generator stator 32, and (3) a 690 to 900 volt (V) low-voltage (LV)
tertiary winding 37 connected to the line-side power converter 42.

[0034] FIG. 3 depicts a schematic diagram of one embodiment of a wind farm electrical power
system 200 according to example embodiments of the present disclosure. Wind farm electrical
power system 200 can include a plurality of wind turbine power systems 100, connected to a
power grid via a POl 56. The wind farm electrical power system 200 may include at least two
clusters 204 to form an electrical power system 200. Individual wind turbine power systems
100 including of a plurality of wind turbines 10 may be arranged in predetermined geographic
locations and electrically connected together to form a wind farm 202.

[0035] The electrical power associated with each wind turbine power system 100 can be
transmitted to a main line 206 via one or more cluster lines 220. Each wind turbine power
system 100 can be connected or disconnected to the one or more cluster lines 220 via one or
more switches or breakers 222. Wind turbine power systems 100 may be arranged into a
plurality of groups (or clusters) 204 with each group separately connected to a main line 206
via switches 208, 210, 212, respectively. Thus, as shown, each cluster 204 may be connected
to a separate transformer 214, 216, 218 via switches 208, 210, 212, respectively, for stepping
up the voltage amplitude of the electrical power from each cluster 204 such that the
transformed electrical power may be further transmitted to the power grid. In addition, as
shown, the transformers 214, 216, 218 are connected to a main line 206 that combines the
voltage from each cluster 204 before sending the power to the grid via a POl 56. The POI 56
can be a breaker, switch or other known method of connection to a power grid.

[0036] Each wind turbine power system 100 can include a voltage regulator 228 (i.e., a wind
turbine terminal voltage regulator). Voltage regulator 228 regulates the voltage which is output
by each wind turbine power system 100. Voltage regulator 228 can be in electrical
communication with turbine controller 224 or central master controller 226. Thus, the turbine-
level controller 224 or central master controller 226 can deliver a voltage regulator gain
command (Vcup) to one or more of the voltage regulators 228 which in turn dictates the

amount of power distributed to the POI 56 via cluster lines 220.

[0037] Each wind turbine power system 100 can include one or more controllers, such as
turbine controller 224. Turbine controller 224 can be configured to control the components of
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the wind turbine power system 100, including switches 222 or voltage regulator 228, and/or
implement some or all of the method steps as described herein. Turbine controller 224 can be
located on or within each wind turbine 10 or can be located remotely from each wind turbine
10. Turbine controller 224 can be part of or included with one or more of the other controllers
associated with wind turbine power system 100 and/or the wind farm electrical power system
200. Turbine controller 224 can operate switches 222 to connect or disconnect the one or
more wind turbine power systems 100 from the cluster lines 220 and control the voltage
regulator 228, such as the voltage regulator gain, based at least in part on the power required
at the POl 56, and/or based, at least in part, on characteristics of the wind turbine power
system 100, wind farm electrical power system 200, and/or characteristics of the wind turbines
10 (e.g., wind turbine size, location, age, maintenance status), the power grid (e.g., strength or
condition of the grid, strength or condition of the connection of the wind farm or wind turbine to
the grid, grid architecture, grid location), the load on the grid (e.g., loads that are heavy or
variable) and/or the environmental conditions (e.g., the wind conditions for the one or more
wind turbines).

[0038] The wind farm electrical power system 200 can include one or more controllers, such
as central master controller 226. Central master controller 226 can be configured to control the
components of the wind farm electrical power system 200, including switches 208, 210 and
212, voltage regulators 228, communicate with one or more other controllers, such as turbine-
level controllers 224, and/or implement some or all of the method steps as described herein.
Central master controller 226 can be located within the geographic area of the wind farm
electrical power system 200, or any portion thereof, or can be located remotely from the wind
farm electrical power system 200, or any portion thereof. Central master controller 226 can be
part of or included with one or more of the other controllers associated with one or more of the
wind turbine power systems 100 and/or the wind farm electrical power system 200. Each of the
clusters 204, wind turbine power systems 100, or turbine-level controllers 224, may be
communicatively coupled with a Central master controller 226.

[0039] Central master controller 226 can generate and send control signals to turbine
controller 224 to operate switches 222 to connect or disconnect the one or more wind turbine
power systems 100 from the cluster lines 220 based at least in part on the power required at
the POI 56. Central master controller 226 can generate and send control signals to voltage
regulators 228 to operate or control the voltage regulators 228 and control the amount of
power delivered to the POI from the one or more wind turbine power systems 100 through the
cluster lines 220 based at least in part on the power required at the POl 56. Central master
controller 226 can generate and send control signals to switches 208, 210 and/or 212 and/or
voltage regulators 228 to regulate the power delivered to the POl 56, based at least in part on
the power required at the POI 56, and/or based, at least in part, on characteristics of the wind
turbine power system 100, wind farm electrical power system 200, and/or characteristics of the
wind turbines 10 (e.g., wind turbine size, location, age, maintenance status), the power grid
(e.g., strength or condition of the grid, strength or condition of the connection of the wind farm
or wind turbine to the grid, grid architecture, grid location), the load on the grid (e.g., loads that
are heavy or variable) and/or the environmental conditions (e.g., the wind conditions for the
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one or more wind turbines).

[0040] FIG. 4 depicts a block diagram of a controller 400 according to example embodiments
of the present disclosure. Controller 400 can be a turbine-level controller 224 or central master
controller 226. Controller 400 can include one or more processor(s) 402 and associated
memory device(s) 404 configured to perform a variety of computer-implemented functions
(e.g., performing the methods, steps, calculations and the like and storing relevant data as
disclosed herein). Memory device 404 may also store date relevant to certain characteristics of
the wind turbine power system 100, wind farm electrical power system 200, and/or
characteristics of the wind turbines 10 (e.g., wind turbine size, location, age, maintenance
status), the power grid (e.g., strength or condition of the grid, strength or condition of the
connection of the wind farm or wind turbine to the grid, grid architecture, grid location), the load
on the grid (e.g., loads that are heavy or variable) and/or the environmental conditions (e.g.,
the wind conditions for the one or more wind turbines).

[0041] Additionally, controller 400 may include a communications module 406 to facilitate
communications between the controller and the various components of the wind turbine power
system 100, the wind farm electrical power system 200 and/or the central master controller
226, including communication between central master controller 226 and turbine-level
controller 224. Further, the communications module 406 may include a sensor interface 408
(e.g., one or more analog-to-digital converters) to permit signals transmitted from one or more
sensors 410, 412 and 414 to be converted into signals that can be understood and processed
by the processors 402. Sensors 410, 412 and 414 can be used to measure, ascertain or
gather data regarding characteristics of the wind turbine power system 100, wind farm
electrical power system 200, and/or characteristics of the wind turbines 10 (e.g., wind turbine
size, location, age, maintenance status), the power grid (e.g., strength or condition of the grid,
strength or condition of the connection of the wind farm or wind turbine to the grid, grid
architecture, grid location), the load on the grid (e.g., loads that are heavy or variable) and/or
the environmental conditions (e.g., the wind conditions for the one or more wind turbines).

[0042] Controller 400 can also include a user interface 416. User interface 416 can have
various configurations and controls can be mounted or in user interface 416. User interface
416 can also be located within the geographic area of the wind farm electrical power system
200, or any portion thereof, or can be located remotely from the wind farm electrical power
system 200, or any portion thereof. The user interface 416 can include an input component
418. Input component 418 can be, for instance, a capacitive touch screen. The input
component 418 can allow for the selective activation, adjustment or control of wind farm
controller 226 and turbine controller 224, as well as any timer features or other user adjustable
inputs. One or more of a variety of electrical, mechanical or electro-mechanical input devices,
including rotary dials, push buttons, and touch pads, can also be used singularly or in
combination as input component 418. The user interface 416 can include a display component,
such as a digital or analog display device designed to provide operation feedback to a user.

[0043] It should be appreciated that the sensors 410, 412 and 414 may be communicatively
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coupled to the communications module 406 using any suitable means. For example, the
sensors 410, 412 and 414 maybe coupled to the sensor interface 408 via a wired connection.
However, in other embodiments, the sensors 410, 412 and 414 may be coupled to the sensor
interface 408 via a wireless connection, such as by using any suitable wireless communications
protocol known in the art. As such, the processor 402 may be configured to receive one or
more signals from the sensors 410, 412 and 414. Sensors 410, 412 and 414 can be part of or
included with one or more of the other controllers associated with one or more of the wind
turbine power systems 100 and/or the wind farm electrical power system 200. Sensors 410,
412 and 414 can also be located within the geographic area of the wind farm electrical power
system 200, or any portion thereof, or can be located remotely from the wind farm electrical
power system 200, or any portion thereof.

[0044] It should also be understood that sensors 410, 412 and 414 can be any number or type
of voltage and/or electric current sensors may be employed within the wind turbine power
systems 100 and at any location. For example, the sensors may be current transformers,
shunt sensors, rogowski coils, Hall Effect current sensors, Micro Inertial Measurement Units
(MIMUs), or similar, and/or any other suitable voltage or electric current sensors now known or
later developed in the art. Thus, the one or more controllers, such as wind farm controller 226
and turbine controller 224, are configured to receive one or more voltage and/or electric
current feedback signals from sensors 410, 412 and 414.

[0045] 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. The processor 402 is also configured to compute
advanced control algorithms and communicate to a variety of Ethernet or serial-based
protocols (Modbus, OPC, CAN, etc.). Additionally, the memory device(s) 404 may generally
include 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 magnetooptical disk
(MOD), a digital versatile disc (DVD) and/or other suitable memory elements. Such memory
device(s) 140 may generally be configured to store suitable computer-readable instructions
that, when implemented by the processor(s) 402, configure the controller to perform the
various functions as described herein.

[0046] FIG. 5 depicts a flow diagram of an example method for managing or controlling
resonance in wind turbine systems. Method 500 can be performed by one or more controllers,
such as central master controller 226 and/or turbine-level controller 224, and by the other
devices included with a wind turbine power system 100 and/or wind farm electrical power
system 200. FIG. 5 depicts steps of method 500 performed in a particular order for purposes
of illustration and discussion. Those of ordinary skill in the art, using the disclosure provided
herein, will understand that the method discussed herein can be adapted, rearranged,
expanded, omitted, performed simultaneously, or modified in various ways without deviating
from the scope of the present disclosure.
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[0047] Method 500 can be utilized to dynamically manage or control renewable energy
sources (e.g., such as wind farm electrical power system 200 and/or wind turbine power
system 100) such that they are operated more efficiently with respect to resonance, without the
need for additional electrical infrastructure or grid reinforcement. Method 500 can also be used
to provide stable power (e.g., stable voltage and current) to a point of interconnection (such as
POI 56) between the one or more wind farm electrical power systems 200 and the power grid
when low frequency resonances exist in the wind turbine electrical power systems 200. The
wind turbine electrical power systems can include one or more wind farms 100. The one or
more wind farms can include one or more wind turbines 10. Each wind turbine can include a
power converter, which may include one or more voltage regulators 228.

[0048] When low frequency resonances exist in wind turbines electrical power systems 200,
method 500 can be utilized to dynamically and efficiently manage resonance by selectively
adjusting or configuring the gain of the one or more voltage regulators 228, simultaneously or
independently, based upon the level of voltage required at the POl 56 to provide stable or
consistent voltage to the power grid and/or based on the number of wind turbines 10 that are
operational and one or more characteristics of the operational wind turbines10 (e.g., wind
turbine size, location, age, maintenance status), characteristics of the power grid (e.g.,
strength or condition of the grid, strength or condition of the connection of the wind farm or
wind turbine to the grid, grid architecture, grid location), characteristics of the load on the grid
(e.g., loads that are heavy or variable) and/or the environmental conditions (e.g., the wind
conditions for the one or more wind turbines).

[0049] At (502) the method can include receiving a startup signal initiating the control algorithm
for providing dynamic management of resonance. Startup signal can be generated and/or
received by one or more controllers, such as central master controller 226 and/or turbine-level
controller 224. Startup signal may be generated by one or more controllers, such as central
master controller 226 and/or turbine-level controller 224, in response to a user input or
interaction with the one or more controllers indicating a desire to initiate method 500. The user
input can be provided through a user interface, such as user interface 416 (FIG. 4). Startup
signal may be generated by one or more controllers, such as central master controller 226
and/or turbine controller 224, in response to one or more signals received from sensors 410,
412 and 414 indicative of status or amount of power at POI 56 or indicative of one or more
environmental conditions (e.g., low wind or no wind conditions at one or more wind turbines
10). Low wind can conditions exist when there is an inadequate amount of wind to permit a
wind turbine 10 to produce or generate an amount of power that exceeds the amount of power
consumed by the wind turbine 10 to remain operational. In other words, the wind speed
available at the wind turbine 10 is such that the wind turbine 10 cannot generate enough real
power to satisfy the real power demands or needs of the wind turbine 10.

[0050] No wind conditions exist when the wind speed at the wind turbine is below a wind speed
threshold which represents the minimum amount of wind necessary to cause the rotor and
rotor blades to turn. Low wind conditions exist when the wind speed is below a wind speed
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threshold at which there is an inadequate amount of wind to permit a wind turbine to produce
or generate an amount of real power that exceeds the amount of real power consumed by the
wind turbine to remain operational. In other words, the wind speed available at the wind turbine
is such that the wind turbine cannot generate enough real power to satisfy the real power
demands or needs of the wind turbine. Low wind condition can also represent a steady wind
condition that will cause the rotor of the wind turbine to move beyond the cut-in speed of the
turbine (this is typically a steady state wind speed of approximately 3 to 4 m/s).

[0051] At (504) the method can include receiving, via a central master controller 226, one or
more signals from a plurality of turbine-level controllers 224 indicative of the number of active
wind turbines 10 within one or more wind farms 202. Such determination can be made based
at least in part on one or more signals received by the one or more controllers (such as wind
farm controller 226 and/or turbine controller 224) from sensors 410, 412 and 414 indicative of
the operational state of the one or more wind turbines 10 or indicative of one or more
environmental conditions (e.g., low wind or no wind conditions at one or more wind turbines
10). If no wind turbines 10 are capable of providing power, method 500 returns to (502).

[0052] At (506) the method can include determining, via the central master controller 226, the
total power producing capability of the number of active wind turbines 10 within the one or
more wind farms 202 (i.e., the maximum aggregate amount of power that can be produced by
the one or more active turbines).

[0053] At (508) the method can include determining, via the central master controller 226, the
amount of power that is being produced from the number of active wind turbines 10 within the
one or more wind farms 202.

[0054] At (510) the method can include comparing, via one or more controllers, the amount of
power being produced by the one or more active turbines, which was determined at (508), to a
predetermined power threshold. Resonance is often experienced during low power situations
(e.g., environmental conditions, wind speeds, during which the wind turbines 10 are producing
a level of power that is below a predetermined power threshold).

[0055] At (512) the method can include generating, via the central master controller, one or
more control signals for controlling the one or more wind turbines based, at least in part on the
comparison (510) of the amount of power being produced (504) by the one or more active
turbines to a predetermined power threshold. The predetermined power threshold can be
based, at least in part, on the total power production capabilities of the one or more wind
turbines in the wind farm, determined at (506). The predetermined power threshold can also
correspond to conditions during which one or more wind turbines 10 are not generating
enough power to compensate for the power that is consumed by the wind turbines while they
are kept online (i.e., the wind turbines are producing less real power than is being consumed).
In this situation, the predetermined power threshold is indicative of conditions, such as low
wind or no wind conditions, at the one or more wind turbines that can result in a resonance
condition in the wind turbine electrical power system. The control signal can correspond to and
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control the voltage regulator gain for each voltage regulator 228 associated with each of the
one or more wind turbines 10. The voltage regulator command generated at (512) can
correspond to a scaler or gain level command between zero and one. By adjusting the voltage
regulator gains with the voltage regulator command generated at (512), the resonance
condition can be reduced or the amount of resonance present in the electrical system 200 can
be reduced.

[0056] In some instances, power fluctuations associated with the wind turbine electrical power
system 200 can occur rapidly or certain power fluctuations do not require correction or
adjustment by controlling the voltage regulator gain for each voltage regulator 228 associated
with each of the one or more wind turbines 10. Accordingly, the generation of a voltage
regulator command, which can be generated at (512) and can correspond to a scaler or gain
level command between zero and one, can be generated such that the gain level command
gradually adjusts the voltage regulator gain for each voltage regulator 228 after the . In some
instances, a slew rate limiter circuit can be utilized to manage the adjustment of the voltage
regulator gain for each voltage regulator 228 during a predetermined period of time. The slew
rate limiter can be used to manage the time or point at which the voltage regulator command is
generated at (512). In other instances, a timer can be used to manage the adjustment of the
voltage regulator gain for each voltage regulator 228 based, at least in part, on a
predetermined period of time. The predetermined period of time can be a set time period, such
as one minute. In other instances the predetermined period of time can be associated with the
period of time during which fluctuations associated with the wind turbine electrical power
system 200 occur within the hysteresis window associated with the POI 56. The timer can be
utilized to manage the time or point at which the voltage regulator command is generated at
(512) based on the predetermined period of time. The timer or slew rate limit can thus be used
to simultaneously tune or controlling the parameters of the one or more voltage regulators 228
operating within a certain geographic area to dynamically adapt the operation of said
converters to the varying needs of the power grid at the POI 56, the power conditions (i.e., the
voltage or current levels) at the POI 56, the overall power available from the one or more wind
turbines and/or one or more wind farms and to adapt the operation of said converters based
on varying grid conditions.

[0057] At (512), when the amount of power being produced by the one or more active turbines
exceeds or is equal to the predetermined power threshold, the method includes generating, via
the central master controller, a voltage regulator gain command for each of the voltage
regulators 228 of wind turbines 10, such that the gain of each voltage regulator 228 remains
constant (i.e., a voltage regulator command of one). At (512), when the amount of power being
produced by the one or more active turbines exceeds or is equal to the predetermined power
threshold, the method proceeds to (514).

[0058] At (514), the method can include sending the voltage regulator command signal,
generated at (512) from the central master controller 226 to each turbine-level controller 224
or command signal can be sent directly from the central master 226 controller to each of the
voltage regulators 228. In response to the voltage regulator gain command, the power
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converter and voltage regulator associated with each wind turbine continues to operate in its
current conditions and based on its current parameters. Thereafter, method 500 returns to
(502).

[0059] At (516), when the amount of power being produced by the one or more active turbines
is less than the predetermined power threshold at (510), the method includes generating, via
the central master controller, a voltage regulator gain command for each the voltage regulators
228 of wind turbines 10, such that the gain of each voltage regulator 228 is dynamically tuned
based, at least in part, on the power needs at the POI (i.e., a voltage regulator command that
is between zero and one, but less than one). This voltage regulator command can be sent
from the central master controller 226 to each turbine-level controller 224 or can be sent
directly from the central master controller 226 to each of the voltage regulators 228. In
response to the voltage regulator gain command, the one or more controllers (e.g., central
master controller 226 or turbine-level controller 224) will reduce or modify the terminal voltage
gains of each voltage regulator 228 associated with each operational wind turbine 10 is
modified such that the wind farm 202 provides power at the POl 56 which includes voltage and
current levels that are within a hysteresis window. The hysteresis window associated with the
POl 56 represents the power fluctuations associated with the wind turbine electrical power
system 200 which do not adversely affect the stability of the power grid. In some circumstances
the hysteresis window is based on the tolerances of the electrical equipment at the POI 56. In
some instances the hysteresis window is within 10% of the amount of power required at the
POl 56 to maintain the stability of the power grid. After the terminal voltage gains of each
voltage regulator 228 are reduced or modified based on the voltage regulator gain command,
method 500 returns to (502).
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KRAV

1. Fremgangsmade (500) til styring af et elektrisk energisystem til en vindmgllepark, hvor det
elektriske energisystem til vindmglleparken omfatter en eller flere styreenheder, herunder en central
hovedstyreenhed, en eller flere vindmgller elektrisk forbundet til et stromnet gennem et
sammenkoblingspunkt, hvor fremgangsmdden omfatter:
modtagelse, ved hjaelp af den ene eller de flere styreenheder, af et eller flere signaler fra en
sensor forbundet med den ene eller de flere vindmgller (502);
bestemmelse, ved hjeelp af den ene eller de flere styreenheder, af om en eller flere vindmgller
arbejder under forhold der indikerer en resonanstilstand i det elektriske
vindmglleenergisystem baseret, i det mindste delvist, pd det ene eller de flere af
sensorsignalerne (504);
generering, ved hjeelp af den ene eller de flere styreenheder, et eller flere styresignaler
baseret, i det mindste delvist, pa et effektbehov ved skeeringspunktet (512, 516) (ENG: the
point of intersection), kendetegnet ved at hver vindmglle omfatter en spaendingsregulator,
hvor hovedstyreenheden er konfigureret til at styre en driftstilstand for hver af
spaendingsregulatorerne i den ene eller de flere vindmgller, hvor fremgangsmaden yderligere
omfatter:
styring, ved hjeelp af den centrale hovedstyreenhed, af en driftstilstand for hver af
spaendingsregulatorerne for at reducere resonanstilstanden baseret, i det mindste delvist, pd
det ene eller de flere styresignaler, omfattende: aendring, ved hjelp af den centrale
hovedstyreenhed, af spaendingsregulatorforggelsen for en eller flere af spaendings-
regulatorerne, ndr den samlede effekt, der produceres af aktive vindmgller af den ene eller
de flere vindmgiller, er mindre end effekttaerskelvaerdien (518).

2. Fremgangsmade (500) ifglge krav 1, hvor fremgangsmaden yderligere omfatter:
bestemmelse, ved hjeelp af styreenheden, en samlet maangde strgm, der produceres af en
eller flere aktive vindmgller (506, 508),
og hvor genereringen, ved hjeelp af den ene eller de flere styreenheder, af det ene eller de
flere styresignaler, yderligere er baseret i det mindste delvist p& en sammenligning mellem
den samlede effekt, der produceres af de aktive vindmgller, og en effektteerskelveerdi, idet
effektteerskelveerdien er bestemt i det mindste delvist baseret pd resonanstilstanden.

3. Fremgangsmade (500) ifglge krav 2, hvor effekttaerskelveerdien er baseret, i det mindste delvist,
pa antallet af aktive vindmgiller, der arbejder under forhold med lav vind eller forhold med ingen vind
(ENG: low wind or no wind conditions).
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4. Fremgangsmdade (500) ifglge et hvilket som helst af kravene 1 til 3, hvor sendringen, ved hjeelp
af den centrale hovedstyreenhed, af spaendingsregulatorforggelsen for hver af
spaendingsregulatorerne er baseret, i det mindste delvist, pa effektbehovet ved skaeringspunktet.

5. Fremgangsmade (500) ifglge krav 4, hvor eendringen, ved hjeelp af den centrale hovedstyreenhed,
af spaendingsregulatorforggelsen for hver af speendingsregulatorerne yderligere er baseret, i det
mindste delvist, pd et hysteresevindue (ENG: hysteresis window) associeret med skaeringspunktet.

6. Styresystem (400) til drift af et elektriske vindmglleenergisystem (200), hvor det elektriske
vindmglleenergisystem (200) omfatter en eller flere vindmgaller (10), der er elektrisk forbundet til et
stramnet gennem et sammenkoblingspunkt (56), hvor styresystemet (400) omfatter:
en eller flere processorer (402) omfattende en central hovedstyreenhed (226) konfigureret til
at styre en driftstilstand for hver af spaendingsregulatorerne (228) i den ene eller de flere
vindmgller (10);
en eller flere hukommelsesenheder (404), hvor den ene eller de flere hukommelsesenheder
(404) er konfigureret til at lagre instruktioner, der, ndr de udferes af den ene eller de flere
processorer (402), far den ene eller de flere processorer (402) til at udfgre et arbejde, hvor
arbejdet omfatter:
modtagelse, ved hjeelp af den ene eller de flere processorer (402), af et eller flere
signaler fra en sensor (410, 412, 414) forbundet med den ene eller de flere vindmgller
(10);
bestemmelse, ved hjeelp af den ene eller de flere processorer (402), af en eller flere
vindmgiller (10), der arbejder under forhold, der indikerer en resonanstilstand i det
elektriske vindmglleenergisystem (100) baseret, i det mindste delvist, pd den ene eller
de flere af sensorsignalerne;
generering, ved hjaelp af den ene eller de flere processorer (402), af et eller flere
styresignaler baseret, i det mindste delvist, pad et effektbehov ved skeeringspunktet
(56); og
styring af en driftstilstand for hver af speendingsregulatorerne (228) baseret, i det
mindste delvist, pa det ene eller de flere styresignaler omfattende: sendring, ved hjzelp
af den centrale hovedstyreenhed (226), af speendingsregulatorforggelsen for en eller
flere af spaendingsregulatorerne (228), ndr den samlede effekt, der produceres af de
aktive vindmgller (10) af den ene eller de flere vindmgller (10), er mindre end
effektteerskelvaerdien.

7. Styresystem (400) ifglge krav 6, hvor arbejdet yderligere omfatter:
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bestemmelse, ved hjeelp af processorerne (402), af en samlet maengde strom, der produceres af en
eller flere aktive vindmgller (10), og hvor genereringen, ved hjeelp af den ene eller de flere
processorer, af det ene eller de flere styresignaler yderligere er baseret, i det mindste delvist, pa en
sammenligning mellem den samlede effekt, der produceres af de aktive vindmgller (10) og en
effekttaerskelveerdi, idet effektteerskelveerdien i det mindste delvist er baseret pad resonanstilstanden.

8. Styresystem (400) ifglge krav 7, hvor effekttaerskelveerdien er baseret, i det mindste delvist, pa
antallet af aktive vindmgiller (10), der arbejder under forhold med lav vind eller forhold med ingen

vind.

9. Styresystem (400) ifglge et hvilket som helst af kravene 7 eller 8, hvor andringen, ved hjeelp af
den centrale hovedprocessor (226), af speendingsregulatorforggelsen for hver af
spaendingsregulatorerne (228) er baseret, i det mindste delvist, pd effektbehovet i skeeringspunktet
(56).

10. Styresystem (400) ifglge krav 9, hvor aendringen af den centrale hovedprocessor (226) af
spaendingsregulatorforggelsen for hver af spaendingsregulatorerne (228) yderligere er baseret, i det
mindste delvist, pd et hysteresevindue associeret med skeeringspunktet (56).



DK/EP 3641088 T3

DRAWINGS




DK/EP 3641088 T3

16 = 102
O G e,
A0 o8 !
i ' : 35— '
18 Lol N ;
\r’ fw {ﬁ\“‘; e }' i y
AN J i e A4 TOPOWER
) Wl Lot
/K : b ., 4 3
n bl NI N e ! 56
; R e LN 3
L e 3
; 0 “ “ ;



DK/EP 3641088 T3

202

226

2007



406

/ 400

DK/EP 3641088 T3

418

CONTROLLER
402
.
PROCESSOR(S)
404
S MEMORY
DEVICE(S).
- COMMUNICATIONS MOBULE
SENSOR INTERFACE
72N e .

410§ 1412 1| 414

FI6. 4

/ 416




500 ~

502 —>

Receive Start-Up
Signal

504 —>

Determine Number of
Active Wind Turbines

506 —>

508 —>

510 —>

Determine Power
Generation Capability

Determine Aggregate
Amount of Power
Produced

Compare Power
Produced to
Threshold {Is power
produced >
threshold?}

Yes

Generate Control
Sigrial

DK/EP 3641088 T3

c— 512

Communicate Signal
to Voltage Regulators
Such that Operation
Remains Constant

<« 514

Generate Control-

Signal

«—— 516

v

Communicate Signal
to Voltage Regulators
to Modify Voltage
Output (e.g., adjust or

No

‘tune the voltage
regulator gains far one
or more voltage
repulators)

518

FIG. 5



	Page 1 - ABSTRACT/BIBLIOGRAPHY
	Page 2 - ABSTRACT/BIBLIOGRAPHY
	Page 3 - DESCRIPTION
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - DESCRIPTION
	Page 15 - DESCRIPTION
	Page 16 - DESCRIPTION
	Page 17 - DESCRIPTION
	Page 18 - DESCRIPTION
	Page 19 - DESCRIPTION
	Page 20 - CLAIMS
	Page 21 - CLAIMS
	Page 22 - CLAIMS
	Page 23 - DRAWINGS
	Page 24 - DRAWINGS
	Page 25 - DRAWINGS
	Page 26 - DRAWINGS
	Page 27 - DRAWINGS

