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wind turbine system to generate power, determining one or more operating parameters for the wind turbine system, determining an
operating mode based on the one or more operating parameters, and controlling the wind turbine system based at least in part on the
operating mode. Controlling the wind turbine can control a power flow into or out of the energy storage system.
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METHOD OF OPERATING A WIND TURBINE SYSTEM INCLUDING AN ENERGY
STORAGE SYSTEM

FIELD OF THE INVENTION

[0001] The present disclosure relates generally to renewable energy power systems, and
more particular to methods of use of an energy storage system in a renewable energy power

system.
BACKGROUND OF THE INVENTION

[0002] Renewable energy power systems, such as wind energy power systems and solar
energy power systems, can include energy storage systems, which are often coupled to a DC
bus of a power converter. For example, wind power systems, such as wind driven doubly-fed
induction generator (DFIG) systems or full power conversion systems, can include a power
converter with an AC-DC-AC topology and an energy storage system coupled to the DC bus

in the power converter.

[0003] In a typical configuration, an energy storage system can be configured to store
energy generated by the renewable energy power system or provide stored energy from the
energy storage system to an electrical grid. However, in an energy storage system coupled to
a DC bus in a power converter, large cabinet filters are often needed to filter out an AC
component superimposed on a DC component (i.e., ripple and common mode noise with
differential mode noise) before energy is provided to one or more energy storage devices in
the energy storage system. These filters can be very expensive, complex, and add failure
modes, which can reduce reliability, availability, and require resources for maintenance.
Further, the cost of these filters can increase as the size of the filter increases. Further, in
such a configuration, the one or more energy storage devices in the energy storage system,
such as one or more batteries, may not be electrically isolated from the power converter in the
renewable energy system, and thus can be susceptible to damage from fault currents and a

cause of serious concern for safety due to the floating configuration.

[0004] Moreover, in a typical energy storage system coupled to a DC bus of a power

converter, energy stored in the energy storage system may not be available during various
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operating conditions, such as when an electrical grid is experiencing a fault condition
requiring isolation of the renewable energy power system as power from the grid may be
needed to power a control device configured to control operation of the energy storage
system. Further, during excessive wind conditions, grid power may be unavailable to power
a yaw system in order to yaw a wind turbine out of the wind to reduce stress on the wind

turbine, and aerodynamic braking may be unable to sufficiently slow or stop the wind turbine.
BRIEF DESCRIPTION OF THE INVENTION

[0005] Aspects and advantages of the invention will be set forth in part in the following
description, or may be obvious from the description, or may be learned through practice of

the invention.

[0006] One example aspect of the present disclosure is directed to a method of operating
a wind turbine system. The wind turbine system can include a wind turbine, a power
conversion system operably coupled to the wind turbine and an AC line bus, and an energy
storage system coupled to the AC line bus. The energy storage system can include a
transformer, a power converter, and an energy storage device and can be configured to store
and provide power generated by the wind turbine. The method can include operating the
wind turbine system to generate power. The method can further include determining, by a
control device, one or more operating parameters for the wind turbine system. The method
can further include determining, by the control device, an operating mode for the wind
turbine system based at least in part on the one or more operating parameters. The method
can further include controlling, by the control device, the wind turbine system based at least
in part on the operating mode. Controlling the wind turbine system by the control device can
include controlling an energy flow into or out of the energy storage system coupled to the AC

line bus.

[0007] Another example aspect of the present disclosure is directed to a control system
for an energy storage system in wind turbine system. The wind turbine system can include a
wind turbine, a power conversion system operably coupled to the generator and an AC line
bus, and an energy storage system coupled to the AC line bus. The energy storage system

can include a transformer, a power converter, and an energy storage device and can be
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configured to store and provide power generated by the wind turbine. The control system can
include can include one or more processors and one or more memory devices configured to
store instructions that when executed by the one or more processors cause the one or more
processors to perform operations. The operations can include determining one or more
operating parameters of the wind turbine system. The operations can further include
determining an operating mode for the wind turbine system based at least in part on the one
or more operating parameters. The operations can further include controlling the wind
turbine system based at least in part on the operating mode. Controlling the wind turbine can
include controlling an energy flow into or out of the energy storage system coupled to the AC
line bus. Determining one or more operating parameters of the wind turbine system can

include determining a grid parameter.

[0008] Yet another example aspect of the present disclosure is directed to a Doubly Fed
Induction Generator (DFIG) wind turbine system. The wind turbine system can include a
DFIG comprising a rotor and a stator, a rotor bus coupled to the rotor, a stator bus coupled to
the stator, a power conversion system coupled to the rotor bus, a line bus coupled to the
power conversion system, an energy storage system coupled to the line bus, and a control
system. The energy storage system can include a transformer, a power converter, and an
energy storage device. The energy storage system can be configured to store and provide
power generated by the DFIG. The control system can include one or more processors and
one or more memory devices configured to store instructions that when executed by the one
or more processors cause the one or more processors to perform operations. The operations
can include determining one or more operating parameters of the DFIG wind turbine system.
The operations can further include determining an operating mode for the DFIG wind turbine
system based at least in part on the one or more operating parameters. The operations can
further include controlling the DFIG wind turbine system based at least in part on the
operating mode. The one or more operating parameters can include one or more of one or
more of a grid parameter, a power demand parameter, a power generation parameter, or a
wind parameter. Determining an operating mode of the DFIG wind turbine system can

include selecting an integrated storage mode, a yaw power backup mode, or an e-brake mode.

[0009] Variations and modifications can be made to these example embodiments of the

present disclosure.
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[0010] These and other features, aspects and advantages of the present invention will
become better understood with reference to the following description and appended claims.
The accompanying drawings, which are incorporated in and constitute a part of this
specification, illustrate embodiments of the invention and, together with the description, serve

to explain the principles of the invention.
BRIEF DESCRIPTION OF THE DRAWINGS

[0011] A full and enabling disclosure of the present invention, including the best mode
thereof, directed to one of ordinary skill in the art, is set forth in the specification, which

makes reference to the appended figures, in which:

[0012] FIG. 1 depicts an example power system according to example embodiments of

the present disclosure;

[0013] FIG. 2 depicts an example energy storage system coupled to an AC line bus of a

power system according to example embodiments of the present disclosure;

[0014] FIG. 3 depicts example topology for an example four quadrant charge discharge
converter for an energy storage system according to example embodiments of the present

disclosure;

[0015] FIG. 4 depicts an example power flow of a power system in a yaw power backup

mode according to example embodiments of the present disclosure;

[0016] FIG. 5 depicts an example power flow of a power system in an integrated storage

mode according to example embodiments of the present disclosure;

[0017] FIG. 6 depicts an example power flow of a power system in an emergency brake

mode according to example embodiments of the present disclosure;

[0018] FIG. 7 depicts an example method according to example aspects of the present

disclosure;

[0019] FIG. 8 depicts an example method according to example aspects of the present

disclosure;
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[0020] FIG. 9 depicts an example control device according to example aspects of the

present disclosure;

[0021] FIG. 10 depicts an example power system according to example aspects of the

present disclosure;

[0022] FIG. 11 depicts an example method according to example aspects of the present

disclosure.
DETAILED DESCRIPTION OF THE INVENTION

[0023] Reference now will be made in detail to embodiments of the invention, one or
more examples of which are illustrated in the drawings. Each example is provided by way of
explanation of the invention, not limitation of the invention. In fact, it will be apparent to
those skilled in the art that various modifications and variations can be made in the present
invention without departing from the scope or spirit of the invention. For instance, features
illustrated or described as part of one embodiment can be used with another embodiment to
yield a still further embodiment. Thus, it is intended that the present invention covers such
modifications and variations as come within the scope of the appended claims and their

equivalents.

[0024] Generally, example aspects of the present disclosure are directed to energy storage
systems and methods of use of energy storage systems in power systems. More particularly,
an energy storage system can be coupled to an AC line bus power system to store and provide
energy in a plurality of operation modes. For example, the energy storage system can be
coupled to the AC line bus of a doubly fed induction generator in a wind turbine power

system.

[0025] The energy storage system can include a transformer configured to transform AC
power from a first voltage to AC power at a second voltage. For example, the transformer
can be a two-winding transformer configured to convert a multi-phase (e.g., three-phase)
alternating current from a first voltage to a second voltage. The transformer can be a step-
down transformer wherein the second voltage is lower than the first voltage. Further, the

transformer can be configured to provide isolation to one or more energy storage devices in
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the energy storage system, such as, for example, by using a two-winding inductively-coupled

transformer.

[0026] The energy storage system can further include a bi-directional AC to DC power
converter coupled to the transformer. The bi-directional AC to DC power converter can be
configured to convert the AC power at the second voltage to a DC power. For example, after
the AC power is transformed by the transformer from AC power at the first voltage into AC
power at a second voltage, the bi-directional AC to DC power converter can convert the AC
power at the second voltage to a DC power. The DC power can be at the second voltage, or
the bi-directional AC to DC power converter can convert the AC power at the second voltage
into DC power at another voltage. In an embodiment, the bi-directional AC to DC power
converter can be a four-quadrant charge-discharge power converter. The bi-directional AC to

DC power converter can provide the DC power to a DC bus.

[0027] The energy storage system can further include an energy storage device coupled to
the bi-directional AC to DC power converter. For example, one or more energy storage
devices, such as one or more batteries, capacitors, fuel cells, for other energy storage devices
can be coupled to the DC bus, and can be configured to store power received by the energy
storage system. In an embodiment, the energy storage system can include a ground
reference, such as a neutral earth ground reference. In one or more embodiments, the energy
storage devices can be coupled to the ground reference in order to ground the one or more

energy storage devices.

[0028] The energy storage system can further include one or more capacitors coupled to
the DC bus. The energy storage system can be configured to receive power generated by
wind turbine, such as a rotor of a DFIG. For example, a DFIG can include a rotor and a
stator, such as a synchronously connected stator configured to generate AC power
synchronously with power on a grid, and a rotor. The rotor can be coupled to a rotor bus, and
the stator can be coupled to a stator bus. A power conversion system can be coupled between
the rotor bus and a line bus, and can be configured to convert power from the rotor. For
example, the power conversion system can be an AC to DC to AC power conversion system
configured to convert AC power generated by the rotor into an AC power suitable for

provision to a grid, such as synchronous AC power.
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[0029] In one or more embodiments, the AC power generated by the rotor and converted
by the power conversion system can be provided to a transformer in order to step up the
voltage of the AC power. For example, a three-winding transformer can be coupled to the
stator bus, the line bus, and an electrical grid. The three-winding transformer can be
configured to convert the multiphase AC power from both the stator and the rotor into
multiphase AC power suitable for provision to an electric grid. The energy storage system
can be coupled to the line bus between the three-winding transformer and the power

conversion system.

[0030] As mentioned, the energy storage system can be configured to store power
received by the energy storage system. For example, the energy storage system can receive
AC multiphase power from a line bus that was generated by the rotor of a DFIG. However,
the energy storage system can further be configured to provide electrical power from the
energy storage device to an electrical grid. For example, the energy storage device coupled
to a DC bus in an energy storage system can be configured to provide power to the DC bus.
A bi-directional converter coupled to the DC bus can be configured to receive the DC power
provided by the energy storage device and convert it to an AC power to be provided to the
two-winding transformer. The two-winding transformer can be configured to step up the AC
power provided by the bi-directional power converter into an AC power at the same voltage
as the AC line bus of a DFIG wind turbine system. The power from the line bus can then be
provided to an electrical grid, such as by providing it to a winding of a three-winding
transformer configured to convert AC power on the line bus into AC power at a voltage

suitable for provision to an electrical grid.

[0031] The energy storage system can further be configured to operate in a yaw power
backup mode. For example, a wind turbine system can include a yaw system configured to
yaw a wind turbine into or out of the wind. The yaw system can be used, for example, when
the wind speed exceeds a threshold in order to position the turbine at an angle to the wind in
order to reduce the load and stresses on the wind turbine. In a yaw power backup mode, a
control device can be configured to control operation of the energy storage system to provide
power to the yaw system. In an embodiment, the energy storage system can be configured to
provide power to the yaw system when power is not available from an electrical grid, such as,

for example, when a fault has occurred on an electrical grid. In such a situation, a wind
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turbine system and/or wind farm may be electrically isolated from the electrical grid by
opening one or more breakers. The energy storage system can be configured to provide
backup power to a yaw system to allow for the yaw system to control the turbine into a

desired yaw angle.

[0032] The energy storage system can further be configured to operate in an integrated
storage mode. For example, an energy storage system can be configured to provide power
when the power demand from a power generation setpoint exceeds the power generation
from the turbine and/or wind farm. For example, an electrical utility company can schedule a
dispatch for a wind turbine and/or wind farm for a particular period, such as a 10 minute
interval based on forecasted wind conditions. When the power demand (i.e., the scheduled
dispatch) exceeds the power generated by the wind turbine and/or wind farm, the energy
storage system can be configured to provide power to meet the power demand. Similarly,
when the power demand is less than the power generated by the wind turbine and/or wind
farm, surplus power can be provided from the wind turbine to the energy storage system in
order to store the energy for a future time period. In this way, the energy storage system can
be configured to operate in an integrated storage mode wherein power is provided by or to the
energy storage system depending upon the power demand and/or power generation of the

wind turbine and/or wind farm.

[0033] The energy storage system can further be configured to operate in an e-brake
mode. For example, a wind turbine may be generating power when a condition occurs that
requires the wind turbine to be shut down. For example, an electrical grid may experience a
fault requiring a wind turbine to be islanded by disconnecting the wind turbine from the
electrical grid. In such a situation, the wind turbine may need to be brought to a stop. For
example, an aerodynamic braking mode may be activated on the wind turbine in order to
pitch the blades of the wind turbine such that the wind turbine decelerates. If, however, the
aerodynamic braking mode is not able to sufficiently decelerate the wind turbine, a control
device can be configured to activate an e-brake (e.g., emergency-brake or energy-brake)
mode wherein power generated by the wind turbine is provided to the emergency storage

system to provide faster and controlled braking for the wind turbine.
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[0034] A control device can be configured to determine one or more operating
parameters, and based on the one or more operating parameters, control the wind turbine
system into an operation mode, such as an integrated storage mode, a yaw power backup

mode, and an e-brake mode.

[0035] In an embodiment, the energy storage system can be coupled to a plurality of wind
turbines, such as a plurality of DFIGs. For example, an energy storage system can be
configured to receive electrical power generated by a rotor of the plurality of DFIGs by, for

example, coupling the energy storage system to a line bus for each DFIG in the plurality.

[0036] In an embodiment, the energy storage system can be a stand-alone energy storage
system, which can be configured to be added to an existing wind turbine system. For
example, an advantage provided by an energy storage system according to example aspects of
the present disclosure is that the energy storage system can be retrofitted onto an existing
wind turbine system. For example, an existing wind turbine system may include a power
conversion system coupled to a transformer. The energy storage system according to
example aspects of the present disclosure can be configured to be retrofitted to the existing
wind turbine by, for example, connecting the energy storage system to a line bus between a

power conversion system and a transformer in the existing wind turbine system.

[0037] In an embodiment, the energy storage system according to example aspects of the
present disclosure can be configured to provide emergency power to one or more components
of the wind turbine system. For example, in addition to providing backup power to a yaw
system, the energy storage system can be configured to provide power to one or more control
devices configured to control an operation mode of the wind turbine system such as, for

example, when power from a grid is not available.

[0038] In this way, the systems and methods according to example aspects of the present
disclosure can have a technical effect of allowing for an energy storage system to be used
operate in a yaw power backup mode, an e-brake mode, and an integrated storage mode.
Further, by using a transformer which provides electrical isolation and absorbs common
mode noise, the filter circuit required by a conventional energy storage system coupled to a

DC link in a power conversion system can be eliminated. Moreover, this configuration
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allows for the one or more energy storage devices in the energy storage system to be coupled
to a ground, thereby reducing the likelihood of damage from fault currents. Additionally, the
energy storage system according to example aspects of the present disclosure can be

retrofitted to an existing wind turbine system to provide energy storage and other advantages.

[0039] With reference now to the FIGS., example embodiments of the present disclosure
will now be discussed in detail. FIG. 1 depicts an example wind driven doubly-fed induction
generator (DFIQG) turbine system 100. Example aspects of the present disclosure are
discussed with reference to the DFIG wind turbine system 100 of FIG. 1 for purposes of
illustration and discussion. Those of ordinary skill in the art, using the disclosures provided
herein, should understand that example aspects of the present disclosure are also applicable in
other power systems, such as synchronous, asynchronous, permanent magnet and full-power

conversion wind turbines, solar, gas turbine, or other suitable power generation systems.

[0040] In the example system 100, a rotational component 106 includes a plurality of
rotor blades 108 coupled to a rotating hub 110. The rotational component 10 is coupled to an
optional gear box 118, which is, in turn, coupled to a generator 120. In accordance with
aspects of the present disclosure, the generator 120 is a doubly fed induction generator

(DFIG) 120.

[0041] DFIG 120 can include a rotor and a stator. DFIG 120 is typically coupled to a
stator bus 154 and a power converter 162 via a rotor bus 156. The stator bus 154 provides an
output multiphase power (e.g. three-phase power) from a stator of DFIG 120 and the rotor
bus 156 provides an output multiphase power (e.g. three-phase power) of a rotor of the DFIG
120. Referring to the power converter 162, DFIG 120 is coupled via the rotor bus 156 to a
rotor side converter 166. The rotor side converter 166 is coupled to a line side converter 168

which in turn is coupled to a line side bus 188.

[0042] In example configurations, the rotor side converter 166 and the line side converter
168 are configured for normal operating mode in a three-phase, pulse width modulation
(PWM) arrangement using insulated gate bipolar transistor (IGBT) or similar switching
elements. The rotor side converter 166 and the line side converter 168 can be coupled via a

DC link 136 across which is the DC link capacitor 138. In an embodiment, a transformer 178,

10
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such as a three-winding transformer, can be coupled to the line bus 188 and the stator bus
154. The transformer 178 can convert the voltage of power from the line bus 188 and the

stator bus 154 to a voltage suitable for providing to an electrical grid 160.

[0043] The power conversion system 162 can be coupled to a control device 174 to
control the operation of the rotor side converter 166 and the line side converter 168. It should
be noted that the control device 174, in typical embodiments, is configured as an interface
between the power conversion system 162 and a control system 176. In one implementation,
the control device 174 can include a processing device (e.g. microprocessor, microcontroller,
etc.) executing computer-readable instructions stored in a computer-readable medium. The
instructions when executed by the processing device can cause the processing device to
perform operations, including providing control commands (e.g. pulse width modulation
commands) to the switching elements of the power converter 162 and in other aspects of the
wind turbine system 100, such as a bi-directional AC to DC power converter used in an

energy storage system 200.

[0044] In operation, alternating current power generated at DFIG 120 by rotation of the
rotational component 106 is provided via a dual path to electrical grid 160. The dual paths
are defined by the stator bus 154 and the rotor bus 156. On the rotor bus side 156, sinusoidal
multi-phase (e.g. three-phase) alternating current (AC) power is provided to the power
converter 162. The rotor side power converter 166 converts the AC power provided from the
rotor bus 156 into direct current (DC) power and provides the DC power to the DC link 136.
Switching elements (e.g. IGBTs) used in bridge circuits of the rotor side power converter 166
can be modulated to convert the AC power provided from the rotor bus 156 into DC power

suitable for the DC link 136.

[0045] The line side converter 168 converts the DC power on the DC link 136 into AC
output power suitable for the electrical grid 160, such as AC power synchronous to the
electrical grid 160, which can be transformed by transformer 178 before being provided to
the electrical grid 160. In particular, switching elements (e.g. IGBTs) used in bridge circuits
of the line side power converter 168 can be modulated to convert the DC power on the DC
link 136 into AC power on the line side bus 188. The AC power from the power converter

162 can be combined with the power from the stator of DFIG 120 to provide multi-phase

11
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power (e.g. three-phase power) having a frequency maintained substantially at the frequency

of the electrical grid 160 (e.g. 50 Hz/60 Hz).

[0046] Various circuit breakers and switches, such as a line bus breaker 186, stator bus
breaker 158, and grid breaker 182 can be included in the system 100 to connect or disconnect
corresponding buses, for example, when current flow is excessive and can damage
components of the wind turbine system 100 or for other operational considerations.

Additional protection components can also be included in the wind turbine system 100.

[0047] The power converter 162 can receive control signals from, for instance, the
control system 174. The control signals can be based, among other things, on sensed
conditions or operating characteristics of the wind turbine system 100. Typically, the control
signals provide for control of the operation of the power converter 162. For example,
feedback in the form of sensed speed of the DFIG 120 can be used to control the conversion
of the output power from the rotor bus 156 to maintain a proper and balanced multi-phase
(e.g. three-phase) power supply. Other feedback from other sensors can also be used by the
controller 174 to control the power converter 162, including, for example, stator and rotor bus
voltages and current feedbacks. Using the various forms of feedback information, switching
control signals (e.g. gate timing commands for IGBTSs), stator synchronizing control signals,

and circuit breaker signals can be generated.

[0048] According to example aspects of the present disclosure, an energy storage system
200 can be coupled to the line bus 188 of the wind turbine system 100. The present
disclosure is discussed with reference to an energy storage system 200 for purposes of
illustration and discussion. Those of ordinary skill in the art, using the disclosures provided
herein, should understand that aspects of the present disclosure are also applicable in other

energy storage systems.

[0049] The energy storage system 200 can be coupled to the line bus 188 between the
power converter 162 and a transformer 178. The energy storage system 200 can be used to
provide power to the line bus 188 or rotor bus 154 under certain conditions. For instance, the

energy storage system 200 can be used to provide power to the line bus 188 to increase

12
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output of the wind turbine system 100 when wind speed drops. Power can also be supplied

and stored in the energy storage system 200 during operation of the wind turbine system 100.

[0050] FIG. 2 depicts an example energy storage system 200 coupled to the line bus 188
of a wind turbine system 100. The energy storage system 200 can include a transformer 210,
a bi-directional AC to DC power converter 300, and one or more energy storage devices 230.
The transformer 210 can be, for example, a two-winding transformer configured to convert
the AC power from the line bus 188 at a first voltage to an AC power at a second voltage.
The transformer 210 can be configured to receive a multi-phase (e.g. three-phase) power
from the line bus 188 and transform the multiphase power from a first voltage to a second
voltage. In an embodiment, the transformer 210 can be a step-down transformer configured
to reduce the voltage of AC power from the line bus 188 to a lower voltage before providing
the AC power to the bi-directional power converter 300. An energy storage system breaker
220 can be used to selectively couple or decouple the energy storage system 200 to/from the

line bus 188.

[0051] Additionally, transformer 210 can provide isolation for the energy storage system
200. For example, a two-winding transformer 210 can have two windings inductively
coupled together. As power flows through a first winding of the two-winding transformer
210, an electromagnetic field can be generated, thereby inducing an electric current in the
second winding. However, because the two windings are inductively coupled and not
directly coupled, the two-winding transformer can provide isolation for the energy storage
system 200 from other components of the DFIG wind turbine system 100. Moreover, the
transformer 210 can absorb common mode noise, such as high frequency noise and/or voltage
spikes, thereby eliminating the need for a separate common mode filter. This can provide a
cost savings advantage over other energy storage systems coupled to a DC link 136 in a
power converter 162, as it can allow for a common mode filter to be eliminated from the

energy storage system.

[0052] The bi-directional AC to DC power converter 300 can be configured to receive the
multiphase power from the transformer 210 and convert the multiphase power from an AC
power to a DC power. As will be discussed in greater detail with respect to FIG. 3, the bi-

directional AC to DC power converter 300 can be a four-quadrant charge-discharge power
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converter. The DC power can be provided by the bi-directional power converter 300 to a DC
bus 250. One or more energy storage devices 230 can be coupled to the DC bus 250. The
one or more energy storage devices can be, for example, one or more batteries, capacitors,
fuel cells, or other energy storage devices. As shown, a plurality of energy storage devices

230 1s coupled in parallel to the DC bus 250.

[0053] In an embodiment, the energy storage system 200 can include a ground reference
240. For example, a ground reference 240 can be a neutral earth ground reference, which can
be coupled to one or more energy storage devices by coupling the ground reference 240 to a
terminal of the DC link 250. Because the energy storage system 200 is isolated from the
DFIG wind turbine system 100 by the transformer 210, the ground reference 240 can be
included in the energy storage system 200 to ground the energy storage devices 230, thereby
reducing the likelihood of damaging the energy storage device 230 by a fault current. In an
embodiment, a DC bus capacitor 330 can be coupled across the DC bus 250 in parallel with

the one or more energy storage devices 230.

[0054] AC power generated by the rotor of the DFIG 120 can travel through the power
converter 162 to the line bus 188, where it can be provided to the energy storage system 200.
For example, AC power from the line bus 188 can flow through transformer 210 to bi-
directional AC to DC power converter 300 to the line bus 250, where it can be stored in one
or more energy storage devices 230. In an embodiment, energy stored in the one or more
energy storage devices 230 can further be provided to the line bus 188. For example, DC
power from the one or more energy storage devices 230 can be provided to DC bus 250, and
to bi-directional AC to DC converter 300. Bi-directional AC to DC power converter 300 can
convert the DC power to a multi-phase (e.g., three-phase) AC power, which can be provided
to transformer 210. Transformer 210 can transform the AC power provided by the bi-
directional AC to DC power converter 300 to an AC power at the same voltage as power on
line bus 188. In this way, power can be provided from line bus 188 two energy storage

device 230, and similarly power from energy device 230 can be provided to line bus 188.

[0055] In an embodiment, a control device, such as a control device 174 or a control
system 176 can control switching of bi-directional AC to DC power converter 300 in order to

control the flow of power between line bus 188 and the one or more energy storage devices
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230. For example, a control device can provide one or more gating signals to one or more
switching elements (e.g., IGBTs) in bi-directional AC to DC power converter 300 in order to
control the flow of power in the energy storage system 200. Moreover, the energy storage
system 200 can be configured to provide power to an electrical grid 160 by, for example,
providing AC power to a line bus 188, which can then be transformed by a transformer 178

into AC power suitable for provision to an electrical grid 160.

[0056] An advantage provided by the energy storage system 200 according to example
aspects of the present disclosure is that the energy storage system 200 can be retrofitted onto
an existing wind turbine system. For example, in a typical energy storage system coupled to
a DC link 136 of a power converter 162, the energy storage system must be designed to
receive power at the same voltage as the DC link 136, and further include a bulky common
mode filter configured to filter the power before it is provided to one or more energy storage
devices in the energy storage system. However, the energy storage system 200 according to
example aspects of the present disclosure can be retrofitted onto any line bus 188 of any
DFIG wind turbine system. For example, the transformer 210 can be selected such that it is
configured to transform AC power from a line bus 188 at a first voltage based on the type of
wind generator used in the system to a second voltage suitable for a bi-directional power
converter 300 to convert to a DC power at a voltage suitable for the one or more energy
storage devices 230. In this way, the energy storage system 200 can be a stand-alone energy

storage system configured to be added to an existing DFIG wind turbine system.

[0057] Further, in an embodiment, the energy storage system 200 according to example
aspects the present disclosure can be coupled to a plurality of DFIG wind turbine systems
100. For example, the energy storage system 200 can be coupled to a line bus 188 in a
plurality of DFIG wind turbine systems 100. For example, a plurality of breakers or switches
can be configured to selectively allow power to flow from one or more line buses 188 in a

plurality of DFIG wind turbine systems 100 to the energy storage system 200, and vice-versa.

[0058] Referring now to FIG. 3, a bi-directional AC to DC power converter 300
according to example aspects of the present disclosure is depicted. As shown, bi-directional
AC to DC power converter 300 is a three-phase four-quadrant charge-discharge AC to DC

power converter capable of bi-directional power flow. One of ordinary skill in the art will
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recognize that any suitable bi-directional AC to DC power converter can be used. Bi-
directional power converter 300 can include a plurality of switching devices, such as IGBTs,
MOSFETs, or other switching devices. For example, bi-directional AC to DC power
converter 300 can include a plurality of bridge circuits, one for each phase of a multi-phase
AC power output. For example, for a three-phase power output, three bridge circuits can be
included in a bi-directional power converter 300, wherein each bridge circuit includes two
switching devices (e.g., IGBTs). As depicted in FIG. 3, a first bridge circuit can include a
first IGBT 302 and a second IGBT 304 for phase A 306 of a three phase output, a second
bridge circuit can include a third IGBT 312 and a fourth IGBT 314 for phase B 316 of a three
phase output, and a third bridge circuit can include a fifth IGBT 322 and a sixth IGBT 324
for phase C 326 of a three phase output. The bi-directional AC to DC power converter 300
can further include a capacitor 330 connected across a DC bus 250. Switching commands
can be provided by a control device or control system, such as a control device 174 or control
system 176, which can control the switching of the IGBTs to convert DC power to a three
phase AC power and vice-versa. In example configurations, PWM switching commands can

be provided to the IGBTs.

[0059] During a first AC to DC mode of operation, multi-phase (e.g., three-phase) AC
power can be provided to the bi-directional AC to DC power converter via phase A 306,
phase B 316, and phase C 326 coupled to a two-winding transformer 210. Switching
commands can be provided to the IGBTs to convert the AC power to a DC power, which can
be provided to DC bus 250, thereby charging capacitor 330. Power from DC bus 250 can

then be used to charge one or more energy storage devices 230 connected to the DC bus 250.

[0060] During a second DC to AC mode of operation, DC power from one or more
energy storage devices 230 can be provided to DC bus 250. Switching commands can be
provided to the IGBTSs to convert the DC power from the DC bus 250 to an AC power
provided to phase A 306, phase B 316, and phase C 326, and further, to two-winding
transformer 210. In this way, the bi-directional AC to DC power converter 330 can be used

to provide power to or from the energy storage devices and an AC line bus.

[0061] Referring now to FIG. 4, an example power flow in a wind turbine system 100 in

a yaw power backup mode is depicted. As shown, a wind turbine system 100 can be a DFIG
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wind turbine system as depicted in FIG. 1, and elements that are the same or similar to those

depicted in FIG. 1 are referred to with the same reference numerals.

[0062] As shown, one or more control systems can be configured to receive power from
the energy storage system 200. For example, a wind turbine system 100 can include a yaw
system configured to yaw a wind turbine into or out of the direction of the wind by rotating a
nacelle of the wind turbine in order to position the nacelle into or out of the wind. In a
typical embodiment, the yaw system can rotate a tower upon which a nacelle is fixed in a
stationary position, or the yaw system can rotate a nacelle on top of a stationary tower.
During periods of high winds, such as when the wind speed exceeds a threshold, it may be
desirable to yaw a wind turbine out of the wind by positioning the nacelle of the wind turbine
at an angle with respect to the predominant wind direction. For example, in order to protect
one or more components of the wind turbine, it may be desirable to position the nacelle at an
angle with respect to the wind in order to reduce stresses and loads placed on the turbine by
the wind. A control device/control system, such as a control device 174 or a control system
176 can be configured to receive data indicative of a wind speed and wind direction from one
or more wind speed sensors, such as an average wind speed and direction over a period of
time. The wind sensors can be, for example, one or more anemometers or other wind speed
sensors. In an embodiment, the yaw system can be a regenerative yaw system configured to

generate power by allowing the wind to adjust a yaw angle of the wind turbine.

[0063] When the wind exceeds a threshold, the yaw system can position the nacelle of the
wind turbine at an angle with respect to the wind in order to reduce the load and stresses
placed upon the wind turbine by the wind. The control system can determine a desired yaw
angle and send one or more commands to the yaw system in order to control one or more yaw
motors to position the turbine at the desired yaw angle. However, during periods of operation
in which a grid event has occurred, such as a fault requiring a wind turbine or windfarm to be
isolated from an electrical grid, the yaw system may be unpowered and therefore unable to

position the turbine at the desired yaw angle.

[0064] According to example aspects of the present disclosure, an energy storage system
200 can be configured to operate in a yaw power backup mode wherein the energy storage

system 200 is configured to provide electrical power from the one or more energy storage
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devices 230 to one or more control systems associated with the wind turbine system. For
example, the energy storage system 200 can provide electrical power to a control system,
such as a control device 174 or control system 176, in order to allow the necessary
computations to be performed (i.e., desired yaw angle computations) by the control
device/control system and further to provide power to one or more motors in the yaw system
to allow the yaw system to position the wind turbine at the desired yaw angle. In this way,
the energy storage system 200 can be controlled to operate in a yaw power backup mode

wherein a yaw system can be powered by the energy storage system 200.

[0065] Referring now to FIG. 5, an example power flow in a wind turbine system 100 in
an integrated storage mode is depicted. As shown, a wind turbine system 100 can be a DFIG
wind turbine system as depicted in FIGS. 1 and 4, and elements that are the same or similar to

those depicted in FIGS. 1 and 4 are referred to with the same reference numerals.

[0066] As shown, AC power from a power conversion system 162 can be provided to an
energy storage system 200 via an AC line bus 188, or vice-versa. In an embodiment, the flow
of power from the AC line bus to the energy storage system 200 can be controlled by a
control device/control system, such as a control device 174 or a control system 176. Further,
energy stored in the energy storage system 200 can be provided to an electrical grid 160 by,
for example, providing power to the AC line bus 188, or vice-versa. From there, the power
provided to the AC line bus 188 can flow through a three-winding transformer 178 to an
electrical grid 160. In this way, the energy storage system 200 can be configured to store
power received by the energy storage system, and further can be configured to provide

electrical power to an electrical grid.

[0067] The operation of the energy storage system 200 can be controlled based on one or
more operating parameters of the wind turbine system 100. For example, a control
device/control system can be configured to receive data indicative of one or more operating
parameters which can be used to determine an operation mode of the energy storage system
200 and/or wind turbine system 100. For example, a control device/control system can be
configured to determine a grid parameter, such as whether an electrical grid is experiencing
normal operations, or whether a grid event, such as a fault has occurred. If the grid is

experiencing normal operations (i.e., the grid “OK” and is not experiencing a fault), and the
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wind speed is less than a threshold wind speed above which the wind turbine cannot operate
normally, the wind turbine system 100 and energy storage system 200 can be controlled to an
integrated storage mode. For example, in the integrated storage mode, power can either be
provided from the wind turbine to the energy storage system 200, from the wind turbine to
the electrical grid 160, or from the energy storage system 200 and/or wind turbine to the

electrical grid 160.

[0068] For example, depending upon additional operational parameters, such as a power
demand parameter and a power generation parameter, the integrated storage mode can either
allow for energy to be stored or provided by the energy storage system. The power demand
can be, for example, determined by a dispatch parameter from a utility company, and a power
generation parameter can be, for example, a power output from a wind turbine. When the
power demand parameter is less than the power generation parameter, excess power can be
provided to the energy storage system 200 to allow for the energy to be stored for a later time
period. If the power demand parameter is the same as the power generation parameter, power
from the wind turbine, such as a DFIG, can be provided directly to the electrical grid 160. If,
however, the power demand parameter is greater than the power generation parameter, power
can be provided by the energy storage system 200 in addition to power provided by the wind
turbine. For example, power generated by the rotor can be provided to an AC line bus 188,
and energy stored in the energy storage system 200 can also be provided to the AC line bus
188 in order for the total power provided by the wind turbine system 100 to meet the power
demand parameter. In this way, the integrated storage mode can allow for energy to be
provided to an energy storage system during periods of excess generation, while allowing for
the energy storage system to provide supplemental power during periods of insufficient

power generation.

[0069] Referring now to FIG. 6, an example power flow in a wind turbine system 100 in
an e-brake mode is depicted. As shown, a wind turbine system 100 can be a DFIG wind
turbine system as depicted in FIGS. 1, 4, and 5, and elements that are the same or similar to

those depicted in FIGS. 1, 4, and 5 are referred to with the same reference numerals.

[0070] As depicted, power generated by a DFIG 120 can be provided to an energy

storage system 200 to provide braking for the wind turbine. For example, during periods of
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operation of a wind turbine system 100, it may be desirable to slow or stop the wind turbine
due to one or more operating parameters. For example, in the event of normal grid
operations, power generated by wind turbine system 100 can be provided to an electrical grid
160. If, however, a fault event has occurred on an electrical grid 160, it may be necessary to
decouple the wind turbine system 100 from the electrical grid 160. In such an event, it may
be necessary to slow and/or stop the wind turbine so that power is no longer generated while

the wind turbine is isolated from the electrical grid 160.

[0071] For example, if a grid is not experiencing normal operations, the wind turbine
system 100, and in particular the energy storage system 200, can be controlled to an e-brake
mode (e.g., “emergency brake” or “energy brake” mode). In the e-brake mode, the energy
storage system 200 can be configured to receive power from the DFIG wind turbine system
100 to provide braking for the DFIG wind turbine system. For example, in the e- brake
mode, power generated by the DFIG 120 can be routed from either a stator side or rotor side
of the DFIG 120 to allow for braking to occur. Power from the stator can be provided to a
three-winding transformer 178 via a stator bus 154, and from the three-winding transformer
178 can be provided to an AC line bus 188. Similarly, power from the rotor can be provided
to a rotor bus 156, to a power conversion system 162, and to the AC line bus 188. From the
AC line bus 188, power can be provided to the emergency storage system 200, where the

power can be stored in one or more energy storage devices 230.

[0072] In an embodiment, the wind turbine system 100 can be controlled to the e- brake
mode based on one or more operating parameters, such as a grid parameter, and an
aerodynamic braking deceleration parameter. For example, in order to slow and/or stop a
wind turbine, a control system can pitch the blades on a wind turbine in order to provide
aerodynamic braking to the wind turbine. In an embodiment, if the aerodynamic braking is
insufficient, such as, for example, if the wind turbine is not decelerating at a rate faster than a
threshold deceleration rate, the e-brake mode can be activated to provide braking to the wind
turbine. In this way, operating the wind turbine system 100 in an e-brake mode can allow for

the wind turbine to be slowed and/or stopped.

[0073] FIG. 7 depicts a flow diagram of an example method (700) for operating an

energy storage system according to an example embodiment of the present disclosure. The
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method 700 can be implemented using any suitable energy storage system, such as the energy
storage system 200 depicted in FIG. 2. In addition, FIG. 7 depicts steps performed in a
particular order for purposes of illustration and discussion. Those of ordinary skill in the art,
using the disclosures provided herein, will understand that various steps of any of the
methods disclosed herein can be adapted, omitted, rearranged, or expanded in various ways

without deviating from the scope of the present disclosure.

[0074] At (702), a method (700) can include providing AC power from an AC line bus to
a first winding of a transformer. For example, a two-winding step-down transformer 210 can
be connected to an AC line bus 188. AC power from the AC line bus 188 can be provided to

the first winding of the two-winding transformer 210.

[0075] At (704), a method (700) can include converting the AC power from a first
voltage to an AC power at a second voltage by the transformer. For example, as an AC
current flows to the first winding the two-winding transformer 210, an electrical field will be
generated. The electrical field can induce a second current in the second winding of the two-
winding transformer 210. In an embodiment, the two-winding transformer can be a step
down transformer, wherein the transformer is configured to receive AC power at a first
voltage and convert it to AC power at the second voltage, wherein the second voltage is a

lower voltage than the first voltage.

[0076] At (706), the method (700) can include converting the AC power at the second
voltage to a DC power with a bi-directional AC to DC power converter. For example, a four-
quadrant charge-discharge AC to DC power converter 300 can be coupled to the second
winding of the two-winding transformer 210. The AC power at the second voltage from the
second winding of the two-winding transformer 210 can be converted by the four-quadrant
charge-discharge AC to DC power converter 300 into a DC power, which can be provided to
a DC bus 250.

[0077] At (708), the method (700) can include storing the DC power in an energy storage
device. For example, one or more energy storage devices 230, such as one or more batteries,
can be coupled in parallel to the DC bus 250. DC power from the bi-directional AC to DC

power converter 300 can be provided to the DC bus 250, where it can be stored in the one or
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more energy storage devices 230. In this way, AC power from an AC line bus 188 in a wind
turbine system 100 can be stored in one or more energy storage devices 230 in an energy

storage system 200.

[0078] At (710), the method (700) can include providing DC power from an energy
storage device to the bi-directional AC to DC power converter. For example, the one or more
energy storage devices 230 coupled to the DC bus 250 can provide a DC power to the DC bus
250. The DC power can be provided to the bi-directional AC to DC power converter 300 via
the DC bus 250.

[0079] At (712), the method (700) can include converting the DC power to AC power at
the second voltage with the bi-directional AC to DC power converter. For example, the bi-
directional AC to DC power converter 300 can be capable of bi-directional power flow, and

can convert the DC power to an AC power at the second voltage.

[0080] At (714), the method (700) can include converting the AC power at the second
voltage to AC power at the first voltage by a transformer. For example, AC power at the
second voltage can be provided from the bi-directional AC to DC power converter 300 to the
second winding of a two-winding transformer 210. The current flowing through the second
winding of the two-winding transformer 210 can generate an electrical field, which can
induce a current in the first winding of the two-winding transformer 210. As noted, the two-
winding transformer 210 can be configured to convert AC power at a first voltage to AC
power at a second voltage, or vice versa. When AC power is provided to the second winding,
the two-winding transformer 210 can act as a step up transformer configured to convert the

AC power at the second voltage to an AC power at the first voltage.

[0081] At (716), the method (700) can include providing AC power at the first voltage to
an AC line bus. For example, the first winding of the two-winding transformer 210 can be
coupled to an AC line bus 188. The AC power at the first voltage can thereby be provided to
the AC line bus 188. In an embodiment, the AC power can be a multi-phase (e.g., three-
phase) AC power. In this way, energy stored in an energy storage device 230 and an energy

storage system 200 can be provided to an AC line bus 188 in a wind turbine system 100.
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[0082] Referring now to FIG. 8, a flow diagram of an example method (800) for
operating a wind turbine system according to an example embodiment of the present
disclosure is depicted. The method (800) can be implemented using any suitable wind
turbine system 100 which includes an energy storage system, such as the energy storage
system 200 depicted in FIG. 2. For example, the method (800) can be implemented using a
DFIG wind turbine system, a full-power conversion wind turbine system, or any other wind
turbine system. In addition, FIG. 8 depicts steps performed in a particular order for purposes
of illustration and discussion. Those of ordinary skill in the art, using the disclosures
provided herein, will understand that various steps of any of the methods disclosed herein can
be adapted, omitted, rearranged, or expanded in various ways without deviating from the

scope of the present disclosure.

[0083] At (802), the method (800) can include operating a wind turbine to generate
power. For example, a wind turbine can be a DFIG wind turbine wherein power is provided
to an electrical grid via a dual path-way defined by a rotor and a stator of the DFIG, or the
wind turbine can be a full-power conversion wind turbine or other wind turbine in a wind
turbine system 100. An energy storage system can be coupled to an AC line bus of the wind
turbine system 100. The energy storage system can include a transformer, a power converter,
and an energy storage device, and the energy storage system can be configured to store and

provide power generated by the wind turbine.

[0084] At (804), the method (800) can include determining one or more operating
parameters for the wind turbine system by a control device. The control device can be, for
example, a control device 174 or a control system 176 as described herein. The one or more
operating parameters can include a grid parameter, a power demand parameter, a power
generation parameter, a wind parameter, or other parameters. A grid parameter can be, for
example, a grid status such as whether a grid is experiencing normal operations, or whether a
grid event has occurred whereby the grid is not operating normally, such as when a fault
occurs. A wind parameter can be, for example, a wind speed and/or direction, and can be an
average wind speed and/or direction over a period of time. A power demand parameter can
be an amount of power demanded by an electrical grid 160, such as, for example, a power
demand set by a dispatch setpoint from a utility company for a specified time period. A

power generation parameter can be, for example, an amount of power generated by the wind

23



WO 2018/200516 PCT/US2018/029130

turbine, which can include power generated by a rotor and a stator of a DFIG. Other
parameters can also be determined, depending upon an operational mode of the wind turbine
system. The method (800) can further include determining an operating mode for the wind
turbine system based at least in part on the one or more operating parameters and controlling,
by the control device, the wind turbine system based at least in part on the operating mode.
Additionally, controlling the wind turbine can include controlling an energy flow into or out

of the energy storage system coupled to the AC line bus 188.

[0085] For example, at (806), the method (800) can include determining whether a grid
parameter is experiencing normal operation (i.e., the grid is “OK” and not experiencing a
fault condition) and whether the wind parameter is less than a threshold. For example, a
threshold can be a threshold above which a wind turbine is not operated due to mechanical,
safety, or other operational constraints. For example, when the wind speed is above a
threshold, such as 30 m/s, a wind turbine may be shut down in order to prevent damage from
occurring to one or more components of the wind turbine. Similarly, if a grid is experiencing
a fault condition, the wind turbine system may need to be isolated from the electrical grid,
and therefore the wind turbine may need to be shut down. If, however, the grid parameter is
in normal operation and the wind speed is less than the threshold, the control device can
select an integrated storage mode at (808) and can control the wind turbine based at least in
part on the integrated storage mode. As used herein, the term “integrated storage mode”
means any mode of operation in which power from a wind turbine can be provided to or from

an energy storage system.

[0086] At (808), while in the integrated storage mode, the method (800) can include
determining and comparing additional operating parameters, such as a power demand
parameter and a power generation parameter. As noted, a power demand parameter can be a
power demanded by an electrical grid, and a power generation parameter can be a power
generation level from the wind turbine system. The power demand and power generation
parameters can be determined by, for example, current and voltage measurements in the wind
turbine system, and/or by communicating with a control system, such as a control room for

an electric utility company.
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[0087] At (810), when the power demand parameter is less than the power generation
parameter, the method (800) can include controlling the energy storage system to an energy
storage mode at (812). In the energy storage mode, at least a portion of the power generated
by the wind turbine can be stored in the energy storage system 200. For example, power
generated by a rotor of a DFIG can be provided to an AC line bus 188 where it can be
provided to the energy storage system 200. In a full-power conversion wind turbine, at least
a portion of power generated by the wind turbine can similarly be provided to an energy
storage system 200. In this way, the excess power generated by the wind turbine can be
stored in the energy storage system 200 when the energy storage system is operated in a

storage mode.

[0088] If, however, at (814) the power demand parameter equals the power generation
parameter, controlling the wind turbine system based at least in part on the integrated storage
mode can include providing the power generated by the wind turbine to an electrical grid.
For example, all of the power generated by a rotor and a stator of a DFIG can be provided to
an electrical grid 160, with no power being provided to or from the energy storage system
200. Similarly, all power generated by a full-power conversion wind turbine system or other

wind turbine can be provided to an electrical grid 160.

[0089] If, at (816) the power demand parameter is greater than the power generation
parameter, controlling the wind turbine system based at least in part on the integrated storage
mode can include controlling the energy storage system to a power mode at (818). For
example, in the power mode, the energy storage system 200 can be configured to provide
power to an electrical grid 160 by, for example, providing energy stored in one or more
energy storage devices 230 in the energy storage system to an AC line bus 188. Thus, in the
integrated storage mode, power can be provided to or from an energy storage system 200 by
the wind turbine system 100, and further, the energy storage system 200 can be used to meet
the power demands on the wind turbine system 100. Further, in the integrated storage mode,
the wind turbine can be operated in a loop unless and until one of the conditions at (806) is no

longer met.

[0090] For example, if at (806) the wind is greater than or equal to a threshold, at (820),

determining an operating mode for the wind turbine system based at least in part on the one
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or more operating parameters can include selecting a yaw power backup mode at (822). For
example, in the yaw power backup mode, power can be provided to a yaw system in order to
yaw the wind turbine system 100 out of the wind in order to reduce the loads and stresses on
the wind turbine. As used herein, the term “yaw power backup mode” means any mode of

operation in which power from an energy storage system can be used to power a yaw system.

[0091] While operating in the yaw power backup mode, if, at (824) a grid parameter is
not experiencing normal operation (i.e., the grid is not “OK” and/or experiencing a fault
condition), the energy storage system 200 can be configured to provide power to a yaw
system at (826). For example, if an electrical grid 160 is experiencing a fault, the wind
turbine system 100 may need to be electrically isolated from the electrical grid 160. While
the wind turbine system 100 is isolated from the electrical grid 160, power cannot be
provided to the yaw system by the electrical grid 160. Therefore, the energy storage system
200 can be configured to provide power to the yaw system to allow for necessary
computations to be performed as well as power to be provided to one or more yaw motors in
order to allow the wind turbine to be positioned at a desired yaw angle. In one or more
embodiments, in the yaw power backup mode, power can be provided to a yaw system from
the energy storage system 200 regardless of whether a grid parameter is experiencing normal

operation.

[0092] While in the yaw power backup mode, once a grid parameter returns to a normal
operation and the wind speed is less than the threshold at (830), the wind turbine system 100
can be controlled to prepare the wind turbine for operation at (832). Similarly, while
operating in the yaw power backup mode, if the grid parameter never experienced a fault
(i.e., the grid was “OK”), once the wind parameter is less than the threshold at (828) the wind

turbine can be controlled to prepare for operation at (832).

[0093] Returning to (806), if a grid parameter is a grid fault (i.e., the grid is not
experiencing normal operation and/or not “OK”) at (834) determining an operating mode for
the wind turbine system 100 can include selecting an e-brake mode at (836). As used herein,
the term “e-brake mode” means any mode of operation in which power from a wind turbine

can be provided to an energy storage system to provide braking for the wind turbine. In the
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e-brake mode, power from the wind turbine system 100 can be provided to the energy storage

system 200 to provide braking for the wind turbine when the e-brake is activated.

[0094] For example, while in the e-brake mode, it may be desirable to bring the wind
turbine to a stop. A control system can control the pitch of the blades of the wind turbine in
order to provide aerodynamic braking. If, however, at (838) the aerodynamic braking is
insufficient to decelerate the wind turbine faster than a threshold deceleration, operating the
wind turbine system in an e-brake mode can include activating an e-brake at (840) to
decelerate the wind turbine. For example, both aerodynamic braking, wherein the rotor is
slowed by pitch the blades out of the wind, and e-braking, wherein energy from the wind
turbine is provided to an energy storage system 200) can be used to slow and/or stop the wind
turbine. In this way, controlling the wind turbine system based at least in part on the e-brake
mode can include providing power from the wind turbine system 100 to the energy storage
system 200 to provide braking for the wind turbine when the e-brake is activated. In an
embodiment, while operating in an e-brake mode, an e-brake can be activated such that
power generated by the wind turbine is stored in the energy storage system 200 regardless of
whether aerodynamic braking is sufficient to decelerate the wind turbine faster than a

threshold deceleration rate.

[0095] While operating in the e-brake mode, if the electrical grid returns to normal
operation and the wind parameter is below the threshold at (830), the wind turbine system
100 can be controlled to prepare the wind turbine for operation at (832). Once the wind
turbine has been prepared for operation at (832), at (802) the wind turbine can be operated to

generate power.

[0096] In this way, a wind turbine system 100 can be operated to generate power, and
based on one or more operating parameters, the wind turbine system can be controlled to an
integrated storage mode, a yaw power backup mode, and an e-brake mode in order to allow
for power to be generated, stored, provided by an energy storage system, used to power a yaw

system, and used to provide e-braking according in various operating conditions.

[0097] FIG. 9 depicts an example control device 910 according to example embodiments

of the present disclosure. The control device 910 can be, for example, a control device 174 or
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a control system 176, and can be associated with an individual wind turbine system, a wind
farm (e.g., a cluster-level or farm-level control device) and/or can include one or more
control devices associated with aspects of a wind turbine system, such as one or more control
devices associated with a power conversion system 162. In some embodiments, the one or
more control devices 910 can include one or more processor(s) 912 and one or more memory
device(s) 914. The processor(s) 912 and memory device(s) 914 can be distributed so that

they are located at one more locales or with different devices.

[0098] The processor(s) 912 and memory device(s) 914 can be configured to perform a
variety of computer-implemented functions and/or instructions (e.g., performing the methods,
steps, calculations and the like and storing relevant data as disclosed herein). The
instructions when executed by the processor(s) 912 can cause the processor(s) 912 to perform
operations according to example aspects of the present disclosure. For instance, the
instructions when executed by the processor(s) 912 can cause the processor(s) 912 to

implement the methods of FIGS. 7 (700) and 8 (800) discussed herein.

[0099] Additionally, the control device 910 can include a communication interface 916 to
facilitate communications between the control device 910 and various components of a wind
turbine system, wind farm, or power system, including power demand parameters or power
generation setpoints as described herein. Further, the communication interface 918 can
include a sensor interface 918 (e.g., one or more analog-to-digital converters) to permit
signals transmitted from one or more sensors 920, 922 to be converted into signals that can be
understood and processed by the processor(s) 912. It should be appreciated that the sensors
(e.g. sensors 920, 922) can be communicatively coupled to the communications interface 918
using any suitable means, such as a wired or wireless connection. The signals can be
communicated using any suitable communications protocol. The sensors (920, 922) can be,
for example, voltage sensors, current sensors, power sensors, wind speed sensors,

anemometers, or any other sensor device described herein.

[00100]  As such, the processor(s) 912 can be configured to receive one or more signals
from the sensors 920 and 922. For instance, in some embodiments, the processor(s) 912 can

receive signals indicative of a wind speed or wind direction from the sensor 920, such as
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from one or more anemometers. In some embodiments, the processor(s) 912 can receive

signals indicative of power delivery (e.g. amount of power generated) from sensor 922.

[00101] Asused 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 control device, a
microcontrol device, a microcomputer, a programmable logic control device (PLC), an
application specific integrated circuit, and other programmable circuits. Additionally, the
memory device(s) 914 can generally include memory element(s) including, but not limited to,
computer readable medium (e.g., random access memory (RAM)), computer readable non-
volatile medium (e.g., a flash memory), a compact disc-read only memory (CD-ROM), a
magneto-optical disk (MOD), a digital versatile disc (DVD) and/or other suitable memory
elements. Such memory device(s) 914 can generally be configured to store suitable
computer-readable instructions that, when implemented by the processor(s) 912, configure

the control device 910 to perform the various functions as described herein.

[00102] Referring now to FIG. 10, an example power system 100 in a full-power
conversion configuration is depicted. Elements that are the same or similar to those in FIG. 1
are referred to with the same reference numerals. As shown, in a full-power conversion
configuration, all power generated by a generator 120 can be provided to a power converter
162. The power converter 162 can be connected to a line side bus 188. As shown, an energy
storage system 200 as described herein can be connected to the line side bus 188. The line

side bus 188 can be connected to an electrical grid 184.

[00103] Referring now to FIG. 11, a flow diagram of an example method (1100) for
retrofitting a wind turbine system with an energy storage system according to example
aspects of the present disclosure is depicted. The energy storage system can include a bi-
directional AC to DC power converter and an energy storage device. The method (1100) can
be implemented using any suitable wind turbine system 100 which includes an energy storage
system, such as the energy storage system 200 depicted in FIGS. 1, 2, and 10. For example,
the method (1100) can be implemented using a DFIG wind turbine system, a full-power
conversion wind turbine system, or any other wind turbine system. In addition, FIG. 11
depicts steps performed in a particular order for purposes of illustration and discussion.

Those of ordinary skill in the art, using the disclosures provided herein, will understand that
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various steps of any of the methods disclosed herein can be adapted, omitted, rearranged, or

expanded in various ways without deviating from the scope of the present disclosure.

[00104] At (1102), the method (1100) can include selecting a two-winding transformer for
inclusion in the energy storage system based on a voltage of an AC line bus and the voltage
of an energy storage device. For example, a two-winding transformer 210 can be selected in
order to step down the voltage from the line side bus 188 to a second voltage, such as a
voltage that is appropriate for providing to a bi-directional AC to DC power converter 300.
For example, the bi-directional AC to DC power converter 300 can be configured to convert
AC power at the second voltage to DC power at a voltage suitable for the energy storage
device 230. The two-winding transformer can be selected based at least in part on the voltage

of the line side bus 188 and the voltage of the energy storage device 230.

[00105] At (1104), the method (1100) can include coupling the two-winding transformer
between the AC line bus and the bi-directional AC to DC power converter. For example, the
two-winding transformer 210 can be configured to receive a multiphase (e.g., three-phase)
AC power from the line side bus 188. The two-winding transformer 210 can be electrically
connected to each phase of the multi-phase line side bus 188. Once coupled, power can flow

from the line side bus 188 to the two-winding transformer 210, and vice-versa.

[00106] At (1106), the method (1100) can include coupling the bi-directional AC to DC
power converter between the two-winding transformer and a DC bus. For example, a bi-
directional AC to DC power converter 300 can be electrically connected to a two-winding
transformer 210 and a DC bus 250. Once coupled, power can flow from the two-winding
transformer 210 to the DC bus 250, and vice-versa, such as when a control device 174

controls switching of the bi-directional AC to DC power converter.

[00107] At (1108), the method (1100) can include coupling the energy storage device to
the DC bus. For example, one or more energy storage devices 230 can be coupled to a DC
bus 250. Once coupled, the energy storage device can be configured to receive and store
power from the AC line bus 188, and further can be configured to provide energy stored in
the energy storage device 230 to the AC line bus 188. In this way, the systems and methods

according to example aspects of the present disclosure can allow for an energy storage system
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200 to be a stand-alone energy storage system, which can be retrofitted to an existing wind

turbine system 100.

[00108] The technology discussed herein makes reference to computer-based systems and
actions taken by and information sent to and from computer-based systems. One of ordinary
skill in the art will recognize that the inherent flexibility of computer-based systems allows
for a great variety of possible configurations, combinations, and divisions of tasks and
functionality between and among components. For instance, processes discussed herein can
be implemented using a single computing device or multiple computing devices working in
combination. Databases, memory, instructions, and applications can be implemented on a
single system or distributed across multiple systems. Distributed components can operate

sequentially or in parallel.

[00109] Although specific features of various embodiments may be shown in some
drawings and not in others, this is for convenience only. In accordance with the principles of
the present disclosure, any feature of a drawing may be referenced and/or claimed in

combination with any feature of any other drawing.

[00110] This written description uses examples to disclose the invention, including the
best mode, and also to enable any person skilled in the art to practice the invention, including
making and using any devices or systems and performing any incorporated methods. The
patentable scope of the invention is defined by the claims, and may include other examples
that occur to those skilled in the art. Such other examples are intended to be within the scope
of the claims if they include structural elements that do not differ from the literal language of
the claims, or if they include equivalent structural elements with insubstantial differences

from the literal languages of the claims.
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WHAT IS CLAIMED IS:

1. A method of operating a wind turbine system, the wind turbine system
comprising a wind turbine, a power conversion system operably coupled to the wind turbine
and an AC line bus, and an energy storage system coupled to the AC line bus, the energy
storage system comprising a transformer, a power converter, and an energy storage device,
the energy storage system configured to store and provide power generated by the wind

turbine, the method comprising:
operating the wind turbine system to generate power;

determining, by a control device, one or more operating parameters for the wind

turbine system;

determining, by the control device, an operating mode for the wind turbine system

based at least in part on the one or more operating parameters; and

controlling, by the control device, the wind turbine system based at least in part on the

operating mode;

wherein controlling, by the control device, the wind turbine system comprises
controlling an energy flow into or out of the energy storage system coupled to the AC line

bus.

2. The method of claim 1, wherein determining an operating mode for the wind
turbine system comprises selecting an integrated storage mode, a yaw power backup mode, or

an e-brake mode.

3. The method of claim 1, wherein the one or more operating parameters
comprise one or more of a grid parameter, a power demand parameter, a power generation

parameter, or a wind parameter.

4. The method of claim 1, wherein when a grid parameter comprises an operating
grid and a wind parameter is less than a threshold, determining by the control device, an

operating mode for the wind turbine system comprises selecting an integrated storage mode.

32



WO 2018/200516 PCT/US2018/029130

5. The method of claim 4, wherein when a power demand parameter is less than
a power generation parameter, controlling, by the control device, the wind turbine system
based at least in part on the integrated storage mode comprises controlling the energy storage

system to an energy storage mode;

wherein at least a portion of the power generated by the wind turbine is stored in the

energy storage system in the energy storage mode.

6. The method of claim 4, wherein when a power demand parameter equals a
power generation parameter, controlling, by the control device, the wind turbine system
based at least in part on the integrated storage mode comprises providing power generated by

the wind turbine to an electrical grid.

7. The method of claim 4, wherein when a power demand parameter is greater
than a power generation parameter, controlling, by the control device, the wind turbine
system based at least in part on the integrated storage mode comprises controlling the energy

storage system to a power mode;

wherein at least a portion of the energy stored in the energy storage system is

provided to an electrical grid in the power mode.

8. The method of claim 1, wherein when a wind parameter is greater than or
equal to a threshold, determining, by the control device, an operating mode for the wind

turbine system comprises selecting a yaw power backup mode.

9. The method of claim 8, wherein when a grid parameter comprises a grid fault,
controlling, by the control device, the wind turbine system based at least in part on the yaw
power backup mode comprises providing power to a yaw system from the energy storage

system.

10. The method of claim 1, wherein when a grid parameter comprises a grid fault,
determining, by the control device, an operating mode for the wind turbine system comprises

selecting an e-brake mode.
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11. The method of claim 10, wherein when aerodynamic braking is insufficient to
decelerate the wind turbine faster than a threshold deceleration, controlling, by the control
device, the wind turbine system based at least in part on the e-brake mode comprises

activating an e-brake to decelerate the wind turbine;

wherein power from the wind turbine system is provided to the energy storage system

to provide braking for the wind turbine when the e-brake is activated.

12. A control system for an energy storage system in wind turbine system, the
wind turbine system comprising a wind turbine, a power conversion system operably coupled
to the generator and an AC line bus, and an energy storage system coupled to the AC line
bus, the energy storage system comprising a transformer, a power converter, and an energy
storage device, the energy storage system configured to store and provide power generated by

the wind turbine; the control system comprising:

one or more processors and one or more memory devices configured to store
instructions that when executed by the one or more processors cause the one or more

processors to perform operations, the operations comprising:
determining one or more operating parameters of the wind turbine system;

determining an operating mode for the wind turbine system based at least in part on

the one or more operating parameters; and
controlling the wind turbine system based at least in part on the operating mode;

wherein controlling the wind turbine comprises controlling an energy flow into or out

of the energy storage system coupled to the AC line bus; and

wherein determining one or more operating parameters of the wind turbine system

comprises determining a grid parameter.

13. The control system of claim 12, wherein determining one or more operating

parameters of the wind turbine system further comprises determining a wind parameter; and
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when a grid parameter comprises an operating grid and a wind parameter is less than a
threshold, determining an operating mode for the wind turbine system comprises selecting an

integrated storage mode.

14. The control system of claim 13, wherein determining one or more operating
parameters of the wind turbine system further comprises determining a power generation

parameter and a power demand parameter; and

when the power demand parameter is less than a power generation parameter,
controlling the wind turbine system based at least in part on the integrated storage mode

comprises controlling the energy storage system to an energy storage mode;

wherein at least a portion of the power generated by the wind turbine is stored in the

energy storage system in the energy storage mode.

15. The control system of claim 13, wherein determining one or more operating
parameters of the wind turbine system further comprises determining a power generation

parameter and a power demand parameter; and

wherein when the power demand parameter equals the power generation parameter,
controlling the wind turbine system based at least in part on the integrated storage mode

comprises providing power generated by the wind turbine to an electrical grid.

16. The control system of claim 13, wherein determining one or more operating
parameters of the wind turbine system further comprises determining a power generation

parameter and a power demand parameter; and

wherein when the power demand parameter is greater than the power generation
parameter, controlling the wind turbine system based at least in part on the integrated storage

mode comprises controlling the energy storage system to a power mode;

wherein at least a portion of the energy stored in the energy storage system is

provided to an electrical grid in the power mode.

17. The control system of claim 12, wherein determining one or more operating

parameters of the wind turbine system further comprises determining a wind parameter; and
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wherein when the wind parameter is greater than or equal to a threshold, determining
an operating mode of the wind turbine system comprises selecting a yaw power backup

mode; and
wherein when the grid parameter comprises a grid fault;

controlling the wind turbine system based at least in part on the yaw power backup

mode comprises providing power to a yaw system from the energy storage system.

18. The control system of claim 12, wherein when the grid parameter comprises a
grid fault, controlling an operating mode of the wind turbine system comprises controlling the

wind turbine system to an e-brake mode.

19. The control system of claim 18, wherein determining one or more parameters
of the wind turbine system further comprises determining whether an aerodynamic braking is

insufficient to decelerate the wind turbine faster than a threshold deceleration, and

wherein when the aerodynamic braking is insufficient to decelerate the wind turbine
faster than the threshold deceleration, controlling the wind turbine system based at least in

part on the e-brake mode comprises activating an e-brake to decelerate the wind turbine;

wherein power from the wind turbine system is provided to the energy storage system

to provide braking for the wind turbine when the e-brake is activated.
20. A Doubly Fed Induction Generator (DFIG) wind turbine system, comprising:
a DFIG comprising a rotor and a stator;
a rotor bus coupled to the rotor;
a stator bus coupled to the stator;
a power conversion system coupled to the rotor bus;

a line bus coupled to the power conversion system;
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an energy storage system coupled to the line bus; the energy storage system
comprising a transformer, a power converter, and an energy storage device, the energy

storage system configured to store and provide power generated by the DFIG; and

a control system comprising one or more processors and one or more memory devices
configured to store instructions that when executed by the one or more processors cause the

one or more processors to perform operations, the operations comprising:
determining one or more operating parameters of the DFIG wind turbine system;

determining an operating mode for the DFIG wind turbine system based at least in

part on the one or more operating parameters; and

controlling the DFIG wind turbine system based at least in part on the operating

mode;

wherein controlling the wind turbine system based at least in part on the operating

mode comprises controlling an energy flow into or out of the energy storage system,;

wherein the one or more operating parameters comprise one or more of a grid
parameter, a power demand parameter, a power generation parameter, or a wind parameter;

and

wherein determining an operating mode of the DFIG wind turbine system comprises

selecting an integrated storage mode, a yaw power backup mode, or an e-brake mode.
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