19 DANMARK (19 DK/EP 4040626 T3

(2) Overseettelse af
s europeeisk patentskrift

Patent- og
Varemeerkestyrelsen

(51 Int.Cl.. HO02J 7/00(2006.01) H02J 11/00 (2006.01) H02J 3/38(2006.01)
(45) Overseettelsen bekendtgjort den: 2025-06-23

(80) Dato for Den Europzeiske Patentmyndigheds
bekendtggrelse om meddelelse af patentet: 2025-03-19

(86) Europeeisk ansggning nr.. 22150058.0

(86) Europeeisk indleveringsdag: 2022-01-03

(87) Den europeeiske ansggnings publiceringsdag: 2022-08-10
(30) Prioritet: 2021-01-19 US 202117151764

(84) Designerede stater: AL AT BE BG CH CY CZ DE DK EE ES FI FR GB GR HR HU IE IS IT LI LT LU LV
MC MK MT NL NO PL PT RO RS SE SI SK SM TR

(73) Patenthaver. General Electric Renovables Espaiia S.L., Carrer de Roc Boronat 78, 08005 Barcelona, Spanien

(72) Opfinder. Bayadi, Ramaprakash, , 560066 Bangalore, Indien
Gourishankar, Karthick Vilapakkam, , 560066 Bangalore, Indien
Appuraj, Karthikeyan, , 560066 Bangalore, Indien

(74) Fuldmaegtig i Danmark: COPA COPENHAGEN PATENTS K/S, Rosenvangets Allé 25, 2100 Kgbenhavn @,
Danmark

(54) Benaevnelse: SYSTEMER OG FREMGANGSMADER TIL DRIFT AF ET EFFEKTPRODUKTIONSAKTIV

(56) Fremdragne publikationer:
WO-A1-2020/026502
WO-A1-2020/149288
US-A1-2021 336 299
US-A1-2022 082 630
"Electrochemical Energy Storage for Renewable Sources and Grid Balancing", 7 November 2014, ELSEVIER,
NL, ISBN: 978-0-444-62616-5, article PATRICK T. MOSELEY ET AL: "Electrochemical Energy Storage for
Renewable Sources and Grid Balancing", pages: ToC,Ch13 - Ch14,Ch16,, XP055708617



DK/EP 4040626 T3



DK/EP 4040626 T3

DESCRIPTION

Description

FIELD

[0001] The present disclosure relates in general to power generating assets, and more
particularly to systems and methods for determining a state-of-health rating for an energy
storage device of a power generating asset.

BACKGROUND

[0002] Power generating assets may take a variety of forms, including but not limited to assets
which rely on renewable and/or nonrenewable sources of energy. Such power generating
assets may generally be considered one of the cleanest, most environmentally friendly energy
sources presently available. For example, wind turbines have gained increased attention in this
regard. A modern wind turbine typically includes a tower, a generator, a gearbox, a nacelle,
and one or more rotor blades. The nacelle includes a rotor assembly coupled to the gearbox
and to the generator. The rotor assembly and the gearbox are mounted on a bedplate support
frame located within the nacelle. The rotor blades capture kinetic energy of wind using known
airfoil principles. The rotor blades transmit the kinetic energy in the form of rotational energy so
as to turn a shaft coupling the rotor blades to a gearbox, or if a gearbox is not used, directly to
the generator. The generator then converts the mechanical energy to electrical energy and the
electrical energy may be transmitted to a converter and/or a transformer housed within the
tower and subsequently deployed to a utility grid. Modern wind power generation systems
typically take the form of a wind farm having multiple wind turbine generators that are operable
to supply power to a transmission system providing power to a power grid.

WO02020/149288A1 describes a soh/soc detecting device for power storage element, and
power storage element managing unit; Patrick T. Moseley et al. describe an "Electrochemical
Energy Storage for Renewable Sources and Grid Balancing” in "Electrochemical Energy
Storage for Renewable Sources and Grid Balancing”, 2014-11-07, Elsevier, NL ISBN: 978-0-
444-62616-5, pages ToC,Ch13-Ch14,Ch16,Ch20,Ind; WO2020026502A1 describes battery
management device, battery management method, and electric power storage system.

[0003] Certain power generating assets may also include at least one energy storage device,
such as a battery or capacitor, which may serve as a backup power supply to a component of
the power generating asset. During normal operation, components of the wind turbine, such as
pitch drive motors, may be driven by power supplied by the power grid. However, in some
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instances, such as during a transient grid event, these components may be driven by the
energy storage devices. Thus, the utilization of an energy storage device may ensure that the
power generating asset may be controlled even in the absence of grid power. For example, the
utilization of an energy storage device coupled to the pitch drive system of the wind turbine
may permit the pitching of the rotor blades toward feather in the event grid power is lost. This,
in turn, may prevent an overspeed event from negatively impacting the wind turbine.

[0004] Accordingly, it may be desirable to ensure that the energy storage is capable of
operating when needed. As such, it may be desirable to determine a state of health of the
energy storage device on a regular basis.

[0005] Thus, the art is continuously seeking new and improved systems and methods that
address the aforementioned issues. As such, the present disclosure is directed to systems and
methods for determining a state-of-health rating for an energy storage device of a power
generating asset so as to ensure the energy storage device remains operable.

BRIEF DESCRIPTION

[0006] 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.

[0007] The invention is defined by a method for operating a power generating asset with the
steps of independent method claim 1.

[0008] In an additional embodiment, the method may include defining, via the controller, a
plurality of temperature intervals across a nominal operating range of temperatures for the
energy storage device. A temperature interval of the plurality of temperature intervals may
correspond to the ambient temperature. The method may also include determining, via the
controller, the nominal ESR function and the potential ESR function(s) at each temperature
interval of the plurality of temperature intervals. Additionally, the method may include
establishing a correlation between the actual ESR function and the state-of-health rating for the
energy storage device at each temperature interval as a function of the second electrical
condition of the energy storage device.

[0009] In a further embodiment, determining the state-of-health rating for the energy storage
device may also include determining the state-of-health rating corresponding to the determined
actual ESR function at the ambient temperature of the energy storage device based on the
correlation between the actual ESR function and the state-of-health rating.

[0010] In yet a further embodiment, the first electrical condition may be a voltage. Determining
a change in the first electrical condition of the energy storage device may also include
determining a difference between an open-circuit voltage of the energy storage device and an
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instantaneous voltage of the energy storage device at each of the sampling intervals of the
state-change event.

[0011] In an embodiment, implementing the control action may include detecting an approach
of the state-of-health rating to a state-of-health threshold and generating an alert to facilitate
scheduling of a maintenance event.

[0012] In an additional embodiment, the state-change event may include a scheduled test
event and/or a manipulation of the energy storage device during operation of the power
generating asset.

[0013] In a further embodiment, the scheduled test event may be accomplished in conjunction
with at least one additional component test of the power generating asset and results in an
updating of the state-of-health rating.

[0014] In yet a further embodiment, the state-change event may include a discharging event of
the energy storage device or a charging event of the energy storage device.

[0015] In an embodiment, determining the actual ESR function may include determining the
actual ESR function as a function of the second electrical condition and independent of a first
electrical condition discharge profile and a second electrical condition discharge profile.

[0016] In an additional embodiment, the method may include receiving, via the controller, a
cycle count and/or a time count elapsed from an installation date. The method may also
include determining, via the controller, a correlation between the state-of-health rating and the
received cycle count and/or time count. The correlation may be indicative of a rate of
degradation of the energy storage device per cycle count and/or, time count. Additionally, the
method may include determining a state-of-health threshold for the energy storage device.
Based on the correlation of the state-of-health threshold, the method may also include
determining, via the controller, a number of cycles and/or time until the state-of-health
threshold is reached. The present invention is further directed to a system for operating a
power generating asset according to claim 11. Alternative embodiments of this system are
described in the dependent system claims.

[0017] 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

[0018] A full and enabling disclosure of the present invention, including the best mode thereof,
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directed to one of ordinary skill in the art, is set forth in the specification, which makes
reference to the appended figures, in which:

FIG. 1 illustrates a perspective view of one embodiment of a power generating asset
configured as a wind turbine according to the present disclosure;

FIG. 2 illustrates a perspective, internal view of one embodiment of a nacelle of the wind
turbine according to the present disclosure;

FIG. 3 illustrates a schematic diagram of one embodiment of an energy storage device
operably coupled to a component of the power generating asset according to the present
disclosure;

FIG. 4 illustrates a block diagram of one embodiment of a controller for use with the power
generating asset according to the present disclosure;

FIG. 5 illustrates a flow diagram of one embodiment of a control logic of a system for operating
a power generating asset according to the present disclosure;

FIG. 6 illustrates a graphical representation of a relationship between changes in a first and a
second electrical condition and an equivalent series resistance for an energy storage device of
the power generating asset according to the present disclosure; and

FIG. 7 illustrates a graphical representation of nominal, actual, and potential equivalent series
resistance functions relative to a second electrical condition according to the present
disclosure.

[0019] Repeat use of reference characters in the present specification and drawings is
intended to represent the same or analogous features or elements of the present invention.

DETAILED DESCRIPTION

[0020] 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
if they do not depart from the scope spiritof the invention as defined by the appended claims.

[0021] As used herein, the terms "first" or "second" may be used interchangeably to distinguish
one component from another and are not intended to signify location or importance of the

individual components.

[0022] The term "coupled" and the like refers to both direct coupling, as well as indirect
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coupling, unless otherwise specified herein.

[0023] Here and throughout the specification and claims, range limitations are combined and
interchanged, such ranges are identified and include all the sub-ranges contained therein
unless context or language indicates otherwise. For example, all ranges disclosed herein are
inclusive of the endpoints, and the endpoints are independently combinable with each other.

[0024] Generally, the present invention is directed to systems and methods for operating a
power generating asset. The power generating asset, such as a wind turbine, has an energy
storage device operably coupled to at least one component. The energy storage device may,
for example, be a battery, a capacitor, or other suitable energy storage device which permits
the continued, or emergency, operation of the component should grid power be disrupted. By
way of illustration, when configured as a wind turbine, the pitch system of the wind turbine may
be equipped with an energy storage device in order to ensure that the pitch system remains
operable in the event of a power failure. This, in turn, may permit the pitching of the rotor
blades to feather in order to slow the wind turbine as necessary even if the power from the
power grid is interrupted. It should be appreciated that the ability to control a component of the
power generating asset regardless of whether grid power is being received may facilitate the
transition of the power generating asset to a safe operating mode and, thereby serve to
prevent/mitigate potential damage to the power generating asset. Therefore, it may be
desirable to determine a state of health of the energy storage device in order to ensure the
energy storage device may be fully operational when called upon.

[0025] In order to determine the state of health of the energy storage device, the present
disclosure requires the initiation of a state-change event, such as a charge or a discharge
event, for the energy storage device. During the state-change event, the change in a first
electrical condition and a second electrical condition of the energy storage device, such as a
change in voltage and/or current, is determined. From the change in conditions, an actual
equivalent series resistance (ESR) function for the energy storage device is determined. The
ESR represents the internal resistance of the energy storage device as seen during a charging
or discharging event. The magnitude of ESR may vary depending on the particular
characteristics (e.g. materials used, construction quality, degree of degradation, cell chemistry,
ambient temperature) of the energy storage device. Accordingly, the ESR may be compared to
a nominal ESR and/or projected ESR. This comparison may, for example, include plotting the
actual ESR function and the nominal ESR function relative to the second electrical condition
(e.g. current). A comparison of the ESR values at a specified value of the second electrical
condition may indicate a decline in the state of health of the power generating asset.

[0026] For example, at a specific current level, the nominal ESR function may indicate a first
ESR value, while at the same current level, the actual ESR function may indicate a second ESR
value. A second ESR value which is greater than the first ESR value may be indicative of a
decline in the state of health of the energy storage device. In other words, for a given current
and temperature, the ESR of the energy storage device may increase as the remaining
lifespan of the energy storage device decreases. It should be appreciated that detecting this
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degradation in the energy storage device may facilitate the generation of an alarm and/or a
maintenance schedule.

[0027] Referring now to the drawings, FIG. 1 illustrates a perspective view of one embodiment
of a power generating asset 100 according to the present disclosure. As shown, the power
generating asset 100 may be configured as a wind turbine 114. In an additional embodiment,
the power generating asset 100 may, for example, be configured as a solar power generating
asset, a hydroelectric plant, a fossil fuel generator, and/or a hybrid power generating asset. As
shown, the wind turbine 114 may generally include a tower 102 extending from a support
surface 104, a nacelle 106, mounted on the tower 102, and a rotor 108 coupled to the nacelle
106. The rotor 108 may include a rotatable hub 110 and at least one rotor blade 112 coupled
to, and extending outwardly from, the hub 110. For example, in the illustrated embodiment, the
rotor 108 includes three rotor blades 112. However, in an additional embodiment, the rotor 108
may include more or less than three rotor blades 112. Each rotor blade 112 may be spaced
about the hub 110 to facilitate rotating the rotor 108 to enable kinetic energy to be transferred
from the wind into usable mechanical energy, and subsequently, electrical energy. For
instance, the hub 110 may be rotatably coupled to an electric generator 118 (FIG. 2) positioned
within the nacelle 106 to permit electrical energy to be produced.

[0028] The power generating asset 100 includes a controller 200. VWWhen configured as a wind
turbine 114, the controller 200 may be configured as a turbine controller centralized within the
nacelle 106. However, in other embodiments, the controller 200 may be located within any
other component of the wind turbine 114 or at a location outside the wind turbine 114. Further,
the controller 200 may be communicatively coupled to any number of the components of the
power generating asset 100 in order to control the components. As such, the controller 200
may include a computer or other suitable processing unit. Thus, in several embodiments, the
controller 200 may include suitable computer-readable instructions that, when implemented,
configure the controller 200 to perform various different functions, such as receiving,
transmitting and/or executing wind turbine control signals.

[0029] Referring now to FIG. 2, a simplified, internal view of one embodiment of the nacelle
106 of the wind turbine 114 shown in FIG. 1 is illustrated. As shown, the generator 118 may be
coupled to the rotor 108 for producing electrical power from the rotational energy generated by
the rotor 108. For example, as shown in the illustrated embodiment, the rotor 108 may include
a rotor shaft 122 coupled to the hub 110 for rotation therewith. The rotor shaft 122 may be
rotatably supported by a main bearing 144. The rotor shaft 122 may, in turn, be rotatably
coupled to a high-speed shaft 124 of the generator 118 through a gearbox 126 connected to a
bedplate support frame 136. As is generally understood, the rotor shaft 122 may provide a low-
speed, high-torque input to the gearbox 126 in response to rotation of the rotor blades 112 and
the hub 110. The gearbox 126 may then be configured to convert the low-speed, high-torque
input to a high-speed, low-torque output to drive the high-speed shaft 124 and, thus, the
generator 118.

[0030] Each rotor blade 112 may also include a pitch control mechanism 120 configured to
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rotate each rotor blade 112 about its pitch axis 116. Each pitch control mechanism 120 may
include a pitch drive motor 128, a pitch drive gearbox 130, and a pitch drive pinion 132. In such
embodiments, the pitch drive motor 128 may be coupled to the pitch drive gearbox 130 so that
the pitch drive motor 128 imparts mechanical force to the pitch drive gearbox 130. Similarly,
the pitch drive gearbox 130 may be coupled to the pitch drive pinion 132 for rotation therewith.
The pitch drive pinion 132 may, in turn, be in rotational engagement with a pitch bearing 134
coupled between the hub 110 and a corresponding rotor blade 112 such that rotation of the
pitch drive pinion 132 causes rotation of the pitch bearing 134. Thus, in such embodiments,
rotation of the pitch drive motor 128 drives the pitch drive gearbox 130 and the pitch drive
pinion 132, thereby rotating the pitch bearing 134 and the rotor blade(s) 112 about the pitch
axis 116.

[0031] It should be appreciated that pitching the rotor blade(s) 112 about the pitch axis 116
may alter an angle of attack between the rotor blade(s) 112 and an apparent wind. Accordingly,
the rotor blade(s)112 may pitch to feather when the rotor blade(s) 112 rotates about the pitch
axis 116 towards alignment with the apparent wind and to power when the rotor blade(s)
rotates towards an orientation generally perpendicular to the apparent wind. It should be
further appreciated that pitching to feather generally depowers the rotor blade(s) 112 as a
result of a reduction in the resultant lift.

[0032] Similarly, the wind turbine 114 may include one or more yaw drive mechanisms 138
communicatively coupled to the controller 200, with each yaw drive mechanism(s) 138 being
configured to change the angle of the nacelle 106 relative to the wind (e.g., by engaging a yaw
bearing 140 of the wind turbine 114). It should be appreciated that the controller 200 may
direct the yawing of the nacelle 106 and/or the pitching of the rotor blades 112 so as to
aerodynamically orient the wind turbine 114 relative to a wind acting on the wind turbine 114,
thereby facilitating power production.

[0033] In an embodiment, the power generating asset 100 may also include an environmental
sensor 156 configured for gathering data indicative of one or more environmental conditions.
The environmental sensor 156 may be operably coupled to the controller 200. Thus, in an
embodiment, the environmental sensor(s) 156 may, for example, be a wind vane, an
anemometer, a lidar sensor, thermometer, barometer, or any other suitable sensor. The data
gathered by the environmental sensor(s) 156 may include measures of wind speed, wind
direction, wind shear, wind gust, wind veer, atmospheric pressure, and/or ambient
temperature. In at least one embodiment, the environmental sensor(s) 156 may be mounted to
the power generating asset 100 (e.g., to the nacelle 106 at a location downwind of the rotor
108). For example, the environmental sensor(s) 156 may, in alternative embodiments, be
coupled to, or integrated with, the rotor 108 and/or positioned within the nacelle 106. It should
be appreciated that the environmental sensor(s) 156 may include a network of sensors and
may be positioned away from the power generating asset 100.

[0034] It should also be appreciated that, as used herein, the term "monitor" and variations
thereof indicates that the various sensors of the power generating asset 100 may be
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configured to provide a direct measurement of the parameters being monitored or an indirect
measurement of such parameters. Thus, the sensors described herein may, for example, be
used to generate signals relating to the parameter being monitored, which can then be utilized
by the controller 200 to determine a condition or response of the power generating asset 100
and/or a component thereof.

[0035] Referring now to FIG. 3, a schematic diagram of one embodiment of an energy storage
device 150 operably coupled to a component 142 of the power generating asset 100 is
illustrated. In an embodiment such as depicted in FIG. 3, the component 142 may be
configured as the pitch control mechanism 120 of the wind turbine 114. In an embodiment, the
component 142 may be communicatively coupled to the power grid 146. Additionally, the
component 142 may be communicatively coupled to at least one energy storage device 150. In
various embodiments, the energy storage device(s) 150 may be a single battery, capacitor,
and/or other suitable energy storage device or pluralities thereof.

[0036] In an embodiment, at least one condition sensor 158 may be communicatively coupled
to the energy storage device(s) 150. The condition sensor(s) 158 may be configured to
monitor at least a first electrical condition and a second electrical condition 302, 304 (FIG. 5) of
the energy storage device(s) 150. For example, in monitoring the electrical conditions 302,
304, the condition sensor(s) 158 may monitor an open-circuit voltage, an instantaneous
voltage, and/or a current of the energy storage device(s) 150. Accordingly, the condition
sensor(s) 158 may, in an embodiment, be an ammeter, a voltmeter, an ohmmeter, and/or any
other suitable sensor for monitoring the electrical conditions 302, 304 of the energy storage
device(s) 150.

[0037] During normal operation of the power generating asset 100, the component 142 may
be driven by the power grid 146. However, in some instances, such as during an adverse grid
event or grid loss, the component 142 may be powered by the energy storage device(s) 150.
Therefore, in an embodiment, the energy storage device(s) 150 may be configured as an
uninterrupted power supply. Accordingly, the energy storage device(s) 150 may, in an
embodiment, be utilized in a top-of-charge application. For example, when configured as pitch
control mechanism 120, the pitch drive motor 128 may utilize power from the energy storage
device(s) 150 in order to pitch the rotor blade(s) 112 toward feather in response to an adverse
grid event. In an additional example, the component 142 may be the controller 200 and the
energy storage device(s) 150 may provide an uninterrupted power source to the controller 200
in response to a loss of grid power. In yet a further example, the energy storage device(s) 150
may be operably coupled to the generator 118 and configured to receive at least a portion of
the power output of the generator 118 and, in certain instances, deliver the received portion of
the power to the power grid 146. It should be appreciated that if control of the component 142
relies on the energy storage device(s) 150 (i.e., due to a loss of grid power), it may be
desirable to ensure that the energy storage device(s) 150 are capable of operating when
called upon. Thus, the controller 200 may, in an embodiment, be configured to determine the
state of health of the energy storage device(s) 150 on a regular basis.
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[0038] Referring now to FIGS. 4-7, multiple embodiments of a system 300 for operating the
power generating asset 100, e.g. the wind turbine 114, according to the present disclosure are
presented. As shown particularly in FIG. 4, a schematic diagram of one embodiment of suitable
components that may be included within the system 300 is illustrated. For example, as shown,
the system 300 may include the controller 200 communicatively coupled to the environmental
sensor(s) 156 and/or the condition sensor(s) 158. Further, as shown, the controller 200
includes one or more processor(s) 206 and associated memory device(s) 208 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). Additionally, the
controller 200, may also include a communications module 210 to facilitate communications
between the controller 200, and the various components of the power generating asset 100.
Further, the communications module 210 may include a sensor interface 212 (e.g., one or
more analog-to-digital converters) to permit signals transmitted from the sensor(s) 156, 158 to
be converted into signals that can be understood and processed by the processors 206. It
should be appreciated that the sensor(s) 156, 158 may be communicatively coupled to the
communications module 210 using any suitable means. For example, the sensor(s) 156, 158
may be coupled to the sensor interface 212 via a wired connection. However, in other
embodiments, the sensor(s) 156, 158 may be coupled to the sensor interface 212 via a
wireless connection, such as by using any suitable wireless communications protocol known in
the art. Additionally, the communications module 210 may also be operably coupled to an
operating state control module 214 configured to implement a control action based on a
determination of the state of health of the energy storage device(s) 150.

[0039] As used herein, the term "processor" refers not only to integrated circuits referred to in
the art as being included in a computer, but also refers to a controller, a microcontroller, a
microcomputer, a programmable logic controller (PLC), an application specific integrated
circuit, and other programmable circuits. Additionally, the memory device(s) 208 may generally
comprise memory element(s) including, but not limited to, computer readable medium (e.g.,
random access memory (RAM)), computer readable non-volatiie medium (e.g.,, a flash
memory), a floppy disk, a compact disc-read only memory (CD-ROM), a magneto-optical disk
(MOD), a digital versatile disc (DVD) and/or other suitable memory elements. Such memory
device(s) 208 may generally be configured to store suitable computer-readable instructions
that, when implemented by the processor(s) 206, configure the controller 200 to perform
various functions including, but not limited to, operating a power generating asset 100 as
described herein, as well as various other suitable computer-implemented functions.

[0040] Referring particularly to FIG. 5, the controller 200 of the system 300 is configured to
initiate a state-change event 306 for the energy storage device(s) 150. The state-change event
306 defines a plurality of sampling intervals. In an embodiment, the plurality of sampling
intervals may be time intervals, the sum of which may correspond to a duration of the state-
change event 306. As depicted at 308, the controller 200 determines a change in the first and
second electrical conditions 302, 304 at each of the plurality of sampling intervals of the state-
change event 306. From the change in the first and second electrical conditions 302, 304, the
controller 200 determines an actual equivalent series resistance (ESR) value (ESRy) at each of
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the plurality of sampling intervals of the state-change event 306. The controller utilizes the ESR
value (ESRy) to determine an actual ESR function 310 for the energy storage device(s) 150. In

an embodiment, the controller 200 may determine a state-of-health rating 312 for the energy
storage device(s) 150 based on the actual ESR function 310 of the energy storage device(s)
150. Based on the state-of-health rating 312, a control action 314 is implemented.

[0041] In an embodiment, the state-change event 306 may be a discharge event. In an
additional embodiment, the state-change event 306 may be a charging event. Accordingly, the
state-change event 306 may, for example, be associated with a scheduled test event of the
energy storage device(s) 150 and/or the component 142. Additionally, the state-change event
306 may, in an embodiment, be associated with a manipulation (e.g. usage) of the energy
storage device(s) during an operation of the power generating asset 100. In other words, in an
embodiment, the scheduled test event may be accomplished in conjunction with at least one
additional component test of the power generating asset 100 and may result in an updating of
the state-of-health rating 312.

[0042] In order to determine the state-of-health rating 312 for the energy storage device(s)
150, the controller 200, as depicted at 308, determines the change in the first and second
electrical conditions 302, 304 which may occur during the state-change event 306. In an
embodiment, the change is detected, received, and/or computed at each of the sampling
intervals defined by the state-change event 306. Accordingly, the change in the first and
second electrical conditions 302, 304 may reflect a difference between an initial state of the
first and second electrical conditions 302, 304 and a state of the electrical conditions at each of
the sampling intervals.

[0043] As depicted in FIG. 6, in an embodiment, the first electrical condition 302 may, for
example, be a voltage (V). In such an embodiment, determining a change in the first electrical
condition 302 of the energy storage device(s) 150 may include determining a difference
between an open-circuit voltage (Voc) of the energy storage device(s) 150 and an

instantaneous voltage (Vy) of the energy storage device(s) 150 at each of the plurality of
sampling intervals of the state-change event 306. The open-circuit voltage (Voc) may

represent a no-load voltage, or a rest potential, of the energy storage device(s) 150. The open
circuit voltage (Vo) may depend on a state of charge of the energy storage device(s) 150. In

an embodiment wherein the energy storage device(s) 150 is configured as a backup energy
source, such as an uninterrupted power supply, the open-circuit voltage (Voc) may be

considered to be a top-of-charge voltage. As such, the open-circuit voltage (Vo) may be a
known/nominal value. In an additional embodiment, the open-circuit voltage (Voc) may be

measured prior to the initiation of the state-change event 306.

[0044] In an additional embodiment, the second electrical condition 304 may, for example, be
a current (I). Accordingly, determining a change in the second electrical condition 304 of the
energy storage device(s) 150 may include determining a difference between the initial current
(I)) of the energy storage device(s) 150 immediately preceding the state-change event 306 and
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the instantaneous current (l;) of the energy storage device(s) 150 at each of the plurality of

sampling intervals of the state-change event 306. In an embodiment wherein the energy
storage device(s) 150 is neither charging nor discharging prior to the initiation of the state-
change event 306, the initial current (I;) of the energy storage device(s) 150 preceding the

state-change event 306 may be zero. As such, the change in the current (I) may equal the
instantaneous current (Iy) measured by the condition sensor(s) 158 at each of the plurality of

sampling intervals during the state-change event 306. In an additional embodiment, wherein
the energy storage device(s) 150 is in a charging or discharging state immediately prior to the
state-change event 306, the initial current (I;) may be measured by the condition sensor(s) 158

at the instant of initiation of the state-change event 306.

[0045] It should be appreciated that, in an embodiment, it may be desirable to prefilter the first
and second electrical conditions 302, 304 in order to ensure the fidelity of the resultant state-
of-health rating 312 for the energy storage device(s) 150. For example, in an embodiment, the
controller 200 may be configured to monitor the current (I) prior to the initiation of the state-
change event 306. The current (I) may, in an embodiment, indicate a recharging operation for
the energy storage device(s) 150. As such, a current (I) above a specified threshold may
indicate a degree of charging that may yield uncertainty regarding the open-circuit voltage
(Moc). In such an embodiment, the controller 200 may be configured to refrain from

determining the state-of-health rating 312 for the state-change event 306 because uncertainty
regarding the open-circuit voltage (Vpc) exists. Similarly, in an alternative embodiment, a

current (I) below the specified threshold may indicate that the recharging operation is complete
and that the open-circuit voltage (Voc) may be considered to be a top-of-charge voltage.

[0046] As particularly depicted in FIGS. 5 and 6, in an embodiment, the controller 200 may
utilize the changes in the first and second electrical conditions 302, 304 to determine the
corresponding ESR value (ESRy) at each of the plurality of sampling intervals of the state-

change event 306. The controller 200 may then utilize the ESR values (ESRy) to determine an

actual ESR function 310. Accordingly, such an embodiment may normalize the actual ESR
function 310 so that the actual ESR function 310 is invariant to a discharge history and
discharge profiles, thereby establishing a tractable metric. For example, in an embodiment, the
actual ESR function 310 may be a function of the second electrical condition 304 (e.g.,
current). Further, in an embodiment, the actual ESR function 310 may be independent of a first
electrical condition 302 discharge profile and a second electrical condition 304 discharge
profile.

[0047] In an embodiment wherein the first electrical condition 302 is the voltage (V) and the
second electrical condition 304 is the current (1), the ESR of the energy storage device(s) 150
may be a function of the instantaneous current (Iy). As such, the ESR values (ESR;y) may be

determined using the following equation:

ESR, = V;’Cf:’f (Equation 1)
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[0048] In an embodiment, a degradation of the energy storage device(s) 150 may be manifest
in an increasing ESR for a given second electrical condition (e.g. current). According to the
invention, the controller 200 may determine a state-of-health rating 312 based on the actual
ESR function 310. In order to facilitate the determination of the state-of-health rating 312, the
controller 200 models a nominal ESR function 316 at an ambient temperature 318. The
nominal ESR function 316 may represent the degree of internal resistance for a non-degraded
energy storage device(s) 150. Therefore, the nominal ESR function 316 may correlate to a
state-of-health rating 312 of a maximal value (e.g., 1, 100%, etc.) which may decrease with the
degradation of the energy storage device(s) 150. It should, however, be appreciated that in an
additional embodiment, the state-of-health rating 312 may be indicative of a degree of
degradation and may therefore be a minimal value (e.g., 0, 0%, etc.) which may increase in
proportion to an increasing degradation of the energy storage device(s) 150. It should be
appreciated that when the actual ESR function 310 corresponds to the nominal ESR function
316, the state-of-health rating 312 may be considered to be a non-degraded state-of-health
rating.

[0049] In addition to modeling the nominal ESR function 316, the controller 200 also models at
least one potential ESR function 320 at the ambient temperature 318. The potential ESR
function(s) 320 may, as depicted in FIG. 7, indicate an increased ESR value 322 relative to a
nominal ESR value 324 as a function of the second electrical condition 304. For example, the
potential ESR function(s) 320 may indicate that for a given current 326, the energy storage
device(s) 150 may present a greater degree of resistance (e.g., points 322) than at the
nominal ESR value 324. This increase in the ESR value 322 may be indicative of a degradation
of the energy storage device(s) 150. Therefore, the potential ESR function(s) 320 may
correspond to a degraded/reduced state-of-health rating 330 at the same ambient temperature
318. In an embodiment wherein the non-degraded state-of-health rating 328 represents a
maximal value, the degraded state-of-health rating 330 may represent a percentage of the
maximum value (e.g., 0.9, 0.8, 0.7, etc.). Similarly, in an embodiment wherein the non-
degraded state-of-health rating 328 represents a minimal value, the degraded state-of-health
rating 330 may represent a degree of degradation (e.g., 0.1, 0.2, 0.3, etc.).

[0050] As depicted at 332 of FIG. 5, the controller 200 consolidates the nominal ESR function
316 and the potential ESR function(s) 320 into a look-up table, a graphical representation,
and/or an algorithm. This consolidation may establish a correlation 334 between the actual
ESR function 310 and the state-of-health rating 312 for the energy storage device(s) 150 at the
ambient temperature 318 as a function of the second electrical condition 304 of the energy
storage device(s) 150. Accordingly, determining the state-of-health rating 312 for the energy
storage device(s) 150 may include the utilization of the look-up table, graphic orientation,
and/or algorithm to determine the state-of-health rating 312 corresponding to the actual ESR
function 310, which may be based off of the changes in the electrical conditions during the
state-change event 306.

[0051] It should be appreciated that the level of internal resistance of the energy storage
device(s) 150 may, for example, vary with the ambient temperature 318 regardless of any
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degradation of the energy storage device(s) 150. As such, in an embodiment, the controller
200 may define a plurality of temperature intervals 336 across a nominal operating range of
temperatures for the energy storage device(s) 150. In an embodiment, at least one of the
plurality of temperature intervals 336 may correspond to or overlap the ambient temperature
318 at the initiation of the state-change event 306. The plurality of temperature intervals 336
may, in an embodiment, correspond to a plurality of less than or equal to ten-degree
temperature intervals 336.

[0052] Insofar as the nominal ESR function 316 and potential ESR function(s) 320 may vary at
different ambient temperatures at which the energy storage device(s) 150 may operate, in an
embodiment, the controller 200 may determine the nominal ESR function 316 and the potential
ESR function(s) 320 at each of the plurality of temperature intervals 336. In an embodiment,
the nominal ESR functions 316 and the potential ESR function(s)s 320 at each of the plurality
of temperature intervals 336 may be assembled into a multi-dimensional, look-up table, a
multi-dimensional graphical representation, and/or an algorithm. Such an assemblage may
facilitate the establishment of a correlation between the actual ESR function 310 and the state-
of-health rating 312 as a function of the second electrical condition 304 of the energy storage
device(s) 150 at each temperature interval of the plurality of temperature intervals 336. In
other words, given an ambient temperature 318 within the nominal operating range of
temperatures for the energy storage device(s) 150 and an actual ESR function 310 based on
the determined electrical condition change for the state-change event 306, the correlations
(such as those assembled into the multi-dimensional, look-up table, a multi-dimensional
graphical representation, and/or an algorithm) may be utilized to determine the state-of-health
rating 312 for the energy storage device(s) 150.

[0053] Additionally, in an embodiment, the controller 200 may correlate the state-of-health
rating 312 determined for the ambient temperature to a state-of-health rating 312 at a second
temperature via a correlation function. For example, in an embodiment wherein the second
temperature is lower than the ambient temperature, the state-of-health rating 312 at the
second temperature may indicate a decreased capability of the energy storage device(s) 150
than is indicated for the energy storage device(s) 150 operating at the ambient temperature. It
should be appreciated that the relationship between the state of health rating and the
ambient/forecasted temperatures may be employed to predict the ability of the energy storage
device(s) 150 to provide the necessary power when required during a forecasted period (e.g.
winter or summer).

[0054] The system 300 implements the control action 314 based on the state-of-health rating
312. For example, in an embodiment, the control action 314 may include generating an alert
338. The generation of the alert 338 may facilitate the scheduling of a maintenance event.
Accordingly, the alert 338 may include an auditory signal, a visual signal, a notification, a
system input, and/or any other system which may identify the state-of-health rating 312 to an
operator. It should be appreciated that the control action 314, as described herein, may further
include any suitable command or constraint by the controller 200. For example, in an
embodiment, the control action 314 may include temporarily de-rating the power generating
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asset 100. Additionally, in an embodiment, the control action 314 may include limiting an
operation of at least one component of the power generating asset. For example, the control
action 314 may limit a pitching of a rotor blade 112 and/or a yawing of the nacelle 106 of the
wind turbine 114 when the state-of-health rating 312 indicates that the energy storage
device(s) 150 may not have sufficient health to respond in the expected manner when called
upon.

[0055] As depicted in FIG. 5, in implementing the control action 314, the controller 200 may, in
an embodiment, receive a state-of-health threshold 340. The state-of-health threshold 340
may be indicative of a degree of degradation of the component 142 at which a control action
may be desirable. In such an embodiment, the controller 200 may, at 342, detect an approach
of the state-of-health rating 312 to the state-of-health threshold 340. In response to detecting
the approach of the state-of-health rating 312 to the state-of-health threshold 340, the
controller 200 may implement the control action 314 by generating the alert 338 to facilitate
scheduling of the maintenance event.

[0056] Referring still to FIG. 5, in an embodiment, the controller 200 of the system 300 may
receive a cycle count 344 and/or a time count 346 elapsed from an installation date of the
energy storage device(s) 150. The controller 200 may then determine a correlation 348
between the state-of-health rating 312 and the cycle count 344 and/or time count 346. The
correlation 348 may be indicative of a rate of degradation of the energy storage device(s) 150
per the cycle count 344 and/or the time count 346. Based on the correlation 348 and the state-
of-health threshold 340, the controller 200 may, as depicted at 350, in an embodiment,
determine a number of cycles and/or time remaining until the state-of-health threshold 340 is
reached. In other words, in an embodiment, the controller 200 may determine a rate of
degradation of the energy storage device(s) 150 in terms of the cycle/time count 344, 346 and
utilize the rate of degradation to project a remaining service life until maintenance of the
energy storage device(s) 150 is required.

[0057] 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.

[0058] In some embodiments, determining state-of-health rating for the energy storage device
further comprises: defining, via the controller, a plurality of temperature intervals across a
nominal operating range of temperatures for the energy storage device, wherein a
temperature interval of the plurality of temperature intervals corresponds to the ambient
temperature; modeling, via the controller, a nominal ESR function for the energy storage
device at the ambient temperature, wherein the nominal ESR function corresponds to a
maximal state-of-health rating at the ambient temperature; modeling, via the controller, at least
one potential ESR function for the energy storage device at the ambient temperature, the at
least one potential ESR function indicating an increased ESR value relative to a nominal ESR
value as a function of current, the at least one potential ESR function corresponding to a
reduced state-of-health rating at the ambient temperature; determining, via the controller, the
nominal ESR function and the at least one potential ESR function at each temperature interval
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of the plurality of temperature intervals; establishing a correlation between the nominal ESR
function and the at least one potential ESR function at each temperature interval as a function
of the current of the energy storage device; and determining the state-of-health rating
corresponding to the determined actual ESR function at the ambient temperature of the energy
storage device based on the correlation between the actual ESR function and the state-of-
health rating.

[0059] In some embodiments, determining the actual ESR function further comprises
determining the actual ESR function as a function of current and independent of a voltage
discharge profile and a current discharge profile.

[0060] In some embodiments, determining a change in the voltage of the energy storage
device further comprises determining a difference between an open-circuit voltage of the
energy storage device and an instantaneous voltage of the energy storage device at each of
the plurality of sampling intervals of the state-change event.
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KRAV

1. Fremgangsmade til drift af et effektproduktionsaktiv, hvor effektproduktionsaktivet har en
energilagringsenhed, der er operativt koblet til en komponent i effektproduktionsaktivet, hvilken

fremgangsmade omfatter:

Initiering (306), med en styreenhed, af en ftilstandseendringsheendelse for
energilagringsenheden, idet tilstandsaendringshaendelsen definerer en flerhed af
samplingsintervaller;

Bestemmelse (308), via styreenheden, af en aandring i en fgrste elektrisk tilstand og en anden
elektrisk tilstand af energilagringsenheden ved hvert af flerheden af samplingsintervaller af
tilstandsaendringshaendelsen;

Bestemmelse (310), via styreenheden, af en faktisk aekvivalent seriemodstandsfunktion (ESR)
for energilagringsenheden baseret pd sendringen i den fgrste og anden elektriske tilstand ved
hvert af flerheden af samplingsintervaller af tilstandsaendringshaendelsen;

Bestemmelse (312), via styreenheden, af en sundhedstilstandsvurdering af
energilagringsenheden baseret pd energilagringsenhedens faktiske ESR-funktion; og
implementering (314) af en kontrolhandling baseret pd sundhedstilstandsvurderingen; og hvor

bestemmelse af sundhedstilstandsvurderingen af energilagringsenheden yderligere omfatter:

modellering, via styreenheden, af en nominel ESR-funktion for energilagringsenheden ved
en omgivelsestemperatur, hvor den nominelle ESR-funktion svarer til en maksimal
sundhedstilstandsvurdering ved omgivelsestemperaturen;

modellering, via styreenheden, af mindst én potentiel ESR-funktion for
energilagringsenheden ved omgivelsestemperaturen, idet den mindst ene potentielle ESR-
funktion indikerer en gget ESR-veerdi i forhold til en nominel ESR-vaerdi som funktion af
den anden elektriske tilstand, idet den mindst ene potentielle ESR-funktion svarer til en
reduceret sundhedstilstandsvurdering ved omgivelsestemperaturen; og

konsolidering, via styreenheden, af den nominelle ESR-funktion og den mindst ene
potentielle ESR-funktion i mindst én af en opslagstabel, en grafisk repraesentation og en
algoritme for at etablere en korrelation mellem den faktiske ESR-funktion og
sundhedstilstandsvurderingen af energilagringsenheden ved omgivelsestemperaturen som

funktion af energilagringsenhedens anden elektriske tilstand.

2. Fremgangsmade ifglge et hvilket som helst af de foregdende krav, yderligere omfattende:
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definering, via styreenheden, af en flerhed af temperaturintervaller pd tveers af et nominelt
driftstemperaturomrdde for energilagringsenheden, hvor et temperaturinterval af flerheden af
temperaturintervaller svarer til omgivelsestemperaturen;

bestemmelse, via styreenheden, af den nominelle ESR-funktion og den mindst ene potentielle
ESR-funktion ved hvert temperaturinterval af flerheden af temperaturintervaller; og
etablering af en korrelation mellem den faktiske ESR-funktion 0g
sundhedstilstandsvurderingen af energilagringsenheden ved hvert temperaturinterval som

funktion af energilagringsenhedens anden elektriske tilstand.

3. Fremgangsmdde ifglge et hvilket som helst af de foregdende krav, hvor bestemmelse af
sundhedstilstandsvurderingen af energilagringsenheden yderligere omfatter bestemmelse af
sundhedstilstandsvurderingen svarende til den bestemte faktiske ESR-funktion ved
energilagringsenhedens omgivelsestemperatur baseret pd korrelationen mellem den faktiske ESR-

funktion og sundhedstilstandsvurderingen.

4. Fremgangsmdde ifglge et hvilket som helst af de foregdende krav, hvor den farste elektriske
tilstand omfatter en spaanding, og hvor bestemmelse af en andring i den fgrste elektriske tilstand
af energilagringsenheden yderligere omfatter bestemmelse af en forskel mellem en &ben
kredslgbsspaending af energilagringsenheden og en gjeblikkelig spaending af energilagringsenheden

ved hvert af flerheden af samplingsintervaller af tilstandseendringshaendelsen.

5. Fremgangsmdde ifglge et hvilket som helst af de foregdende krav, hvor implementering af

kontrolhandlingen yderligere omfatter:

detektering af at sundhedstilstandsvurderingen naermer sig en sundhedstilstands-
vurderingsteerskel; og

generering af en alarm for at facilitere planlaegning af en vedligeholdelseshaendelse.

6. Fremgangsmdde ifslge et hvilket som helst af de foregdende krav, hvor
tilstandseendringshaendelsen omfatter mindst én af en planlagt testhaendelse og en manipulation af

energilagringsenheden under en drift af effektproduktionsaktivet.

7. Fremgangsmdde ifalge et hvilket som helst af de foregdende krav, hvor den planlagte
testhaendelse udfgres i forbindelse med mindst én vyderligere komponenttest af

effektproduktionsaktivet og resulterer i en opdatering af sundhedstilstandsvurderingen.
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8. Fremgangsmdde ifslge et hvilket som helst af de foregdende krav, hvor
tilstandsaendringshaendelsen omfatter en afladningshasndelse af energilagringsenheden eller en

opladningshaendelse af energilagringsenheden.

9. Fremgangsmdde ifalge et hvilket som helst af de foregdende krav, hvor bestemmelse af den
faktiske ESR-funktion yderligere omfatter bestemmelse af den faktiske ESR-funktion som funktion af
den anden elektriske tilstand og uafheengigt af en fgrste elektrisk tilstandsafladningsprofil og en

anden elektrisk tilstandsafladningsprofil.
10. Fremgangsmade ifglge et hvilket som helst af de foregdende krav, yderligere omfattende:

modtagelse, via styreenheden, af mindst én af en cyklusteelling og en tidsteelling siden en
installationsdato;

bestemmelse, via styreenheden, af en korrelation mellem sundhedstilstandsvurderingen og
den modtagne mindst ene af cyklustaellingen og tidsteellingen, hvor korrelationen er indikativ
for en nedbrydningshastighed af energilagringsenheden pr. mindst én af cyklusteellingen og
tidsteellingen;

bestemmelse af en sundhedstilstandsvurderingsteerskel for energilagringsenheden, og
bestemmelse, via styreenheden 0g baseret pa korrelationen 0g
sundhedstilstandsvurderingstaersklen, af mindst én af et antal cyklusser og tid til

sundhedstilstandsvurderingstaersklen nds.

11. Et system til drift af et effektproduktionsaktiv, hvilket system omfatter:

en energilagringsenhed der er operativt koblet til en komponent i effektproduktionsaktivet; og
en styreenhed der er kommunikativt koblet til energilagringsenheden, idet styreenheden
omfatter mindst én processor der er konfigureret til at udfgre en flerhed af operationer, idet

flerheden af operationer omfatter:

initiering (306) af en tilstandsandringshandelse for energilagringsenheden, idet
tilstandsaendringshaendelsen definerer en flerhed af samplingsintervaller,

bestemmelse (308) af en eendring i en fgrste og en anden elektrisk tilstand af
energilagringsenheden ved hvert af flerheden af samplingsintervaller af
tilstandsaendringshaendelsen,

bestemmelse (310) af en faktisk aekvivalent seriemodstandsfunktion (ESR) for
energilagringsenheden baseret pd aendringen i den fgrste og den anden elektriske tilstand

ved hvert af flerheden af samplingsintervaller af tilstandseendringshaendelsen,
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bestemmelse (312) af en sundhedstilstandsvurdering af energilagringsenheden baseret pd
energilagringsenhedens faktiske ESR-funktion, og

implementering (314) af en kontrolhandling baseret pd sundhedstilstandsvurderingen;

, 0g hvor bestemmelse af sundhedstilstandsvurderingen af energilagringsenheden yderligere

omfatter:

modellering af en nominel ESR-funktion for energilagringsenheden ved en
omgivelsestemperatur, hvor den nominelle ESR-funktion svarer til en maksimal
sundhedstilstandsvurdering ved omgivelsestemperaturen;

modellering af mindst én potentiel ESR-funktion for energilagringsenheden ved
omgivelsestemperaturen, idet den mindst ene potentielle ESR-funktion indikerer en gget
ESR-veerdi i forhold til en nominel ESR-vaerdi som funktion af den anden elektriske tilstand,
idet den mindst ene potentielle ESR-funktion svarer til en reduceret
sundhedstilstandsvurdering ved omgivelsestemperaturen; og

konsolidering af den nominelle ESR-funktion og den mindst ene potentielle ESR-funktion i
mindst én af en opslagstabel, en grafisk repraesentation og en algoritme for at etablere en
korrelation mellem den faktiske ESR-funktion og sundhedstilstandsvurderingen af
energilagringsenheden ved omgivelsestemperaturen som funktion af

energilagringsenhedens anden elektriske tilstand.

12. System ifglge krav 11, hvor flerheden af operationer yderligere omfatter:

definering af en flerhed af temperaturintervaller pd tvaers af et nominelt
driftstemperaturomrdde for energilagringsenheden, hvor et temperaturinterval af flerheden af
temperaturintervaller svarer til omgivelsestemperaturen;

bestemmelse af den nominelle ESR-funktion og den mindst ene potentielle ESR-funktion ved
hvert temperaturinterval af flerheden af temperaturintervaller; og

etablering af en korrelation mellem den faktiske ESR-funktion 0g
sundhedstilstandsvurderingen af energilagringsenheden ved hvert temperaturinterval som

funktion af energilagringsenhedens anden elektriske tilstand.

13. System ifglge krav 11-12, hvor bestemmelse af sundhedstilstandsvurderingen af
energilagringsenheden yderligere omfatter bestemmelse af sundhedstilstandsvurderingen svarende
til den bestemte faktiske ESR-funktion ved energilagringsenhedens omgivelsestemperatur baseret

pd korrelationen mellem den faktiske ESR-funktion og sundhedstilstandsvurderingen.
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