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RESILIENT BATTERY CHARGING STRATEGIES TO REDUCE BATTERY
DEGRADATION AND SELF-DISCHARGING
RELATED APPLICATION INFORMATION
{0001] This application claims priovity to US,; Provisional Pat. App. Ser. No. 62/291, 639

filed on February §, 2016, incorporated herein by reference in Hs entirety.

BACKGROUND
Techmeal Field
{0002] The present invention relates to battery supplies and more particularly to resihient

battery charging strategies 10 reduce battery degradation and selt-discharging.

Description of the Related Art

{00031 1t 1s well-known that battery capacily degrades with charge and discharge
activities. Typically, discharge events are forced by the condition of the system. However,
in many circumstances, battery charging can be delayed or shifted in time.

Typically, battery round-trip efficiency is considered in a battery optimal operation
atgorithm.  However, the battery optimal operation alporithm does not bave appropriate
mechanisms in place to reduce battery idle time in high state of charge (SOC) conditions.
Additionally, there is no provision for slow charging, if enough time 15 available, where
the battery is charged with a lower charge rate for a longer period of time.  Existing energy
management systems usually minimize the operational cost, where battery degradation is
not divectly involved. Thus, the resultant battery charge/discharge profile is not optimized

for minimum battery degradation.  Additionally, these algorithms do not consider
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uncertainty in battery charging events in the decision making process. Thus, there is aneed

o

for improved battery charging strategies,

SUMMARY

[6004]1  According to an aspect of the present invention, a computer-implemented method
1s provided. The method includes constructing, by an Energy Management System (EMS),
one or more optinuzation-based techniques for resilient battery charging based on an
optimization problem baving an EMS cost-based objective function. The one or more
optimization-based techniques are constructed to include a battery degradation metric in
the optimization problem. The method further includes charging, by the EMS, one or maore
batteries in g power system in gecordance with the one or more optimization-based
techniques.

{00031 According to another aspect of the present invention, a computer-umplemented
method is provided. The method includes constructing, by an Energy Management System
{EMS), one or more post-processing-based technigues for resilient battery charging. The
one or more post-processing-based techniques are constructed to modify an existing EMS
battery profile for a given battery vnder management by the EMS. The method forther
mnchudes charging, by the EMS, one or more batteries in a power system in sccordance with
the one or more optimuzation-based techniques.

{0006]  According to yet another aspect of the present invention, a system is provided.
The system includes an Energy Management System (EMS), baving 2 processor and a
memory operable coupled to the processor. The EMS is configured to construct one or

more optimization-based techmgues for resilient battery charging based on an optinuzgtion
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problem having an EMS cost-based objective function. The one or more optimization-
based rechmques are constructed to include a battery degradation metric in the optimization
problem. The EMS is farther configured to chiarge one or more batteries in a power system
in accordance with the one or more optuntzation-based techniques.

JO007]  These and other festures and advantages will become apparent from the
tfollowing detailed description of illustrative embodiments thereof, which is o be read in

connection with the accompanyving drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0008] The disclosure will provide details in the following description of preferred
embodiments with reference to the fellowing figures wheremn:

{0009 FIG. 1 shows a block diagram of an exemplary processing system 100 1o which
the present invention may be applied, in accordance with an embodintent of the present
invention;

{0010}  FIG. 2 shows a block diagram of an exemplary environment 200 to which the
present invention can be applied, in accordance with an embodiment of the present
invention;

{00111 FIG. 3 shows a flow diagrany of an exemplary method 300 for resilient battery
charging to reduce battery cychic and calendar aging, in accordance with an embodiment
of the present mvention;

{00121  FIG. 4 shows a flow diagram of another exemplary method 400 for resiliemt
battery charging to reduce battery cyclic and calendar aging, in accordance with an

embodiment of the present invention; aond
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{0013] FIG. 3 shows a flow diagram of vet another exemplary method 500 for resilient
battery charging to reduce battery cyclic and calendar sging, m accordance with an

embodiment of the present invention.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

{00147  The present nvention is directed o resiliont battery charging strategies 1o reduce
battery degradation and seif-discharging.

{00151 In an embodunent, a resilient {degradationfself-discharge-aware) battery
charging method and system are provided. The present invention improves resilience
battery operation to prevent damage to the battery by lowering battery degradation (both
cvelic and calendar aging). Moreover, the present invention provides g more econonng
operation by lowering self-discharge in consideration of the uncertainty in battery charging
events,

{0016]  Inanembodiment, the present invention provides a technique for battery resilient
charging where battery degradation and setf~discharging is considered in the decision-
making procedure. Based on the available resources, battery will be charged as late as
possible in order to reduce calendar aging and self-discharging, but not too late 10 lose any
possible battery charging opportunity. Additionally, the impact of battery charge rate will
be considered on battery charge command to reduce battery degradation. By reducing
battery degradation, more resitient battery operation with respect to battery charging event
will be achieved.

{00171 The present invention optimizes battery charging by accounting for aging and

self-discharge. The present invention can extend battery Hife which consequently decreases
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the operational cost of the energy svstem in the long-term. The present mvention further
inproves baitery resilient operation by extending battery ife and preventing damage to the
battery,

{0018} In an embodunent, the present mvention finds future charging opportunities and
estimates the amount of charge available to shift a battery charging peried, to reduce 1dle
tine after charging (causing less calendar aging), to decrease charging rates n order o
reduce cvelic aging.

[6019]  In an embodiment, the present invention estimates the confidence interval of the
forecasted values m order to account for uncertamty in battery charging.

{00201 FIG. 1 shows a block diagram of an exemplary processing system 100 to which
the invention principles may be applied, in accordance with an embodiment of the present
mvention.  The processing system 100 1ncludes at least one processor {CPUY 104
operatively coupled to other components via a system bus 102, A cache 106, a Read Only
Memory (ROM) 108, a Random Access Memory (RAM) 110, an input/output {I/O) adapter
120, a sound adapter 130, a network adapter 140, a user interface adapter 150, and a display
adapter 160, are operatively coupled to the system bus 102,

f00211 A first storage device 122 and & second storage device 124 are operatively
coupled to system bus 102 by the FO adapier 120, The storage devices 122 and 124 can
be any of a disk storage device {e.g., 8 magnetic or optical disk storage device), a solid
state magnetic device, and so forth. The storage devices 122 and 124 can be the same type
of storage device or different types of storage devices,

[0022] A speaker 132 is operatively coupled to system: bus 102 by the sound adapter

130, The speaker 132 can be nsed to provide an audible alarm or some other mdicgtion
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6
relating to resilient battery charging in accordance with the present invention. A

transceiver 142 is operatively coupled to system bus 102 by network adapter 140, A display
device 162 15 operatively coupled to system bus 102 by display adapter 160,

{0023] A first user nput device 182, a sgcond user input device 154, and a third user
mput device 156 are operatively coupled to system bus 102 by user interface adapter 150,
The user tnput devices 132, 154, and 156 can be any of a kevboard, a mouse, a kevpad, an
mmage capture device, a motion sensing device, & microphone, a device ncorporating the
functionahity of at least two of the preceding devices, and so forth. Of course, other types
of input devices can also be used, while maintaming the spirit of the present mvention. The
user input devices 152, 154, and 156 can be the same tvpe of user input device or different
tvpes of user tnput devices. The user input devices 152, 154, and 136 are ysed to mput and
output information to and from sysiem 100

{00241 Of course, the processing system 100 may alse mclude other elements {(not
shown), as readily contemplated by one of skall in the art, as well as omit certain elements.
For example, vanous other mput devices andior output devices can be included m
processing system 100, depending upon the particelar hmplementation of the same, as
readily understood by one of ordinary shill in the art. For example, various types of
wireless andfor wired input and/or output devices can be used.  Moreover, additional
processors, controllers, memories, and so forth, in various configoarations can also be
utilized as readily appreciated by one of ordinary skill in the art. These and other vartations

of the processing system 100 are readily contemplated by one of ordinary skill in the ant

given the teachings of the present invention provided herein.
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{0025] Moreover, it is to be appreciated that environment 200 described below with
respect to FIG. 2 1s an eavironment for implementing respective embodiments of the
present mvention. Pactor all of processing system 100 may be implemented tn one or more
of the elements of environment 200,

[G026]  Further, i is to be appreciated that processing system HI0 may perform at least
part of the method described hevein including, for example, at least part of method 300 of
FIG. 3 andfor at least part of method 400 of FIG. 4 and/or at least part of method 500 of
FIG. 5. Sumilarly, part or all of system 200 may be used to perform at least part of method
300 of FIG. 3 and/or at least part of method 400 of FIG 4 andfor at least part of method
500 of FIG. 5.

[0027]  FIG. 2 shows a block diagram of an exemplary environment 200 o which the
present invention can be applied, m accordance with an embodiment of the present
mvention.

{0028]  The enviromment 200 includes a renewable energy peneration portion 210, a fuel-
based energy generation portion 220, a power grid portion 230, a load center portion 240,
an energy storage portion 250, an inverter 260, and an Energy Management System {(EMS)
270.

{00291  The renewable energy generation portion 210 can include, tor example, but ts not
hmited to, wind-based power generators, solar-based power generators, and so forth,
{0030} The fuel-based energy generation portion 220 can inchude, for example, but is
not limited to, generators powered by fuel (pasoline, propane, etc.}, and so forth.

{00311 The power grid portion 230 provides the structure for conveving power {e.g., 1o

local and/or remote locations),
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{00321 The load center 240 is a consumer of the power and can be a facility, a region,
and/or gny entity that provides a load for the power.

{00331 The energy storage portion 250 can wchude one or more energy storage devices
such as batteries that can be modeled in accordance with the present principles. Batteries
are typrcally emploved i 8 MicroGrid (MG) or in power system for frequency regulation,
demand response, time-of-use (Toll) and demand charge management, load shifting, andd
s0 on. As it is shown m FIG. 2, an energy storage device can either be charged or
discharged in the power systemn.  Battery degradation is directly affected by is
charge/discharge profile and the time which the battery 3 idle.

{00341  Hardware-based switches 288 can be used to switch from ong banery 231 1o
another battery 252 depending upon and responsive to the approaches for batiery charging
in accordance with the present principles.

{00331 The inverter 260 performs Drect Current {(DC) fo Alternating Current (AC)
conversion or vice Vera.

{0036] The Energy Management System (EMS) 270 determines the batteries 251 and
252 charge/discharge profile in accordance with one or more of the resilient battery
charging techniques described hevein

{00371 FIG. 3 shows a flow diagram of an exemplary method 300 for resilient battery
charging to reduce battery cychic and calendar aging, in accordance with an embodiment
of the present mvention.

[O038] At step 310, construct one or more optinuzation-based techniques for resiliemt

battery charging. The one or more optimization-based techniques are formulated as andfor

otherwise involve an optinuzation problem having an Energy Mansgement System (EMS)
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cost-based objective function. The EMS cost-based objective function of the optinization
problem is formulated 1o mininuze the systent’s overall operation cost. In an exnbodiment,
the opiimization-based techniques are wcorperated within, and performed by, an EMS unit.
{0039]  Inan emsbodiment, step 310 can include oneg of more of steps 3104, 3108, and
310C, As used with respect to any of steps 3104, 3108, andior 3100, the term “battery
degradation” refers to oyclic anddor calendar aging of a battery, and the term “battery
degradation cost” refers to the cost associated with ovehic andior calendar aging of a
battery.

{0040] At step 310A, add battery degradation to the EMS cost-based objective function
to alter the EMS cost-based objective fonction, and solve a new optimization problem,
formulated to include the altered EMS cost-based objective function, as a multi-objective
optimization. In an embodiment, the battery degradation can be added as an additional
{e.g., second) objective function to the EMS cost-based objective function to alter the EMS
cost-based objective function.

{00411 At step 310B, add battery degradation cost to the EMS cost-based objective
funcion to wmodify charging rates during charging events and idle times after
charging/discharging events {relative 10 a state of the fumction prior o adding the battery
degradation cost). In an embodiment, a battery degradation function is converted inte a
cost function and added to the exsting EMS cost-based objective function in the
optimization problem.

{00421 At step 310C, add battery degradation to the optimization problem by defining

constraints for battery idle time and charging rates. In an embodiment, the constraints are
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defined in order to decrease battery degradation to a minmimun without changing the current
objective function in the EMS cost-based objective funchion.

(00431 At step 320, charge the battery in accordance with the one or more optinmuzation-
based technigues for vesilient battery charging.

[G044]  FIG. 4 shows a flow diagram of another exemplary method 400 for resilient
battery charging to reduce battery cyclic and calendar aging, in accordance with an
embodiment of the present invention. In method 400, the optimization results for the
battery can be modified/refined according o charging events and battery idle time 1o order
to reduce battery degradation.

[0045]  Atstep 410, construct one or more post-processing-based techniques for resthient
battery charging, The one or more posi-processing-based techniques modify an existing
battery profile determined by the optimization-based EMS.

{00461 In an embodiment, step 410 includes steps 4104 and 4108,

[0047] Ay step 410A, develop a post-processing technigque 1o receive a battery profile
from the EMS and modify the battery profile to decrease idle times and charge rates as
much as possible.  In an embodiment, the received battery profile 18 mined in order to
gensrate one or more predictions of battery charging opportunities for decreasing battery
wdle time and charging rates.

[0048] At step 4108, develop a stochastic approach that 1s configored to consider and
take into account a confidence interval and worst case scenario in order to manipulate the
battery profile to achieve lower battery degradation.

[0049]  Ar step 420, charge the batterv in sccordance with the one or more post-

-

processing-based technigques for resilient battery charging.
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{0050} FIG. 3 shows a flow diagram of vet another exemplary method 500 for resilient
battery charging to reduce battery cyclic and calendar sging, m accordance with an
embodiment of the present wvention. In gn embodiment, step 410A of FIG. 4 can be
implemented by at least a portion of method 500 of FIG. 5.

JOOSTY At step 310, forecast battery load and renewable ensrgy generation to generate
predictions of battery charging opportunities.

{00521 At step 520, calculate uncertainty associated with the predictions of battery
charging opportunities.

{00331 At step 330, calculate confidence mterval to account for a worst case scenario
regarding conditions relating to the battery charging opportunities.

(00541  Embodiments described herein may be entirely hardware, entively software or
wcluding both bardware and software elements. In a preferred embodiment, the present
mvention is implemented in software, which includes but is not Hmited o firmware,
resident software, microcode, efe.

{00551 Embodiments may inchude a computer program product accessible from a
computer-usable or computer-readable medium providing program code for use by or in
connection with a computer or any instruction execution system. A computer-usable or
computer readable mediun may include any apparatus that stores, CconMuNURICAEs,
propagates, or transports the program for use by or in comnnection with the mstruction
execution system, apparatus, or device. The medinm can be magnetic, optical, electronic,
electromagnetic, infrared, or semiconductor system {or apparatus or device) or a
propagation medium. The mediwm may mclnde a computer-readable storage medium such

as a semiconductor or solid state memory, magnetic tape, a removable computer diskette,
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a random access memory {(RAMY, a read-only memory (ROM}, a rigid magnetic disk and

an optical disk, ete.

(00561 Each compuier program may be tangibly stoved in a machine-readable storage
media or device {e.¢., program memory or magnetic disk) readable by a general or special

purpose programmabie computer, for configuring and controlling operation of a computer
when the storage media or device 15 read by the computer to perform the procedures
described herein. The inventive system may also be considered to be embodied in a
compuier-readable storage medium, coofiguwred with a computer program, where the
storage meduun so configured causes a computer {o operate in a specific and predefined
manner to perform the functions described herem.

[O057] A data processing system suitable for storing andfor executing program code may
melonde at feast one processor coupled divectly or indivectly to memory elements throagh a
svstems bus. The memory elements can include local memory emploved during actual
execution of the program code, bulk storage, and cache memories which provide tenporary
storage of at least some program code to redace the number of times code is rettieved from
budk storage dunng execution.  Inputioutput or 1O devices {including but not hmited to
kevboards, displays, pomnting devices, etc.} may be couplad 1o the system either directly or
through mtervening 1O controliers.

[0058]  Network adapters may also be coupled to the system to enable the data processing
system to become coupled to other data processing systems or remote printers or siorage
devices through intervening private or public networks. Modems, cable modem and

Ethemnet cards are just a few of the currently available types of network adapters.
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{0059] Reference m the specification to “one embodiment™ or “an embodiment” of the
present invention, as well as other variations thereof, means that a particalar feature,
structure, characteristic, and so forth desenbed in connection with the embodiment
included in at least one embodiment of the present invention. Thus, the appearances of the
phrase “in one embodiment” or “in an embodiment”, ax well any other variations,
appearing n vanious places throughout the specification are not necessarily all referring to
the same embodiment.

PO

{00607 It i3 1o be appreciated that the use of any of the following /7, “andfor”, and “at
least one of”, for example, in the cases of “A/B”, “A and/or B” and “at least one of A and
B”, is intended to encompass the selection of the first listed option (A} only, or the selection
of the second listed option (B) only, or the selection of both options (A and B). Asa fucther
example, in the cases of A, B, andfor 7 and “at least one of A, B, and O, such phrasing
13 intended to encompass the selection of the first listed option {A) only, or the selection of
the second listed option (B) only, or the selection of the third listed option {(C) only, or the
selection of the first and the second histed options (A and B} only, or the selection of the
first and third listed options (A and ) only, or the selection of the second and third listed
opticas {B and C) only, or the selection of all three options {A and B and €). This may be
extended, as readily apparent by one of ordmary skill i this and related arts, for as many
itemns listed.

{0061} The foregoing is to be understood as being in every respect ilustrative and
exemplary, but not restrictive, and the scope of the invention disclosed herein is not to be
determined from the Detailed Description, but rather from the claims as interpreted

according to the full breadth permitted by the patent laws. It is 1o be understood that the
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embodiments shown and described herein are only illustrative of the principles of the
present invention and that those skilled m the gt may mnplement various modifications
without departing from the scope and spirit of the wvention. Those skilled in the ant could
implement various other fepiure combinations without depariing from the scope and spirit
of the invention. Having thuy described aspects of the invention, with the details and

particularity required by the patent laws, what is claimed and desired protected by Letters

Patent 1s set forth in the appended claims.
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WHAT IS CLAIMED 1S
1. A computer-implermented method, comprising:

constructmg, by an Energy Management System (EMS), one or more optimization-
based techniques for resilient battery charging based on an optinyzation problem having
an EMS cost-based objective function, the one or more optimization-based techniques
being constructed to mclude a battery degradation metric in the optimization problem; and
charging, by the EMS, one or more batferies in a power system in accordance with

the one or jpore optimization-based techniques.

2. The computer-nnplemented method of claim 1, wherein the EMS cost-
based objective fanction 15 formulated to mmimize an EMS cost.

3 The computer-implemented method of claim 1, wherein said constructing
siep comprises:

adding the battery degradation metric to the EMS cost-based objective function to
alter the EMS cost-based objective funciion; and

solving a now optimization problem, ormulated o include the altered EMS cost-

based objective function, as g mulii-ohjective optintzation.

4, The computer-implemented method of claim 3, wheremn the battery
degradation metric is added as an additional objective function to the EMS cost-based

ohjective function to slter the EMS cost-based objective function.
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3. The computer-implemented method of clamm 1, wherein said constructing
step comprises adding the battery degradation metric as a battery degradation cost to the
EMS cost-based objective fimction to modify charging rates doring charging events and
idle times after charging events and discharging events relative to a state of the EMS cost-

based objective function prior to adding the battery degradation cost.

6, The computer-implemented method of claim 5, wherein said adding step
comprises:

converting a battery degradation function into a cost function; and

adding the cost function o the EMS cost-based objective function in the

optimization problem,

7. The computer-implemented method of clatm 1, wherein said constructng
step comprises adding the battery degradation metric to the optimization problem by

defining constraims for battery idle time and charging rates.

8. The computer-timplemented method of claim 1, wherein the constraints are
defined m order to decrease a battery degradation to a minimum without changing a current

objective function in the EMS cost-based objective function.

Q. The computer-implemented method of claim 1, wherein the one or more
optiniization-based techniques are constructed to nutigate at least one of cyclic battery

aging and calendar bagtery aging.
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19 A pon-transitory article of manufacture tangibly embodying a computer

readable program which when executed causes a computer to performs the steps of claim

1. A computer-implemented method, comprising:

constructing, by an Energy Management System {(EMS), one or more post-
processing-based techniques for resilient battery charging, the one or more post-
processing-based techumiques being constructed to modify an existing EMS battery profile
for a given battery under management by the EMS; and

charging, by the EMS, one or more batteries in & powsr system in accordance with

the one or more optinuzation-based technigues.

12, The computer implement method of claim 11, wherein the EMS existing
battery profile is modified to decrease battery idle times and battery charge rates for the

given battery.

13, The computer-implemented mathod of claim 11, further comprising mining
the existing EMS battery profile to generate one or more predictions of battery charging

opportunities for decreasing battery idle times and battery charging rates.

14 The computer-implemented method of clamm 11, whereln said constructing

step comprises formulating a stochastic approach based on a confidence interval and worst
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case scenario for the vesilient battery charging to maunipulate the existing EMS battery

profile to achieve a lower amount of battery degradation ot the given battery.

15, The computersmplemented method of claim 14, wherein the confidence
mterval 1s determined based on statistically-possible scenarios, including the worst case

SCenarao.

16, The computer-implemented method of claim 11, further comprising:

forecasting load demand and renewable energy generation to generate predictions
of battery charging opportenities;

calculating any uncertainties associated with the predictions of batiery charging
opportenities; and

calculating a confidence interval 1o account for a worst case scenario regarding
conditions relating o the battery charging opportunities.

V7. The compuer-implemented method of clanm 11, wherein the post
processing-based techniques are constructed to reduce at least one of cvelic battery aging

and calendar battery aging.

I8, A non-transitory article of manufacture tangibly embodying a compuier
readable program which when executed causes a computer to perform the steps of claim

it
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19, A system, comprising
an Energy Management Systein (EMS), having a processor and a memory operable
coupled to the processor, the EMS configured o

constrict one or more optimization-based technigues for resilient battery
charging based on an optunization problem having an EMS cost-based objective
function, the one or more optinuzation-based techniques bewng constructed o
include a battery degradation metric in the optimization problem; and

charge one or more batteries in a power system in accordance with the one
or more optinmization-based techniques.
20, The systern of claim 19, wherein the EMS cosi-based objective fimction s

formulated to mimimize an EMS cost.
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- 30

Construct one or more optimization-based techniques for
resilient battery charging. The one or more optimization-based
techniques are formulated as and/or otherwise involve an
optimization problem having an Energy Management System | 310
(EMS) cost-based objective function. The EMS cost-based
objective function of the optimization problem is formulated to
minimize the system’s overall operation cost.

v

Add battery degradation to the EMS cost-based objective
function to alter the EMS cost-based objective function, and
solve a new optimization problem, formulated to include the | 310A

altered EMS cost-based objective function, as a multi-
objective optimization.

v

Add battery degradation cost to the EMS cost-based
objective function to modify charging rates during charging
events and idle times after charging/discharging events | 310B
(relative to a state of the function prior to adding the battery
degrada’ﬁion cost)

v

Add battery degradation to the optimization problem by

defining constraints for battery idle time and charging rates. 310C
v
Charge the battery in accordance with the one or more 320
optimization-based techniques for resilient battery charging.

End

FIG. 3
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00

Construct one or more post-processing-based techniques for
resilient battery charging. The one or more post-processing-
based techniques modify an existing battery profile determined
by the optimization-based EMS.

v

Develop a post-processing technique to receive a battery
profile from the EMS and modify the battery profile to
decrease idle times and charge rates as much as
possible.

v

Develop a stochastic approach that is configured to
consider and take into account a confidence interval and
worst case scenario in order to manipulate the battery
profile to achieve lower battery degradation.

v

Charge the battery in accordance with the one or more post-
processing-based techniques for resilient battery charging.

End

FIG. 4

410

410A

410B

420
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500

Forecast battery load and renewable energy generation to
generate predictions of battery charging opportunities.

v

Calculate uncertainty associated with the predictions of battery
charging opportunities.

v

Calculate confidence interval to account for a worst case
scenario regarding conditions relating to the battery charging
opportunities.

End

FIG. 5

510

520

530
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