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1
GRID REGULATION SERVICES FOR
ENERGY STORAGE DEVICES BASED ON
GRID FREQUENCY

CROSS REFERENCE TO RELATED
APPLICATION

This is a divisional of U.S. patent application Ser. No.
12/755,260, entitled “GRID REGULATION SERVICES
FOR ENERGY STORAGE DEVICES BASED ON GRID
FREQUENCY,” filed Apr. 6, 2010, now U.S. Pat. No. 8,478,
452, which application is hereby incorporated by reference as
if set forth in full in this application for all purposes.

GOVERNMENT RIGHTS STATEMENT

This invention was made with Government support under
contract number DE-ACO05-76R1.01830 awarded by the U.S.
Department of Energy. The Government has certain rights in
the invention.

COMPUTER PROGRAM LISTING APPENDIX

Reference is made to the computer program listings sub-
mitted herewith via EFS. A single file is included with this
EFS submission that is entitled “appendix.txt,” an ASCII text
file that was created on Mar. 23, 2010, and has a size 012,461
bytes. The material contained in the appendix.txt file is
hereby incorporated by reference herein.

FIELD

This disclosure relates to power grid regulation, battery
charging control methods, electric vehicle charging systems,
battery charging apparatus, and rechargeable battery systems.

BACKGROUND

An electric power grid (or electrical power distribution
system) requires the energy input of the system to match the
energy output of the system. To balance this energy require-
ment and maintain grid stability, regulation services are used.
These regulation services are often provided by adjusting the
output of generators to meet the energy demand. Loads on the
electrical power distribution system can also be adjusted to
use more or less energy to meet this demand. Furthermore, in
“oft-grid” or micro-grid situations, where a relatively small
system is supported by renewable generation sources, such as
wind or solar, regulation services can provide balancing capa-
bilities to help ensure stability even at a small scale.

With the further increase of intermittent renewable
resources, more regulation services will be required to offset
variability in power generation. Accordingly, there exists a
need for improved methods, systems, and apparatus for pro-
viding reliable, low-cost regulation services.

SUMMARY

Exemplary embodiments of the disclosed technology pro-
vide a form of “regulation up and down services” to the
electric power grid using an energy storage device. The
energy storage device can be, but is not limited to, an energy
storage device in an electric vehicle or plug-in hybrid electric
vehicle (PHEV), or a stationary energy storage device such as
a battery or a photovoltaic system including a battery. The
regulation services allow an energy storage device to vary its
contribution to the power grid between a full discharge (gen-
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eration) state and a full charge (consumption) state. The basis
for this regulation can include, for example, frequency mea-
surements of an alternating current (AC) power supply. For
instance, the actual amount of load present on the system can
be adjusted using a regulation signal and information about
any constraints imposed upon the load device (such as a
desired finish time or maximum device capacity).

In certain embodiments of the disclosed technology, a con-
troller uses the grid AC frequency as a direct regulation signal
or as the basis for a regulation signal for operating an energy
storage system. By regulating the energy in or out of an
energy storage system using a measured signal rather than a
central control signal, the energy storage system can effec-
tively become integrated into the electric power grid with
very low infrastructure requirements. Thus, the energy stor-
age system output can be controlled directly by conditions of
the grid itself, rather than from a central aggregating authority
or utility. Consequently, the energy storage system does not
require communications from the grid operator. Energy stor-
age systems implementing embodiments of the disclosed
technology will not only provide a benefit to the overall health
of'the power grid, but will do so in a cost-efficient manner by
eliminating the need for a central aggregator and the commu-
nication requirements that such an aggregator would require.
Furthermore, the ability to provide regulated power back into
the power grid can help stabilize the power grid. Rather than
simply turning an energy storage device off during low fre-
quency periods, the energy storage device can inject energy
back into the power grid. This can help mitigate the lack of
generation elsewhere in the system and prevent the system
from moving further into an unbalanced condition.

One exemplary embodiment disclosed herein is a method
that comprises receiving data representing one or more elec-
trical characteristics of an electrical power distribution sys-
tem, selecting a charging rate for a bi-directional charging
system based on the data, the bi-directional charging system
being operable to charge or discharge an energy storage
device, and generating a regulation signal for causing the
bi-directional charging system to discharge the energy stor-
age device, the regulation signal being based at least in part on
the selected charging rate. In some examples, the received
data includes frequency data representing an instantaneous
frequency measurement of the electrical power distribution
system. In some examples, the method further comprises
generating a regulation signal for causing the bi-directional
charging system to charge the energy storage device, the
regulation signal being based at least in part on the selected
charging rate. In some examples, the selecting is based at least
in part on an actual charging or discharging rate of the energy
storage device. Feasible energy storage devices include elec-
tric vehicles, plug-in hybrid electric vehicles, stationary
power sources, pumped water storage, flywheels, and battery-
supplemented photovoltaic power systems. Examples of the
bi-directional charging system include AC-to-DC battery
chargers coupled with a DC-to-AC grid-tie inverter.

Another exemplary embodiment disclosed herein is one or
more computer-readable storage media storing computer-
readable instructions that when executed by a computer cause
the computer to perform a method comprising receiving data
representing one or more electrical characteristics of an elec-
trical power distribution system, selecting a charging rate for
a bi-directional charging system based on the data, the bi-
directional charging system being operable to discharge an
energy storage device to the electrical power distribution
system, and generating a regulation signal for causing the
bi-directional charging system to discharge the energy stor-
age device, the regulation signal being based at least in part on
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the selected charging rate. In some examples, the data
includes frequency data representing an instantaneous fre-
quency of the electrical power distribution system. In some
examples the selecting comprises computing a difference
between the instantaneous frequency and an average of pre-
viously received instantaneous frequency data.

A further exemplary embodiment disclosed herein is a
system comprising one or more processing units, one or more
computer-readable storage media that store computer-read-
able instructions that when executed by the processing units
determine a charging rate for a bi-directional charger using: a
data input module operable to receive data representing one
or more electrical characteristics of an electrical power dis-
tribution system, a logic module operable to determine the
charging rate for the bi-directional charger using the data, and
a data output module operable to send charger output rate data
representing the determined charging rate. In some examples,
the data includes frequency data representing an instanta-
neous frequency of the electrical power distribution system.
In some examples, the charging rate of the bi-directional
charger can indicate that the bi-directional charger is to dis-
charge, or to charge. In some examples, the system includes a
bi-directional charger configured to receive power from or
deliver power to the electrical power distribution system in
response to the charger output rate data. In some examples,
the system includes an energy storage device operable to
generate power in the electrical power distribution system
responsive to the charger output rate data.

Another exemplary embodiment disclosed herein is a
method that comprises transmitting electrical power from an
electrical power distribution system to energy storage devices
and receiving electrical power at the electrical power distri-
bution system from one or more of the energy storage devices
in response to a measured instantaneous frequency of the
electrical power distribution system, wherein the one or more
energy storage devices transmit power to the electrical power
distribution system in response to a deviation of the measured
instantaneous frequency of the electrical power distribution
system from an average frequency of the electrical power
distribution system. In some examples, the method further
comprises providing a regulation signal causing the energy
storage devices to transmit the power to the electrical power
distribution system wherein the providing is performed by an
electric vehicle charging station.

A further exemplary embodiment disclosed herein is a
method that comprises monitoring a frequency of an electri-
cal power distribution system, and when the frequency of the
electrical power distribution system is in a first frequency
range, receiving power from the electrical power distribution
system and charging an energy storage device at a charging
rate with the received power, and when the frequency of the
electrical power distribution system is in a second frequency
range different from the first frequency range, discharging the
energy storage device at a discharging rate and delivering
power from the energy storage device to the electrical power
distribution system.

Another exemplary embodiment disclosed herein is a sys-
tem that comprises data input means operable to receive data
representing one or more electrical characteristics of an elec-
trical power distribution system logic means operable to
determine the charging rate for a bi-directional charger using
the data, and data output module operable to send charger
output rate data representing the determined charging rate. In
some examples, the system further comprises a bi-directional
charger coupled with the data output module. In some
examples, the system further comprises energy storage means
coupled to the bi-directional charger.
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The foregoing and other objects, features, and advantages
of' the invention will become more apparent from the follow-
ing detailed description, which proceeds with reference to the
accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic block diagram depicting an exem-
plary controller and bi-directional charger in accordance with
the disclosed technology. The illustrated controller and bi-
directional charger are connected to an electrical power dis-
tribution system and an energy storage device.

FIG. 2 is a schematic block diagram depicting an embodi-
ment of the controller and bi-directional charger of FIG. 1 in
which the controller is coupled to a user interface, a grid event
detector, and a grid frequency detector.

FIG. 3 is a schematic block diagram depicting an embodi-
ment of the controller of FIG. 1 in which the controller is
configured to receive signals from an electrical power distri-
bution system, a bi-directional charger, an energy storage
device, a clock, and a control interface.

FIG. 4 is a flow chart of an exemplary method of generating
a regulation signal for an energy storage device based on data
received representing electrical characteristics of an electri-
cal power distribution system.

FIG. 5 is a flow chart of an exemplary implementation of
the method shown in FIG. 4.

FIGS. 6A-6B is a flow chart that outlines another exem-
plary implementation of the method shown in FIG. 4.

FIG. 7A depicts an exemplary PHEV implementing
aspects of the disclosed technology.

FIG. 7B depicts an exemplary user interface for a controller
in the PHEV of FIG. 7A.

FIG. 8 is a schematic block diagram depicting an electric
vehicle implementing aspects of the disclosed technology
than can be connected to a remote charging station or home
charging station. The electrical vehicle of FIG. 8 includes a
controller, charger, inverter, and battery management system,
all of which are coupled using a CAN bus.

FIG. 9 is an image of an exemplary controller and charger
as can be used in some embodiments of the disclosed tech-
nology.

FIG. 10 is a schematic block diagram illustrating a general
computing environment suitable for implementing embodi-
ments of the disclosed technology.

FIG. 11A is a graph showing power output of a charger vs.
time for an embodiment of the disclosed technology.

FIG. 11B is a graph showing regulation output of a charger
vs. time for an embodiment of the disclosed technology.

FIG. 11C is a graph showing instantaneous frequency and
average frequency vs. time for an embodiment of the dis-
closed technology.

FIG. 11D is a graph showing the difference between instan-
taneous frequency and average frequency vs. time for an
embodiment of the disclosed technology.

FIG. 11E is a graph showing battery capacity vs. time for
an embodiment of the disclosed technology.

FIG. 11F is a graph showing battery State-of-Charge
(SOC) vs. time for an embodiment of the disclosed technol-
ogy.

FIG. 11G is a graph showing average charging rate vs. time
for an embodiment of the disclosed technology.

FIG. 12 is a graph showing power output of a charger vs.
time for an embodiment of the disclosed technology.
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DETAILED DESCRIPTION

1. General Considerations

Disclosed below are representative embodiments of meth-
ods, apparatus, and systems for controlling bi-directional
energy storage device chargers. The disclosed methods, appa-
ratus, and systems should not be construed as limiting in any
way. Instead, the present disclosure is directed toward all
novel and nonobvious features and aspects of the various
disclosed embodiments, alone and in various combinations
and subcombinations with one another. The disclosed meth-
ods, apparatus, and systems are not limited to any specific
aspect or feature or combination thereof, nor do the disclosed
embodiments require that any one or more specific advan-
tages be present or problems be solved.

Although the operations of some of the disclosed methods
are described in a particular, sequential order for convenient
presentation, it should be understood that this manner of
description encompasses rearrangement, unless a particular
ordering is required by specific language set forth below. For
example, operations described sequentially may in some
cases be rearranged or performed concurrently. Moreover, for
the sake of simplicity, the attached figures may not show the
various ways in which the disclosed systems, methods, and
apparatus can be used in conjunction with other things and
methods. Additionally, the description sometimes uses terms
like “produce,” “generate,” “select,” “receive,” and “provide”
to describe the disclosed methods. These terms are high-level
abstractions of the actual operations that are performed. The
actual operations that correspond to these terms may vary
depending on the particular implementation and are readily
discernible by one of ordinary skill in the art.

As used in this application and in the claims, the singular
forms “a,” “an,” and “the” include the plural forms unless the
context clearly dictates otherwise. Additionally, the term
“includes” means “comprises.” Moreover, unless the context
dictates otherwise, the term “coupled” means mechanically,
electrically, or electromagnetically connected or linked and
includes both direct connections or direct links and indirect
connections or indirect links through one or more intermedi-
ate elements not affecting the intended operation of the
described system. Additionally, certain terms may be used
such as “up,” “down,” “upper,” “lower,” and the like. These
terms are used, where applicable, to provide some clarity of
description when dealing with relative relationships. But,
these terms are not intended to imply absolute relationships,
positions, and/or orientations. Furthermore, as used in this
disclosure, the terms “charge” or “charging” may be used to
describe the action a device takes when it transmits energy or
electrical power to an energy storage device. The terms “dis-
charge” or “discharging” may be used to describe the action a
device takes when it transmits energy or electrical power from
an energy storage device. However, the terms “charge,”
“charging,” “discharge,” and “discharging” should not be
construed as limiting the device to only a particular type or
direction of energy or electrical power transmittal.

FIG. 10 illustrates a generalized example of a suitable
computing environment 1000 in which embodiments of the
disclosed technology can be implemented. For example, the
controllers illustrated in FIGS. 1, 2, 3, 7, and 8 and the
methods shown in FIGS. 4, 5, and 6 can be implemented in
whole or in part using the computing hardware illustrated in
computing environment 1000.

The computing environment 1000 is not intended to sug-
gest any limitation as to the scope of use or functionality of the
technology, as the technology can be implemented in diverse
general-purpose or special-purpose computing environ-
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ments. For example, the disclosed technology can be imple-
mented using other computing system configurations, includ-
ing multiprocessor systems, microprocessor-based or
programmable electronics, network PCs, minicomputers,
mainframe computers, programmable logic devices (such as
field-programmable logic devices), application specific inte-
grated circuits, and the like. Embodiments of the disclosed
technology can also be practiced in distributed computing
environments where tasks are performed by remote process-
ing devices that are linked through a communications net-
work. In a distributed computing environment, program mod-
ules may be located in both local and remote memory storage
devices.

With reference to FIG. 10, the computing environment
1000 includes at least one central processing unit 1010 and
memory 1020. In FIG. 10, this most basic configuration 1030
is included within a dashed line. The central processing unit
1010 executes computer-executable instructions and may be
a real or a virtual processor. In a multi-processing system,
multiple processing units execute computer-executable
instructions to increase processing power. The memory 1020
can be volatile memory (e.g., registers, cache, RAM), non-
volatile memory (e.g., ROM, EEPROM, flash memory, etc.),
or some combination of the two. The memory 1020 can store
software 1080, which can implement any of the technologies
described herein.

The computing environment 1000 can have additional fea-
tures. For example, the computing environment 1000
includes storage 1040, one or more input devices 1050, one or
more output devices 1060, one or more communication con-
nections 1070, and one or more measurement devices 1090.
An interconnection mechanism (not shown) such as a bus, a
controller, or a network, interconnects the components of the
computing environment 1000. Typically, operating system
software (not shown) provides an operating environment for
other software executing in the computing environment 1000,
and coordinates activities of the components of the comput-
ing environment 1000.

The storage 1040 can be removable or non-removable, and
includes magnetic disks, magnetic tapes or cassettes, CD-
ROMs, CD-RWs, DVDs, or any other such non-transitory
computer-readable medium that can be used to store infor-
mation and that can be accessed within the computing envi-
ronment 1000. The storage 1040 can store the software 1080,
which can implement any of the technologies described
herein.

As should be readily understood, the term computer-read-
able storage media includes non-transitory computer-read-
able media or devices for data storage such as memory 1020
and storage 1040, not transitory media carrying a temporary
signal. As noted, such computer-readable storage media can
store computer-executable instruction which when executed
by a computer caused the computer to perform any of the
methods described herein. The input device(s) 1050 can be a
touch input device, such as a keyboard, keypad, mouse, pen,
or trackball, a voice input device, a scanning device, or
another device, that provides input to the computing environ-
ment 1000. For audio, the input device(s) 1050 can be a sound
card or similar device that accepts audio input in analog or
digital form, or a CD-ROM reader that provides audio
samples to the computing environment 1000. The output
device(s) 1060 can be a display, printer, speaker, CD-writer,
or another device that provides output from the computing
environment 1000. The measurement device 1090 can act as
an input device (e.g., a device for converting measured elec-
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trical characteristics into measured data) and/or as an output
device (e.g., a device for transmitting the measured data to the
processing unit).

The communication connection(s) 1070 enable communi-
cation over a communication medium (e.g., a connecting
network) to another computing entity. The communication
medium can be used to convey information, such as com-
puter-executable instructions, data associated with the elec-
trical characteristics of the electrical power distribution sys-
tem, data associated with the energy storage device, or other
intermediate or final data.

II. Introduction to the Disclosed Technology

Many common storage loads, such as pumped water stor-
age or battery-based systems, represent a noticeable percent-
age ofloads on the power grid. Furthermore, these devices are
often discretely controlled, typically with only a full-on or
full-off state. Additionally, these loads frequently have
relaxed time constraints for charging. For example, a vehicle
charging may only need 4 hours to fully charge but will not be
needed for another 8 hours. As such, the amount of loading to
which the device subjects the power grid can be adjusted in
response to varying conditions on the power grid, thus pro-
viding a service to the power system rather than presenting a
hindrance. By varying the amount of the load proportionally,
a population of loads can provide regulation services to the
power grid while still meeting operating constraints for the
loads. By using electrical characteristics of the power grid
(for example, frequency, voltage, or phase) as a regulation
signal or as the basis for a regulation signal, the variation of
the amount of load can be used to increase and decrease the
effective loading on the power system and help meet the
energy balance requirement. Furthermore, in periods of high
demand, such regulated loads can be controlled to draw less
power or even provide power back into the power grid, there-
fore resulting in less strain on the electric power grid.

Certain embodiments of the disclosed technology include
methods, systems, and apparatus for providing a form of
regulation up and down services to the electric power grid
using a load whose overall operation will not be hindered if
the power supplied to the load varies in a charging and dis-
charging sense. The regulation allows the energy storage
device to vary its contribution to the power grid between a full
discharge (generation) state and a full charge (consumption)
state. The basis for this regulation can come, for example,
from frequency measurements of the alternating current (AC)
power supply as delivered to an outlet (e.g., a power outlet in
a home or building or a power outlet at an electric vehicle
charging station). The actual amount of load or generation the
end device presents to the system can be adjusted using this
regulation signal and information about any constraints
imposed upon the load device (such as a desired finish time or
maximum capacity).

Certain embodiments of the disclosed technology enable
grid loads and energy storage devices to vary their consump-
tion (loads) or energy supplied (sources) as a function of the
grid frequency. The variation in grid frequency is primarily
related to a variation in real loads on the grid. Therefore, if
grid loads or energy source outputs can be adjusted as a
function of grid frequency, the grid is inherently more stable.
In one exemplary embodiment, grid frequency is used as the
basis for a regulation signal used to control the grid load or
energy source. Using device specific constraints, the grid
frequency signal can be translated or conditioned into a signal
that regulates the load to between, for example, 0% and 100%
of the rated power into the device as well as to between 0%
and -100% of the rated power as a discharge load from the
device. The grid frequency information can be obtained
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through direct measurement from an embedded device
executing computer-readable instructions or from an external
measurement source such as a “smart meter” (for example, an
advanced meter infrastructure (AMI) smart meter). Addi-
tional details with respect to methods of monitoring the fre-
quency of the electrical grid that can be used in embodiments
of the disclosed technology are described in U.S. Pat. No.
7,149,605, entitled “Electrical Power Distribution Control
Methods, Electrical Energy Demand Monitoring Methods,
and Power Management devices,” the teachings of which are
hereby incorporated herein by reference.

A first exemplary signal conditioning parameter that can be
used relates to the measured grid frequency signal (instanta-
neous frequency) itself. The measured grid frequency signal
can be used to reduce wear and tear on the load, as well as to
closely match existing automatic generator control (AGC)
signals provided to larger regulation sources (such as load-
balancing generators). If the measurement data is obtained at
a higher sample rate than the typical AGC signal (e.g., at arate
of'4 seconds or less), a scheme can be employed to reduce the
data down to a desired sample rate for providing an AGC
signal.

A second exemplary signal conditioning parameter that
can be used relates to the average frequency of the electric
power grid. In order to provide a regulation services compo-
nent, the deviation of the instantaneous frequency from the
average frequency can be determined. If the data representing
average frequency is provided externally, no further process-
ing is required. If the average frequency is directly obtained
from the measured frequency data, a sliding-window average
can be used to determine the average frequency. The average
can be computed through the methods described below, or by
using other suitable methods known to one of ordinary skill in
the art.

In one exemplary embodiment, the average frequency
information is obtained from direct measurements using a
recursive implementation of a finite-impulse response (FIR)
filter. The FIR filter can compute the average frequency for a
predetermined number of samples. The length of the average
can be determined through additional knowledge of grid per-
formance to make a determination of how long of an average
is reasonable. In some embodiments, additional logic can be
applied to the FIR filter average. For example, the FIR filter
can be re-initialized under conditions where the grid fre-
quency has deviated significantly under or over the average
value. In other embodiments, other appropriate analog or
digital filters can be used (for example, a PID filter).

The regulation signal can be determined using the average
frequency data and the instantaneous frequency data. In one
embodiment, for example, the difference between the mea-
sured frequency and the average frequency is determined. If
the measured frequency is higher than the average (e.g., 60.1
Hz vs. an average of 59.95 Hz), a regulation up signal is
obtained. If the measured frequency is lower than average, a
regulation down signal is obtained. This regulation signal can
be scaled to adhere to a -1.0 to 1.0 range, where -1.0 repre-
sents a full discharging state (maximum down regulation) and
1.0 represents a full charging state (maximum up regulation).
Under this generic scaling format, the average frequency
represents a biased regulation value of approximately 0.5 to
accommodate a charging-centered operation. However, if a
neutral capacity state is desired, the average frequency could
represent a regulation value of 0.0 (resulting in approximately
equal amounts of charging and discharging).

The actual frequency difference can be normalized to
restrict the regulation signal to the —1.0 to 1.0 range. A first
exemplary normalization technique uses a fixed frequency
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interval, where fixed values for the upper and lower frequency
deviation are predefined. For example, in an ideal 60 Hz
system the regulation signal may be scaled for a range of
+/-0.1 Hz, or 59.9 and 60.1 Hz respectively. The frequency
deviation range can be defined by the managing utility or
consortium of the electric power grid. However, in some
embodiments employing this technique, the regulation signal
may not be realized across its full range.

A second exemplary normalization technique uses a mea-
sured local minimum and local maximum of the frequency
data. The “locality” of the local minimum/maximum
extremes is restricted to a relatively short time period (for
example, on the order of minutes or seconds). Using this
second technique, the regulation signal can vary from -1.0 to
+1.0, thereby providing a greater regulation signal range over
the first technique of normalization described above.

According to one exemplary embodiment, the amount of
load an energy storage device draws can be determined using
a regulation signal obtained from data representing power
grid frequency information. The range of values for the regu-
lation up and down signals can be increased by spreading the
range of charging between a maximum level of power gen-
eration (discharge) and a maximum level of power consump-
tion capacity (charge) available (e.g., -100% to 100%).
Under normal operating conditions, the regulation signal can
be used to vary the power transmitted into an energy storage
device from a full discharge level to a full charge level. How-
ever, the regulation signal can also be subject to constraints,
which can be monitored and used to modify the regulation
signal before applying the output regulation signal to the
energy storage device (load).

A first exemplary constraint that can be used relates to the
safety of a connected energy storage device. For example,
when the energy storage device is a battery storage system,
consistently falling below a certain level of state-of-charge
can be detrimental to the battery storage system. This detri-
mental condition is especially true if a battery storage system
is allowed to completely discharge a battery. To prevent such
incidents, discharge operations are first checked against a
current level of charge or storage amount for one or more
batteries of the battery storage system. If the current level of
charge or storage amount is below a minimum threshold, the
regulation down signal or discharge operations are limited.
For example, the charger device is configured so that the
regulation signal is limited to the range between 0% and
100% instead of —100% to 100%.

A second exemplary constraint that can be used relates to
electric power grid events. The purpose of the regulation
signal is to balance the power in and power out of the electri-
cal system. An indication of this condition can be the average
frequency of the electrical transmission. In times of signifi-
cantly excessive load, the frequency of the electric power grid
will often fall significantly (e.g., 0.05 Hz or more) resulting in
an under-frequency event. Conversely, if the power grid load
is significantly lower, the frequency of the electric power grid
will rise significantly, resulting in an over-frequency event. To
improve grid awareness and safety, if either of these condi-
tions are detected, the regulation signal can be adjusted. For
example, during an under-frequency event, the regulation
signal can be forced to -1.0 regardless of local maximum/
minimum extremes or average frequency. However, this con-
straint is typically superseded by the first constraint men-
tioned in the previous paragraph. For example, if the battery
is below its capacity threshold, a regulation signal of 0.0 is
provided instead of —1.0. During over-frequency events, the
regulation signal can be forced to +1.0 regardless of local
maximum/minimum extremes or average grid frequency.
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Applying this second constraint allows the load device to be
“grid friendly,” thereby reducing the impact of pushing the
electrical power distribution system further into an under-
loaded or over-loaded condition.

A third exemplary constraint that can be used is based upon
external constraints applied to the load device. For example
these constraints can be imposed as a time limit for reaching
a certain capacity level or completing a task. For example, in
a PHEV charger, this could be the desired final charging time
of'the vehicle. The end user of the charger can select a desired
“charge by” time at which the vehicle will have a 100% state
of charge in its battery system. This “charge by” time can be
used to calculate the total charging time available. An average
charge rate can be computed using data comprising informa-
tion about PHEV/EV battery capacity, maximum charge rate,
and charging efficiency.

In a system using this third constraint, the actual average
“loading” rate can be evaluated, and the difference between
the measured actual load rate and computed load rate can be
determined. In some embodiments, the average load rate can
be related to the average frequency of the system. For
example, suppose a battery is determined to need to charge at
a 65% rate to meet full capacity. That 65% charge rate would
occur when the electric system was at the average frequency
(since average frequency should be associated with roughly
0% regulation). However, random variations in the grid fre-
quency, and thus the regulation signal, canresult in an average
charging rate that is lower than desired. During the same
periodic check of the actual average charge rate, the desired
charge rate can be updated using the computed difference. For
example, if the average charge rate is lower than the desired
charge rate, the associated charge rate with the average fre-
quency will be biased appropriately. In the example previ-
ously stated, the charger determines that a 65% average
charge rate should be selected. If the actual average output is
determined to be 63%, a 2% bias is applied to the average
desired charge rate in order to offset this period of lower
regulation.

Through periodic updates, the scaling of the loading rate to
up and down regulation signals can also be adjusted. The
scale of these up and down regulation signals determines how
the load’s output will vary with the regulation signal. As
mentioned earlier, one example of a signal range is for a full
discharge output at a —1.0 regulation signal and a full charge
output at a +1.0 regulation signal. Under these conditions, the
scaling factor for the regulation down signal is the average
load rate. For example, if the regulation signal is running an
average of 0.5, using the average rate allows the load to vary
from a desired load rate to a maximum discharge rate (for
example, —100%) using the regulation signal. Thus, the scal-
ing used for the regulation up signal is the difference between
the maximum load rate and the average load rate. This allows
the regulation up signals (e.g., from 0.5 to 1.0) to increase the
load output between the desired average charge rate and the
maximum charge rate.

In some embodiments, the regulation range is desirably
restricted. For example, during periodic updates, embodi-
ments of the disclosed technology can determine the mini-
mum amount of time it would take to reach an end goal
constraint (e.g., the amount of time it will take to charge a
battery to 100%). A ratio of this minimum time and the
remaining time interval can then be determined. If this ratio is
greater than a predetermined or user-selected threshold (e.g.,
90%), the minimum rate applied to the load can be restricted
to the average loading rate needed to reach the end goal
constraint. After reaching this end goal constraint, discharge
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back into the grid is no longer performed, effectively reducing
the down regulation scaling to 0% and providing only regu-
lation up services.

In certain embodiments of the disclosed technology, even
when there is a restricted range of regulation conditions
(where an end goal constraint is trying to be met), one or more
overriding constraints can still be maintained. For example,
one constraint that can be maintained is that significant under-
frequency and over-frequency events (e.g., under-frequency
or over-frequency events that exceed a fixed frequency
threshold or a percentage change from the average frequency)
can still result in a response from the energy storage device.
During significant under-frequency events, the charging rate
can be dropped to a full-discharge or no output condition,
even ifthis means that the end goal constraint can no longer be
met. Thus, significant over-frequency events can push the
load to a 100% output rate. The third exemplary constraint
discussed above is related closely to over-frequency events. If
the measured average load rate is higher than desired average
charge rate, the device can reach the final condition earlier
than anticipated. At this point, the load (e.g., the energy stor-
age device) can be removed from service as a regulation
device. The output of the energy storage device can be turned
off and regulation signals can be no longer accepted in order
to prevent the desired final condition from being exceeded
(for example, in order to prevent a PHEV battery from
exceeding 100% state of charge).

III. Exemplary Embodiments of the Disclosed Technology

FIG.1is aschematic block diagram illustrating an embodi-
ment of a grid regulation system 100 according to the dis-
closed technology. In the embodiment shown in FIG. 1, the
grid regulation system 100 comprises an electrical power
distribution system (e.g., an electrical power grid) 110, an
integrated unit 120 comprising a bi-directional charger 124
and controller 128, and an energy storage device 130. The
electrical power distribution system 110 can be an alternating
current (AC) power system or direct current (DC) power
system. As shown, the integrated unit 120 combines the con-
troller 128 and the bi-directional charger 124. The bi-direc-
tional charger 124 can use power connections 150 and 156 to
send electrical power from an electrical power distribution
system 110 to an energy storage device 130, thereby charging
the energy storage device. The bi-directional charger 124 can
also use the power connections 150 and 156 to send electrical
power from the energy storage device 130 to the electrical
power distribution system, thereby discharging the energy
storage device to provide power to the electric power distri-
bution system 110.

The bi-directional charger 124 receives control data,
including one or more regulation signals from the controller
128, using a data connection 160, for example, using a CAN-
BUS, RS-232-C, USB, FireWire, ZigBee, or other suitable
connection interface. As shown in FIG. 1, both the charger
and the controller are housed as one unit. In other embodi-
ments, the bi-directional charger 124 and the controller 128
can be housed separately. Chargers such as bi-directional
charger 124 can be assembled by those of ordinary skill in the
art as needed for a particular embodiment of the disclosed
technology. For example, a bi-directional charger can be
adapted to discharge and charge a battery to and from an AC
power grid or a DC power grid. In some embodiments, the
bi-directional charger 124 is a single component. For
example, the bi-directional charger 124 can be a charger like
AC Propulsion’s Reductive Charger, which drives an AC
induction motor from DC batteries, and recharges the batter-
ies via regenerative braking. In some embodiments, the bi-
directional charger 124 includes two separate components.
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For example, for connecting an AC power grid to a battery, the
bi-directional charger can comprise an AC-to-DC battery
charger component, as well as a DC-to-AC inverter. In some
examples, the DC-to-AC inverter is a grid-tie inverter, which
can perform both DC-to-AC power conversion as well as
synchronize its AC power output to the electrical power dis-
tribution system 110. In some embodiments, a flywheel con-
nected to a motor/generator set can be used. In such embodi-
ments, the field current in the generator can be modulated by
accelerating the motor, and thereby discharge energy into the
grid, or decelerating the motor, and thereby charge the fly-
wheel.

The controller 128 can receive electrical data representing
electrical characteristics of the electric power distribution
system 110, such as one or more of an instantaneous fre-
quency, average frequency, phase, voltage, current, or other
such electrical characteristics over a connection 154. In
embodiments where the electrical power distribution system
110 is an alternating current (AC) power system, the mea-
sured instantaneous frequency can be used. In embodiments
where the electrical power distribution system 110 is a direct
current (DC) power system, measured voltage can be used. In
some embodiments, other electrical characteristics of the
electrical power distribution system 110 (e.g., average fre-
quency, phase, current) can be used to augment, or instead of,
measured instantaneous frequency or voltage. In some
embodiments, the controller 128 includes circuitry for
directly measuring and/or calculating characteristics of the
electric power distribution system. In other embodiments, the
controller receives electrical data from an advanced-meter-
infrastructure (AMI) smart meter connected to the electric
power distribution system 110. Also as shown, the controller
128 includes a connection 158 to the energy storage device
130 for receiving status data, such as one or more of a state-
of-charge (SOC), state-of-health (SOH), voltage, energy stor-
age device charging rate, internal resistance, or conductance.
In some embodiments, the connection 158 is a data connec-
tion and the energy storage device 130 transmits data to the
controller 128. In other embodiments, the controller 128
includes circuitry for measuring the status data directly over
the connection 158.

The energy storage device 130 can be an electrical battery
of'any chemistry, for example, Lithium ion, Nickel Cadmium,
Lead-Acid, Nickel Metal Hydride, Polysulfide Bromide, or
any other suitable battery technology. In some embodiments,
the energy storage device can be another suitable energy
storage technology, such as a mechanical flywheel, fuel cell,
pumped water storage, compressed air, or other suitable
chemical, electrochemical, electrical, or mechanical appara-
tus that is adaptable to store energy from the electric power
distribution system 110. In some embodiments, the energy
storage device can be coupled to an energy generation device,
for example, a photovoltaic power system.

FIG. 2 is a schematic block diagram illustrating another
embodiment of a grid regulation system 200 according to the
disclosed technology. In the embodiment shown in FIG. 2, the
grid regulation system 200 comprises an electrical power
distribution system (e.g., an electrical power grid) 210, a
charger 240, an inverter 245, an energy storage device 250, a
controller 220 coupled with a user interface 226, a grid event
detector 230, and a grid frequency detector 234. The charger
240 can charge the energy storage device 250 by converting
and transmitting AC power from the electrical power distri-
bution system 210 to the energy storage device as DC current.
The inverter 245 can discharge DC current from the energy
storage device 250 and supply it to the electrical power dis-
tribution system 210 as AC power. In the illustrated embodi-
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ment, both the charger 240 and the inverter 245 can accept
commands from the controller 220, including simple on/off
or discrete charging/discharging rates.

As shown, the grid event detector 230 monitors the elec-
trical power distribution system 210 and reports events (for
example, one or more of an under-frequency event, over-
frequency event, low-voltage event, high-voltage event, or
other such events to the controller 220). In some embodi-
ments, the grid event detector 230 can report events using data
from a smart meter or other AMI device. Events reported by
the grid event detector 230 can be used to override normal
charging or discharging operations in progress. For example,
if an under-frequency event is sent from the grid event detec-
tor 230, the controller 220 can transmit control data to the
inverter 245 to discharge the energy storage device 250 in
order to provide power to the electric power distribution
system 210, thus helping to stabilize the electric power dis-
tribution system.

Also coupled with the controller 220 is a grid frequency
detector 234, which transmits data regarding the frequency of
the electric power distribution system 210. In some embodi-
ments, the grid frequency detector 234 transmits instanta-
neous frequency data and average frequency, while in other
embodiments the grid frequency detector transmits only the
instantaneous frequency data and the controller calculates the
average frequency data using the instantaneous frequency
data.

Also shown in FIG. 2 is a user interface 226, which is
coupled to the controller 220. The user interface 226 allows a
user to transmit commands and parameters to the controller
(forexample, a desired charge completion time) or to override
the controller and cause the 240 to charge the energy storage
device 250 or cause the inverter 245 to discharge the energy
storage device at a fixed rate of charge/discharge.

FIG. 3 is a schematic block diagram illustrating a further
embodiment of a grid regulation system 300 according to the
disclosed technology. In the embodiment shown in FIG. 3,
controller 360 receives data from different entities, including
instantaneous frequency data (f,,,.,( )) and average frequency
data (f,,, () from an electric power distribution system 310,
actual charge and discharge rate data for the energy storage
device from bi-directional charger 320, and state-of-charge
data (SOC) from energy storage device 330. Controller 360
can also receive data indicating a current time or remaining
time (time( )) from a clock 340, as well as a desired final
charging time, maximum frequency f,, . and minimum fre-
quency f, ., from control interface 350. The controller 360
can be implemented using general purpose computing hard-
ware (comprising, for example, a computer processor and
memory) or using special purpose hardware (comprising, for
example, a dedicated integrated circuit or programmable
logic device). The entities providing the controller 360 with
data can comprise hardware entities or components of a soft-
ware environment (for example, software modules). As will
be discussed further below, the controller 360 uses the input
data to calculate a desired charging rate, which is transmitted
to the bi-directional charger 320. As discussed herein, the
desired charging rate can be expressed as ranging from
-100% to +100% of the maximum charge/discharge rate of
the bi-directional charger, but it will be understood by one of
ordinary skill in the art that the desired charging rate can be
expressed in other units, for example, -1.0 to +1.0, absolute
or relative amps, volts, or other such units or ranges. The
control interface 350 can be a display and/or data entry device
configured to display and input user data and control param-
eters, such as a desired final charging time, maximum fre-
quency t,,,., and minimum frequency f,

max’ min®
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FIG. 4is aflow chart 400 showing a generalized method for
selecting a charging/discharging rate for an energy storage
device based on data representing electrical characteristics of
an electric power distribution system. At process block 410,
data representing electrical characteristics of an electric
power distribution system (e.g., a power grid) is received. The
data received can include, for example, one or more data
messages indicating an instantaneous frequency of the power
grid, an average frequency of the power grid, a high voltage
level of the power grid, a low voltage level of the power grid,
or a level of phase shift of the power grid.

At process block 420, the electrical characteristic data is
used, at least in part, to select a desired charging/discharging
rate for an energy storage device. For example, the data used
can include the instantaneous frequency for the electric power
grid and the average frequency of the electric power grid.
Selecting the desired charging/discharging rate can also com-
prise normalizing the output regulation signal for the range of
frequency signal input. In one implementation, the difference
between the instantaneous and average frequency is mea-
sured to obtain a regulation up/down signal. Next, the signal
is normalized for the frequency range of the power grid and
desired charge rate. For example, a frequency range of 59.9 to
60.1 Hz can be normalized to a range of -1.0 to 1.0 for the
output regulation signal. The regulation signal can be biased
to exhibit a desired behavior (e.g., if charging is desired, the
frequency difference can be offset by +0.5 to obtain a regu-
lation signal range of 0.5 to 1.0 (since the nominal regulation
signal is clamped at 1.0)). Another method that can be used is
to use the local minimum and maximum of the frequency
data, as discussed above.

Also at process block 420, the selected charging/discharg-
ing rate can be modified based on other constraints. For
example, the selected charging/discharging rate can be modi-
fied based on one or more of the amount of load presented by
the energy storage device, safety constraints of the energy
storage system (for example, a minimum SOC level), electric
power grid events, or external constraints such as a charge-by
time limit. In addition, the average loading rate of the energy
storage device can be evaluated and adjusted based on the
actual average output of the charging device. For example, a
2% bias may be applied to increase the actual average output
from 63% to a desired 65% as discussed above.

Finally, at process block 430, a regulation signal is gener-
ated for controlling a bi-directional charger. The regulation
signal can be based on or comprise the selected charging/
discharging rate.

FIG. 5 is a flow chart 500 showing a more specific method
for generating a regulation signal for a bi-directional charger
based on data representing electrical characteristics of an
electric power distribution system including grid events. At
process block 510, electrical data representing electrical char-
acteristics for an electric power distribution system is
received. At process block 520, the electrical data is analyzed
to determine if a grid event has been received. For example,
the electrical data can comprise instantaneous frequency data,
which is compared against a maximum and minimum fre-
quency limit. If the instantaneous frequency data exceeds
either the maximum or minimum frequency limit, a grid event
is determined and the method proceeds to process block 530.
Alternatively, the electrical data can comprise data indicating
the existence of a grid event. For example, a smart meter can
generate data indicating the existence of a grid event. If it is
determined that a grid event has not occurred, the method
proceeds to process block 540.

At process block 530, a charging/discharging rate is
selected based on the grid event. For example, in the case of
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an under-frequency event, the charging rate can be output as
-1.0 (signaling a full discharge rate for the energy storage
device in order to supply electric power into the power grid).
As another example, in the case of an over-frequency event
the charging rate can be output as +1.0 (signaling a full charge
rate for the energy storage device).

At process block 540, an average frequency for the power
grid is determined. In some embodiments, the average fre-
quency is determined using the instantaneous frequency data
from the received electrical data. A FIR filter can be used to
determine the average frequency from the instantaneous fre-
quency data. In other embodiments, both the average and
instantaneous frequency data are received from the power
grid, or from a charging station connected to the power grid.

At process block 550, the time remaining to reach full
charge is determined. The current time can be compared to a
target charge completion time, and the difference can be
computed as the time remaining to full charge. Alternatively,
a time to full charge is set, and the time is decremented until
time zero is reached. The charge completion time can be set,
for example, using a user interface coupled to a controller.

Atprocess block 560, one or more charging parameters for
a bi-directional charger are determined. The charging param-
eters can be determined using the grid frequency data from
process block 540 and the time remaining from process block
550. In addition, operational characteristics of the targeted
energy storage device, the bi-directional charge, and the
power grid itself can be taken into account.

At process block 570, a charging/discharging rate for the
bi-directional charger is determined. If the method arrives at
process block 570 from process block 530, the grid event is
the primary or only determinant of the charging rate that will
be output to the charger. Thus, by setting a charging/discharg-
ing rate at process block 530, other input data can be ignored.
In the event that a grid event has not been received, then a
charging rate is scaled to a normalized charging/discharging
rate for the charger.

At process block 580, a regulation signal capable of com-
municating the normalized charging/discharging rate is gen-
erated. This regulation signal can be transmitted to a bi-
directional charger, or to a charger and an inverter, in order to
generate the desired charging response.

FIGS. 6A and 6B are a flow chart 600 showing another
specific method for generating a charger output rate for a
bi-directional charger based on data indicative of the electri-
cal characteristics of an electric power distribution system.
The data can include, for example, grid events, grid frequency
data, battery SOC, or actual charge rate data. The illustrated
method can be implemented using a controller, for example,
an embedded microcontroller system. The illustrated method
can berepeatedly executed during a charge/discharge cycle of
a battery system. Other methods are possible that include
additional or fewer method acts. As discussed further below,
the regulation output rate ranges from -1.0 to 1.0, with -1.0
representing a state of full discharge, 0.0 representing a state
of neither charging or discharging, and 1.0 representing a
state of full charging. The charger output rate represents the
charging rate at which the bi-directional charger will be com-
manded to operate. The charger output rate is based on the
regulation output rate and can be expressed in Watts. Data can
be sent to the bi-directional charger using a regulation signal.
The regulation signal can include data representing the regu-
lation output rate or the charger output rate.

FIG. 6A is a portion of the flow chart 600 showing a method
for generating a regulation signal. At process block 610 a
battery system (an example of an energy storage device) is
coupled to a controller. At process block 616, the controller
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determines whether the battery is in a full (100% SOC) charge
state. In one embodiment, the controller monitors battery
performance during operation to determine the battery sys-
tem SOC. In other embodiments, the controller communi-
cates with a battery management system connected to the
battery, and the battery management system determines the
SOC. If the controller determines that the battery is in a full
charge state, then the method proceeds to process block 618,
where the regulation output rate for the charger is set to “no
charging or discharging” (e.g., on a normalized scale of -1.0
to +1.0, a charge rate of 0.0). In some embodiments, the
regulation output rate at process block 618 is set to “no
charging,” which still allows discharging. Setting the charger
to “no charging” instead of “no charging or discharging” at
process block 618 may be desirable when the energy storage
device is a fixed energy storage device, instead of an
EV/PHEV. Otherwise, the battery is determined to not bein a
state of full charge, and the method proceeds to process block
620.

At process block 620, the controller checks to determine if
a significant under-frequency event has occurred. If so, the
method proceeds to process block 622. Otherwise, the
method proceeds to process block 630. The occurrence of an
under-frequency event can be determined by receiving a sig-
nal indicating an under-frequency condition on the power
grid, or can be determined by comparing instantaneous or
average power grid frequency to a pre-determined low fre-
quency limit. For example, in a 60 Hz AC power grid, a power
grid frequency of 59.95 Hz or lower could be defined as a
significant under-frequency event. The frequency value
selected as indicating an under-frequency event can depend
on the average frequency of the grid and the grid’s stability.

At process block 622, the controller determines whether
the battery has an adequate SOC. If so, the method proceeds
to process block 628, where the regulation output rate is set to
“full discharge” (e.g., —1.0)). Otherwise, the method pro-
ceeds to process block 626, where the regulation output rate is
set to “no charging or discharging” (e.g., 0.0). At process
block 630, the controller checks to determine if an over-
frequency event has occurred. If so, the method proceeds to
process block 634, where the regulation output rate is set to
“full charging” (e.g., 1.0)). Otherwise, the method proceeds
to process block 640. The occurrence of an over-frequency
event can be determined by receiving a signal indicating an
over-frequency condition on the power grid, or can be deter-
mined by comparing instantaneous or average power grid
frequency to a pre-determined high frequency limit. For
example, in a 60 Hz AC power grid, a power grid frequency of
60.05 Hz or higher could be defined as a significant over-
frequency event. The frequency value selected as indicating
an over-frequency event can depend on the average frequency
of'the grid and the grid’s stability.

At process block 640, the controller determines if the pre-
dicted charge completion time is within a normal regulation
period. If the controller determines that the predicted charge
completion time is not within the normal regulation time
period, the lower charge rate limit is increased at process
block 642. In one embodiment, the normal regulation time
period may correspond to the time period of a charging cycle
that occurs after charging is initiated until a fixed period of
time threshold (e.g., thirty minutes) before the point in time
when the battery is desired to be fully charged. In one embodi-
ment, the controller calculates the remaining amount of time
for charging from the present time to the desired point of time
in the future for full charging and compares the calculated
remaining amount of time with the threshold to determine
whether the charging is within the normal regulation time
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period (e.g., whether the remaining amount of time for charg-
ing is greater than the threshold).

At process block 642, the controller increases the lower
charge rate limit to the average charge rate needed to achieve
the desired charge level within the regulation time period. For
example, the lower charge rate limit could be set to 0.2 from
0.0. The normal regulation time period can be determined by,
for example, a user setting a desired final charge time, a user
setting a desired charging period, or by a pre-determined
charging period (for example, four hours). In one embodi-
ment, the controller scales a needed charge rate to the rate
needed to achieve full charge by the desired point of time in
the future using, for example, the capacity information of the
battery, time remaining to reach full charge, and charger
efficiency. For example, the controller can scale a previously
determined needed charge rate by 1.01 to provide a new
needed charge rate. This needed charge rate is later used to
generate the regulation output rate, and hence, the charger
output rate.

At process block 644, the controller determines whether
the battery will be charged earlier than the end of the normal
regulation time period. In one embodiment, the controller
compares the actual charge rate with the desired charge rate.
Inone example, the controller determine whether a regulation
ratio value is greater than a predetermined regulation high
deviation limit. In one embodiment, the regulation ratio value
is calculated as:

(measured charge rate — needed charge rate)

regulation ratio value = -
maximum charge rate of charger

where the measured charge rate is the average charge rate of
the charger over a time period (for example, five minutes).
The result of this calculation can be multiplied by 100 to
provide the regulation ratio value in percent. In one embodi-
ment, the regulation high deviation limit is a limit above the
needed charge rate to which charging can exceed the needed
charge rate (e.g., 15%).

If process block 644 determines that the battery will be
charged earlier than the end of the normal regulation time
period, the controller proceeds to process block 646, where
the controller reduces the upper charge rate limit to the aver-
age charging rate needed to achieve the desired charge level
within the regulation time period. For example, the upper
charge rate limit could be set from 3.3 kW to 2.8 kW. The
upper charge rate limit and the lower charge rate limit are used
as upper and lower bounds for the regulation output rate,
which varies based on the frequency of the power grid. Thus,
the charging rate can be clamped between a range established
by the upper and lower charge rate limits. The upper and
lower charge rate limits can be expressed in units of, for
example, Amps, kilowatt-hours, or as a percentage of the
maximum output.

Turning to FIG. 6B, which is a portion of the flow chart 600
showing a generalized method for generating a regulation
signal. At process block 660, the upper charge rate limit is set
to the highest allowable level (e.g., 3.3 kW).

At process block 654, the controller determines whether
the current charger output rate is sufficient to charge the
battery within the minimum time needed to finish charging.
This minimum time remaining represents the shortest amount
of time the battery could reach full charge given the battery
SOC, charging efficiency, and upper charge rate limit. If the
controller determines that the battery will not be charged
within the minimum time needed to finish charging, the regu-
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lation output rate is increased at process block 666, where an
increased output charge rate is determined that will cause the
charger to charge the battery within the normal regulation
time period. Otherwise, the charging rate is determined to be
normal, and the upper and lower charge rate limits are
adjusted at process block 664. The minimum time needed to
finish charging can be calculated using a formula, for
example:

. . capacity charge
minimumtime =

maximum rate X charge efficiency

where capacity charge is the amount of battery charge that
still needs to be charged (in kilowatt-hours), the charge effi-
ciency is an efficiency rate determined for the battery (for
example, 0.98), and the maximum rate is the maximum pos-
sible output level for the charger (in kilowatt-hours). The
amount of time remaining can be determined by, for example,
a user setting a desired final charge time, a user setting a
desired charging period, or by a pre-determined charging
period (for example, four hours). In some embodiments, the
controller calculates a time left ratio and determines that the
regulation rate should be increased based on this time left
ratio (e.g., 98.5%). In one embodiment, the normal regulation
time period may correspond to the time period of a charging
cycle that occurs after charging is initiated until a fixed period
of'time threshold (e.g., thirty minutes) before the point in time
when the battery needs to be fully charged. In one embodi-
ment, the controller calculates the remaining amount of time
for charging from the present time to the desired point of time
in the future for full charging and compares the calculated
remaining amount of time with the threshold to determine
whether the charging is within the normal regulation time
period (e.g., the remaining amount of time for charging is
greater than the threshold).

At process block 664, the regulation output rate is set to
“normal charging.” In one particular implementation, the
upper and lower charge rate limits are defined relative to the
average charge rate. The upper charge rate represents the
maximum amount (e.g., in kilowatt-hours or amps) that the
charging rate can exceed the current average charge rate, and
the lower charge rate represents the maximum amount the
charging rate can fall below the current average charge rate. In
other examples, the upper and lower charge rate limits can be
defined in absolute terms, in which case the relationships
described below are adjusted accordingly. If the average
charge rate is greater than the maximum possible output level
for the charger, the upper charge rate limit is set to zero.
Otherwise, the upper and lower charge rate limits are adjusted
according to this relationship:

upper charge rate limit=maximum rate—average
charge rate

lower charge rate limit=average charge rate+maxi-
mum discharge rate

The maximum rate is the maximum possible output level
for the charger, and the maximum discharge rate is the maxi-
mum possible output level for the charger in the discharging
direction (e.g., the maximum possible output level for an
inverter powering the electrical power distribution system).

At process block 666, the regulation output rate is set to
“increase charging.” In one embodiment, the upper and lower
charge rate limits are adjusted as follows. If the maximum
charger output rate divided by two is greater than the average
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charge rate, then the lower charge rate limit is not adjusted,
while the upper charge rate limit is adjusted according to this
relationship:

maximumrate — average charge rate
3

upper charge rate limit=

If the maximum charger output rate divided by two is less
than or equal to the average charge rate, then the upper and
lower charge rate limits are adjusted according to this rela-
tionship:

upper charge rate limit= maximumrate — average charge rate

average charge rate + maximum discharge rate
3

lower charge rate limit=

At process block 670, the controller accesses one or more
charge parameters, which can include one or more of the
regulation output rate set at process blocks 660, 664, and 666,
as well as the upper and lower charge rate limits selected at,
for example, process blocks 642 and 646. Other charging
parameters can include one or more of time remaining (nor-
mal regulation time period), average battery charge rate (e.g.,
in kilowatts), battery SOC (e.g., in percent), and battery sys-
tem capacity (e.g., in Amp-Hours). Other charge parameters
can include one or more of maximum battery charge rate,
maximum battery discharge rate, charge efficiency, the up
deviation percent (the percentage the average charge rate is
allowed to exceed the nominal ratio), and the down deviation
percent (the percentage the average charge rate is allowed to
fall below the nominal ratio).

At process block 674, the frequency deviation of electrical
energy on the electrical power distribution system is deter-
mined by comparing the current frequency of the electrical
energy on the electrical power distribution system with the
nominal frequency of the electrical energy on the electrical
power distribution system. In one embodiment, an average
frequency of the electrical energy is calculated and used as the
nominal frequency. One example technique for obtaining the
average frequency information from direct measurements of
the electrical energy received at the location of the battery
charging system is to use a recursive implementation of a
finite-impulse-response (FIR) filter. In one embodiment, the
FIR filter computes the average frequency for a predeter-
mined amount of time (e.g., five minutes). In some embodi-
ments, the filter can be reinitialized if the system frequency
significantly exceeds or drops below the average frequency,
for example, if the frequency exceeds the under- or over-
frequency thresholds discussed above by a fixed or user-
selected amount (e.g., a measurement of 61.5 Hz when the
threshold is 60.5 Hz).

At process block 680, the controller scales the regulation
output rate to the charger output rate. If the current instanta-
neous frequency is greater than the average frequency, nor-
malization of the current frequency measurement to a histori-
cal frequency can be implemented according to the
relationship:

(current frequency — average frequency)

lized fr =
normatzed frequency (maximum frequency — average frequency)
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where the maximum frequency can be the maximum value of
the system frequency during a previous time period (for
example, two minutes). The normalized regulation output
rate can then be multiplied by the upper charge rate limit
previously calculated and added to the average charge rate to
determine the appropriate rate of charging.

Ifthe current instantaneous frequency is less than the aver-
age frequency, of the current frequency measurement to a
historical frequency can be implemented according to the
following relationship:

(current frequency — average frequency)

lized fi =
formanzed frequency (average frequency— average frequency)

where the minimum frequency can be the minimum value of
the instantaneous frequency during a previous time period,
for example, two minutes. The normalized regulation output
rate can by multiplied by the lower charge rate limit previ-
ously calculated and added to the average charge rate to
determine the appropriate output charge rate to be applied to
the battery system. For instance, in the example depicted in
FIGS. 11A-11G, the regulation rate can vary from -1.0 to
+1.0, while the charger output rate for the bi-directional
charger can vary from -3.3 kW to +3.3 kW. In other embodi-
ments, the charging and discharging rates need not be sym-
metric. For example, where the bi-directional charger output
rate varies from —0.8 kW to +3.0 kW, a regulation rate of -1.0
to 0.0 can linearly vary the charger output rate between -0.8
kW to 0.0 kW (e.g., a 0.1 change in the regulation rate
changes the discharging rate by 0.08 kW), while a regulation
rate of 0.0 to +1.0 can linearly vary the charger output rate
between 0.0kW t0 3.0kW (e.g., 2 0.1 change in the regulation
rate changes the discharging rate by 0.3 kW).

At process block 690, the controller determines if the
charger output rate determined at process block 680 is set to
a discharging value (e.g., a negative value), and if so, deter-
mines whether the battery system has an adequate SOC by,
for example, comparing a measured battery SOC to a prede-
termined value. In one embodiment, the predetermined value
is 20% SOC. This determination is performed to protect the
battery system, which can be damaged or prematurely aged if
discharged below a pre-determined level of SOC. If the
charger output rate from process block 680 is set to a dis-
charging value and the SOC is determined to not be adequate,
the method proceeds to process block 694, and the charger
output rate is set to not discharge (e.g., the energy storage
device can charge, but will not discharge). If the charger
output rate from process block 680 is set to a discharging
value and the SOC is determined to be adequate, or if the
charger output rate is set to charge or no charge, the charger
output rate is set to the value determined at process block 680.

It should be understood that the method acts in FIGS. 6A
and 6B do not necessarily occur in the illustrated sequence.
For example, the occurrence of an over-frequency event (il-
lustrated at process block 630) can be determined before the
occurrence of an under-frequency event (illustrated at process
block 640). In addition, in some embodiments, certain pro-
cess blocks can be modified or skipped entirely. For example,
the method acts performed at process blocks 616 and 618 can
be skipped entirely.

FIG. 7A is a schematic block diagram illustrating an
embodiment of a grid regulation system 700 according to the
disclosed technology. In the embodiment shown in FIG. 7A,
the grid regulation system comprises an electrical power dis-
tribution system 710, a electric vehicle charging station 720,
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and an electric vehicle 730. In some embodiments, the elec-
tric vehicle 730 can be a plug-in hybrid electric vehicle
(PHEV) including a lithium-ion battery system (not shown).
The electric vehicle 730 acts as an energy storage device, and
can receive power from, and supply power to, the electrical
power distribution system 710 when connected to the charg-
ing station 720 using an appropriate electric vehicle connec-
tor (for example, an SAE standard J1772 connector) 724 to
connect to the charging port 734. As shown, electric vehicle
connector 724 uses an AC current connection and includes
control pins for communicating control signals between the
charging station 720 and the electric vehicle 730 that includes
proximity detection (to prevent movement of the vehicle
while connected to the charger) and control signals to coor-
dinate the charging/discharging rate between the electric
vehicle and the charging station. In other embodiments, a
different suitable connector can be used, for example an IEC
62196 connector. The electric vehicle connector 724 need not
be limited to AC connections but can include, for example,
connections using DC current or electromagnetic induction.

FIG. 7B shows an example user interface 750 which can be
coupled to a controller (not shown) for transmitting com-
mands and parameters to the controller for regulating charge/
discharge cycles. As shown, the user interface includes an
LCD touch screen 764 mounted in a dashboard console 760 of
an electric vehicle. The LCD touch screen 764 displays but-
tons for controlling the normal regulation charge time for an
electric vehicle including a “down” button 770 to reduce the
target charge time and an “up” button 772 for increasing the
target charge time. The touch screen 764 also displays the
target charge time 780 that the controller is currently set to
(e.g., 6:00 AM). Once the electric vehicle user has set the
desired target charge time, the user can initiate a charging
sequence by touching the “Charge Now” button 784 dis-
played on the touch screen 764. The user interface is not
limited to an LCD touch screen but can be implemented in
several additional ways, including using mechanical buttons,
LED displays, plasma displays, electronic ink, or a connec-
tion to a remote device such as a smart phone, laptop com-
puter, or the like. The user interface 750 can be used not just
to adjust the target charge time, but can also be used to adjust
other charger functionality as well. In some embodiments, the
user interface 750 can be combined with other vehicle sys-
tems to adjust other vehicle functionality as well.

FIG. 8 is a schematic block diagram illustrating an embodi-
ment of a grid regulation system 800 according to the dis-
closed technology. The grid regulation system 800 represents
a particular implementation of the system 700 shown in FIG.
7A. In the embodiment shown in FIG. 8, an electric vehicle
830 is connected to a public charging station 810. Alterna-
tively, the electric vehicle 830 can be connected to a home
charging station 820. The public charging station 810
includes a user interface 811 having a display, a ZigBee
wireless network access point 812, an AC power connection
to an electrical power distribution system 805, and a commu-
nication link 814 to an electric service provider. The public
charging station 810 is connected to the electric vehicle 830
via an AC power connection 816, which connects to the
electric vehicle using a J1772 electric vehicle connector 818.
In some examples, the public charging station 810 performs
power metering and can process debits and credit transactions
for power transferred between the charging station and the
electric vehicle 830.

As shown, the electric vehicle connector 818 is connected
to an AC power bus 832 in the electric vehicle 830. The AC
power bus 832 is connected to an AC-to-DC battery charger
850, DC-to-AC grid-tie inverter 855, and a controller 840,

10

15

20

25

30

35

40

45

50

55

60

65

22

which includes a grid-friendly chip 844 to assist with ancil-
lary services for the grid based on, for example, AC frequency
or AC voltage. The AC-to-DC battery charger 850 is con-
nected to a battery 870, which is an example of an energy
storage device, via a DC power bus 836. The AC-to-DC
battery charger 850 is also connected to the controller 840
over a CAN bus 834. The DC-to-AC grid-tie inverter 855 can
convert DC power received from the battery 870 to AC power,
thus providing power to the electric power distribution system
805. Also connected to the energy storage device 870 is a
battery management system 860, which can assist with bat-
tery charge/discharge regulation, as well as report battery
parameters to the controller 840 using the CAN bus 834. The
controller 840 can issue commands to the battery charger 850
and the grid-tie inverter 855 over the CAN bus 834, as well as
receive parameters regarding, for example, charging perfor-
mance. The controller 840 also has a ZigBee wireless net-
work access point 842 that can be used to communicate with
public charging station 810 or home charging station 820.

The home charging station 820 includes a user interface
821 having a display, a ZigBee wireless network connection
822, an AC power connection to an electrical power distribu-
tion system 805, and a communication link 824 to an electric
service provider. The home charging station 820 can be a
residential smart meter, such as an AMI smart meter, and
includes a communication link 824 to an electric service
provider. In some examples, the home charging station 820
performs power metering can process debits and credit trans-
actions for power transferred between the charging station
and the electric vehicle 830. In some examples, the public
charging station 810 and/or home charging stating 820 can
perform some or all of the functions of the controller 840, for
example, determining a regulation output rate or a charger
output rate, which can both be transmitted to the battery
charger and/or grid-tie inverter using the ZigBee wireless
network connection 812 and 822, or by using the electric
vehicle connector 818 to connect to the CAN bus 834. or by
providing charging and discharging power to the electric
vehicle. For example, the public charging station 810 and/or
home charging station 820 can communicate with the electric
vehicle 830 using the SAE J2847 standard to send control
signals to the vehicle via an electric vehicle connector 818
(e.g., an SAE J1772 connector). In other embodiments, the
public charging station 810 and/or home charging stating 820
do not send a regulation output rate or charger output rate, but
instead provide charging power directly to, and accept dis-
charging power directly from, the electric vehicle 830 over an
AC or DC power connection.

FIG. 9 is a depiction of a grid regulation system 900
according to the disclosed technology, which includes a con-
troller 910 having a display 920, a BRUSA AC-to-DC charger
930, which is connected to the smart charger over a CAN
interface via a DSUB-9 connector and a serial cable 940, and
connected to an energy storage device (not shown) over a DC
power bus 950.

IV. Experimental Results

FIGS. 11A-G are graphs showing power output, regulation
output, instantaneous frequency, average frequency, differ-
ence between instantaneous and average frequency, battery
capacity, battery SOC, and average charging rate for a con-
troller coupled to a bi-directional charger and battery when
performing a method of selecting a charger output rate in
response to receiving data representing electrical character-
istics of an electric power distribution system in accordance
with the disclosed technology. As shown, the frequency input
data used represent hundreds of instantaneous frequency
measurements for an electric power grid.
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FIG. 11A is a graph showing an exemplary power output
response over time for a bi-directional charger in accordance
with the disclosed technology. The parameters used in this
example, which uses a PHEV as an energy storage device are,
shown in Table 1.

TABLE 1

Example System Parameters

3.3 kW max charge rate (220 Volt, 15 Amp)
3.3 kW max discharge rate (220 Volt, 15 Amp)
20.0 Ah battery size
11.33% initial state-of-charge

20.0% state of charge limit for discharge capabilities
0.90 critical time ratio

98% charging efficiency

128 second frequency averaging and minimum/maximum period
4 hour charging period

As shown, the power output of the bi-directional charger
varies from a maximum of 3.3 kW (full charging from electric
power distribution system to energy storage device)to a mini-
mum of 3.3 kW (full discharging from energy storage device
to electric power distribution system). The lack of discharge
during the first 20 minutes is attributed to the battery’s initial
state of charge being 11% and therefore below a predeter-
mined threshold of 20% state-of-charge for full regulation
services. As shown, the power output of the charger device
varies between full charging and full discharging, before stay-
ing near maximum charger output toward the end of the
charging period (after approximately 3.7 hours) in order to
fully charge the battery by the end of the charging period.

FIG. 11B is a graph showing an exemplary regulation
output response over time for a bi-directional charger in
accordance with the disclosed technology. As shown, the
regulation output is similar to the power output of the charger
device as shown in FIG. 11A, but is on the nominal regulation
output scale of =1.0 to +1.0.

FIG. 11C is a graph showing exemplary measured instan-
taneous and corresponding calculated average frequency
information over time in accordance with the disclosed tech-
nology. As shown, the power grid frequency varies signifi-
cantly, from over 60.03 Hz to less than 59.97 Hz. The average
frequency shown is a trailing 128 time period average of the
instantaneous frequency.

FIG. 11D is a graph showing an exemplary difference
between the instantaneous and average frequency over time
for a bi-directional charger in accordance with the disclosed
technology. As shown, the difference reflects the difference
between the two lines for instantaneous and average fre-
quency shown in FIG. 11C.

FIG. 11E is a graph showing an exemplary charged battery
capacity response over time for a bi-directional charger in
accordance with the disclosed technology. As shown, starting
at a time of zero hours, the battery capacity monotonically
approaches approximately 4 Amp-Hours, because the con-
troller does not allow the battery to discharge when at a state
of'less than 20% SOC (corresponding to a battery capacity of
4 Amp-Hours). Between 0.4 hours and 3.7 hours, the battery
charged capacity increases and decreases depending on
whether the battery is being charged or discharged, but tends
to approach 20 Amp-Hours. Finally, after 3.7 hours, the bat-
tery monotonically approaches 20 Amp-Hours in order to
meet the time constraint of a 4.0 hour charging period.

FIG. 11F is a graph showing an SOC response over time for
a battery system being charged by a bi-directional charger in
accordance with the disclosed technology. As shown, starting
at a time of zero hours, the battery SOC monotonically
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approaches 20% SOC, because the controller does not allow
the battery to discharge when at a state of less than 20% SOC.
Between 0.4 hours and 3.7 hours, the battery SOC increases
and decreases depending on whether the battery is being
charged or discharged, but tends to approach 100% SOC.
Finally, after 3.7 hours, the battery monotonically approaches
100% SOC in order to meet the time constraint of a 4.0 hour
charging period.

FIG. 11G is a graph showing an exemplary average charg-
ing rate response over time for a bi-directional charger in
accordance with the disclosed technology. As shown, the
average charging rate varies between approximately —7 amps
up to approximately 15 amps. As the charging period nears
the end, the average charging rate stays above 10 amps. As
shown, the average charge rate is predominately positive, in
part because of the limited time constraint to complete charg-
ing (4 hours).

Example source code for implementing embodiments of
the methods described above using a controller is included in
the ASCII file named “appendix.txt,” submitted herewith via
EFS, that includes computer program listings labeled Appen-
dix A and Appendix B, which are so labeled within the ASCII
file. Appendix A is source code in the C programming lan-
guage for simulating a grid regulation function according to
the techniques disclosed herein including reading a file
including frequency information for a electric power grid and
writing a file containing values of parameters and output
charge rates, including the output rate, the percentage of
charger output, battery SOC, battery charge rate in amps,
average battery charge rate, instantaneous frequency, average
frequency, and frequency differential according to the dis-
closed technology. Appendix B is source code in the C pro-
gramming language that implements a grid regulation func-
tion according to the techniques disclosed herein including
generating a bi-directional charger regulation signal.

FIG. 12 is a graph showing an exemplary power output
response over time for a charger device when performing a
method of selecting a charge rate output in response to receiv-
ing data representing electrical characteristics of an electric
power distribution system. As shown, the maximum charger
output is limited to a maximum of 7.2 kW and a maximum
discharge of -7.2 kW. The maximum charging rate is deter-
mined by the maximum current that the charger can supply
and/or that the energy storage device canaccept (as shown, 30
amps at a voltage of 240V). The power output response over
time has been damped, in contrast to the power output
response of FIGS. 11A-F, in order to provide smoother
charger output with less variation.

Having described and illustrated the principles of the dis-
closed technology in the detailed description and accompa-
nying drawings, it will be recognized that the various embodi-
ments can be modified in arrangement and detail without
departing from such principles. For example, the disclosed
technology canbe used in connection with any of the embodi-
ments described in U.S. Pat. No. 7,149,605, which was filed
Jun. 13, 2003 and is entitled “Electrical Power Distribution
Control Methods, FElectrical Energy Demand Monitoring
Methods, and Power Management Devices,” U.S. Pat. No.
7,010,363, which was filed Jun. 13, 2003, and is entitled
“Electrical Appliance Energy Consumption Control Methods
and Electrical Energy Consumption Systems,” and U.S.
patent application Ser. No. 12/467,192, which was filed May
15, 2009, and is entitled “Battery Charging Control Methods,
Electric Vehicle Charging Methods, Battery Charging Appa-
ratuses and Rechargeable Battery Systems,” all three of
which are hereby incorporated herein in their entirety. It
should be understood that the programs, processes, or meth-
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ods described herein are not related or limited to any particu-
lar type of computing or hardware environment, unless indi-
cated otherwise. Various types of general purpose or
specialized hardware environments can be used with or to
perform operations in accordance with the teachings
described herein.

In view of the many possible embodiments to which the
principles of the disclosed technology can be applied, it
should be recognized that the illustrated embodiments are
only examples of the disclosed technology and should not be
taken as a limitation on the scope of the disclosed technology.
Rather, the scope of the disclosed technology is defined by the
following claims and their equivalents. We therefore claim all
that comes within the scope and spirit of these claims and
their equivalents.

We claim:

1. A method, comprising:

monitoring a frequency of an electrical power distribution

system,

when the frequency of the electrical power distribution

system is in a first frequency range, receiving power
from the electrical power distribution system and charg-
ing an energy storage device at a charging rate with the
received power, the charging rate being selected based at
least in part on a pre-determined or user-selected
completion time for charging the energy storage device;
and

when the frequency of the electrical power distribution

system is in a second frequency range different from the
first frequency range, discharging the energy storage
device at a discharging rate and delivering power from
the energy storage device to the electrical power distri-
bution system, the discharging rate being selected based
on a measured average charging rate for the energy
storage device, the discharging rate also being selected
to allow charging the energy storage device to a comple-
tion charge by the end of the pre-determined or user-
selected completion time.

2. The method of claim 1, wherein the discharging rate is
based atleast in part on an average frequency derived from the
frequency of the electrical power distribution system.

3. The method of claim 1, wherein the discharging rate is
based on a state-of-charge of the energy storage device.

4. The method of claim 1, further comprising clamping the
charging rate or the discharging rate below a first selected
charging rate or above a second selected charging rate,
wherein the first and second selected charging rates are
selected in response to a pre-determined or user-selected
completion time for charging the energy storage device.

5. One or more non-transitory computer-readable storage
media storing computer-readable instructions that when
executed by a computer cause the computer to perform a
method, the method comprising:

monitoring a frequency of an electrical power distribution

system,

when the frequency of the electrical power distribution

system is in a first frequency range, receiving power
from the electrical power distribution system and charg-
ing an energy storage device at a charging rate with the
received power; and

when the frequency of the electrical power distribution

system is in a second frequency range different from the
first frequency range, discharging the energy storage
device ata discharging rate clamped below a discharging
rate selected in response to an actual average charging
rate for the energy storage device and a completion time
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for charging the energy storage device and delivering
power from the energy storage device to the electrical
power distribution system.

6. The one or more non-transitory computer-readable stor-
age media of claim 5, wherein the discharging rate is based at
least in part on an average frequency derived from the fre-
quency of the electrical power distribution system.

7. The one or more non-transitory computer-readable stor-
age media of claim 5, wherein the discharging rate is based on
a state-of-charge of the energy storage device.

8. The one or more non-transitory computer-readable stor-
age media of claim 5, wherein the method further comprises
clamping the charging rate below a selected charging rate, the
selected charging rate being selected in response to a pre-
determined or user-selected completion time for charging the
energy storage device.

9. A system, comprising:

one or more processing units;

the one or more non-transitory computer-readable storage

media of claim 5; and

an interface to a bi-directional charger operable to charge

and discharge the energy storage device responsive to
the processing units executing computer-readable
instructions stored on the computer-readable storage
media.

10. A method, comprising:

charging an energy storage device in response to a fre-

quency of an electrical power distribution system when
the frequency is within a first frequency range, the charg-
ing occurring responsive to a pre-determined or user-
selected completion time for charging the energy stor-
age device at a charging rate selected based at least in
part on an actual average charging rate for an energy
storage device;

discharging the energy storage device in response to a

frequency of the electrical power distribution system
when the frequency is within a second frequency range,
the discharging occurring responsive to the pre-deter-
mined or user-selected completion time for charging the
energy storage device; and

delivering power from the discharging energy storage

device to the electrical power distribution system.

11. The method of claim 10, wherein the discharging
occurs responsive at least in part to an average frequency
derived from the frequency of the electrical power distribu-
tion system.

12. The method of claim 10, wherein the discharging
occurs responsive to a state-of-charge of the energy storage
device exceeding a predefined value.

13. The method of claim 10, wherein the frequency is a first
frequency, further comprising:

charging an energy storage device in response to a second

frequency of the electrical power distribution system
when the second frequency is within a second frequency
range; and

receiving power transmitted from the electrical power dis-

tribution system to the charging energy storage device.

14. The method of claim 13, further comprising a step for
generating a regulation signal causing a charging system to
perform the acts of charging the energy storage device and
receiving the power.

15. The method of claim 10, wherein the frequency is an
instantaneous frequency.

16. The method of claim 10, further comprising a step for
generating a regulation signal causing a charging system to
perform the acts of discharging the energy storage device and
delivering the power.
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17. One or more non-transitory computer-readable storage
media storing computer-readable instructions that when
executed by a computer cause the computer to perform a
method, the method comprising:
charging an energy storage device in response to a fre-
quency of an electrical power distribution system when
the frequency is within a first frequency range at a charg-
ing rate selected based at least in part on an actual aver-
age charging rate for an energy storage device;

discharging an energy storage device in response to a fre-
quency of an electrical power distribution system when
the frequency is within a second frequency range, the
discharging occurring responsive to the pre-determined
oruser-selected completion time for charging the energy
storage device at a discharging rate selected based at
least in part on an actual average charging rate for an
energy storage device; and

delivering power from the discharging energy storage

device to the electrical power distribution system.

18. The one or more non-transitory computer-readable
storage media of claim 17, wherein the discharging occurs
responsive to a state-of-charge of the energy storage device
exceeding a predefined value.
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19. The one or more non-transitory computer-readable
storage media of claim 17, wherein the frequency is a first
frequency, further comprising:

charging an energy storage device in response to a second

frequency of the electrical power distribution system
when the second frequency is within a second frequency
range; and

receiving power transmitted from the electrical power dis-

tribution system to the charging energy storage device.

20. The one or more non-transitory computer-readable
storage media of claim 17, wherein the method further com-
prises a step for generating a regulation signal causing a
charging system to perform the acts of discharging the energy
storage device and delivering the power.

21. A system, comprising:

one or more processing units;

the one or more non-transitory computer-readable storage

media of claim 17; and

an interface to a bi-directional charger operable to charge

and discharge the energy storage device responsive to
the processing units executing computer-readable
instructions stored on the computer-readable storage
media.



