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(57) Abstract: An expert system manages a power grid wherein charging stations are connected to the power grid, with electric
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then the SOC is obtained based on a mapping between a previously measured reference OCV (ROCV) and SOC. The OCV-SOC
calculation method accommodates likely any battery type with any current profile.
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BACKGROUND OF THE INVENTION

[0005] 1. Field of the Invention

[0006] This invention pertains generally to electric vehicles (EVs), and more
particularly to infrastructure modifications and additions to provide capabilities
for charging many EVs over a power supply grid.

[0007] 2. Description of Related Art

[0008] Recent advances in battery technology and communications,
information, and wireless technologies, as well as increased awareness in
green energy and greenhouse gases, have resulted in dramatic innovations in
electric vehicles using these technologies. Products such as the Nissan Leaf,
Chevy Volt, and Ford Focus Electric are being promoted in the process of
creating mass markets for electric vehicles in the United States. Electric
utilities, on their part, are working towards enhancing their own infrastructures
through both their own investments as well as those from the United States
Department of Energy (US DOE) Stimulus Grants. These infrastructure
enhancements will require massive changes in distribution as well as
transmission systems.

[0009] If 25% of all vehicles were electric vehicles (EVs), the present
infrastructure in the United States would be unable to support charging those
EVs. Some electric utilities have reported numbers that indicate that even a
single 220V charger within the circuit served by a transformer may, during
peak consumption hours, overload and burn out the transformer. Therefore,
the existing infrastructure needs to be upgraded both from a capacity
standpoint as well as from a flexibility and power routing and control
standpoint.

[0010] Adding capacity to an electric utility's infrastructure is far more
expensive than adding intelligence and a smart power routing capability, and
the eventual solution will likely require a smart combination of both. Certainly,
adding auxiliary power sources at the edge of the power network such as
residential solar photovoltaic cells (PVCs) to feed into the grid would help from

a capacity standpoint, but using such alternative power sources in a smart
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manner so as the move the energy around where it is needed from where it is
produced will require a very smart grid.
BRIEF SUMMARY OF THE INVENTION

While adding capacity and adding smartness are challenges, there are
unique opportunities that electric vehicles (EVs) can provide. Due to the large
number of batteries contained in these EVs, there is a potential of aggregating
them to create an energy storage buffer that can absorb excessive power
during low-load periods such as during the night, and become an additional
source of electrical power during high-load periods, such as a hot summer's
afternoon. Such a system could help substantially with demand response,
which is a key and yet challenging problem for the utilities. This EV source of
energy can also provide buffer power for smoothing out frequency fluctuations
resulting from mismatched demand (generation versus consumption), and
may therefore be used for demand dispatch by the utilities.

All of these needs and capabilities require the integration of
sophisticated technologies that include, without limitation, communications,
wireless, sense-and-control, Internet, mobile, cloud computing, lithium-ion and
other battery technologies, superconductors, etc. The technical approach
shown here aggregates the state of the charge information from vehicles with
demand dispatch and demand response signals to automatically achieve grid-
to-vehicle charging or reverse charging from vehicle-to-grid.

Accordingly, an aspect of the present invention is to create a "smart"
electric vehicle that includes a computer and software that runs on the
computer. The software may include, for example, programming for
performing various functions for the operation of vehicle charging system.
Examples include calculating open circuit voltage (OCV) and corresponding
state of charge (SOC) of the venhicle's battery. The electric vehicle may also
include a voltage sensor connected to the computer and associated
programming for measuring battery voltage, and as well as a current sensor
connected to the computer and programming for measuring battery current.

Additionally, the electric vehicle may include a global positioning sensor for
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[0014]

[0015]

[0016]

determining the position of the electric vehicle, a transmitter for transmitting
the position, state of charge, and identification of the electric vehicle. The
electric vehicle may include a receiver for receiving information from a remote
source. Such information received from the remote source may include the
location of a charging station, the charge capacity of the charging station, and
the cost per kWh of charge at the charging station.

According to another aspect of the invention, a charging station may be
provided for charging an electric vehicle. The charging station may, for
example, also provide for receipt of by an electric vehicle, the location of the
charging station, the charge capacity of the charging station, and the cost per
kWh of charge at the charging station. The cost per kWh of charge at the
charging station may be static or dynamic. The charging station may include a
grid tie inverter connected to a power grid whereby power from a connected
electric vehicle is backfilled to the power grid. The charging station may
include a transceiver for communicating with an electric vehicle, control
system, etc.

Another aspect of the invention is to provide a client portal. The client
portal may include, for example, a display device and a transceiver. The
transceiver may, for example, provide for wirelessly communicating with an
electric vehicle, a charging station, and/or a power grid expert system. The
display device may, for example, indicate state of charge of the electric
vehicle. a projected range of the electric vehicle, and cost per kWh of charge
at a charging station.

Still another aspect of the invention is to provide a power grid expert
system. The power grid expert system may include, for example, a computer
and software with programming for managing a power grid, one or more
charging stations connected to the power grid, and zero or more electric
vehicles connected to each charging station. The grid expert system may, for
example, selectively backfill power from electric vehicles to the power grid
through a grid tie inverter within one or more of the charging stations if at least

one electric vehicle is connected to one charging station.
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Another aspect of the invention is to provide means for aperiodically
charging the electric vehicle's battery from power grid, such as from a
charging station. The charging station may include a grid tie inverter
connected to the power grid, whereby the electric vehicle battery is selectively
discharged to provide power to the power grid.

In still another aspect of the invention, a method of calculating a state of
charge of a battery is provided. The method may include, for example,
mapping a reference open circuit voltage (ROCV) to a Reference state of
charge (RSOC) of the battery through a discharge cycle to produce a ROCV-
RSOC mapping, measuring a current and a voltage over a period of time from
the battery, calculating an open circuit voltage (OCV) of the battery under a
load, and determining the state of charge (SOC) by using the ROCV-RSOC
mapping. This method of calculating state of charge of a battery may include,
for example, determining a maximum capacity of the battery and tracking over
time the maximum capacity of the battery as a state of health of the battery. In
this method of calculating state of charge of a battery, the calculating step
does not use a schematic model of the battery.

The method of calculating state of charge of a battery may include, for
example, determining a time-averaged current draw by averaging the current
over the period of time from the battery, determining a time-averaged electric
vehicle speed by averaging an electric vehicle speed over another period of
time, determining a remaining battery capacity by multiplying the state of
charge (SOC) by a maximum capacity of the battery, and determining a
remaining range by dividing the remaining battery capacity by the time-
averaged current draw, and multiplying by the time-averaged electric vehicle
speed. The method may further include, for example, transmitting from the
electric vehicle the remaining range to a client portal. Here, the transmitting
step may be either direct or via a relayed transmission.

Further aspects of the invention will be brought out in the following
portions of the specification, wherein the detailed description is for the purpose

of fully disclosing preferred embodiments of the invention without placing
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limitations thereon.
BRIEF DESCRIPTION OF THE SEVERAL VIEWS
OF THE DRAWING(S)

[0021] The invention will be more fully understood by reference to the following
drawings which are for illustrative purposes only:

[0022] FIG. 1 is a block diagram of the various components of an embodiment
of the WINSmartEV architecture according to the present invention.

[0023] FIG. 2A is a block diagram of the various components of the
WINSmartEV communication architecture according to the present invention.

[0024] FIG. 2B is a block diagram of the various components of the UCLA
WINSmartEV communication architecture demonstrating the information paths
between components according to an embodiment of the present invention.

[0025] FIG. 3 is a diagram showing how a smart phone may be used in
conjunction with an electric vehicle charging station to provide cost of charging
information for cheapest, fastest, and optimized charging, taking into account
the cost of electricity at the location of the charging station, according to an
embodiment of the invention.

[0026] FIG. 4 is a diagram showing a smart phone displaying a map of nearby
charging stations, and a nearby charging station pushing real-time charging
information to the smart phone, according to an embodiment of the invention.

[0027] FIG. 5 is a diagram of a smart phone displaying user charging
preferences, and how such preferences may be stored on an Internet cloud,
according to an embodiment of the invention.

[0028] FIG. 6 is a diagram of a central server, typically based on an Internet
cloud, in communication with multiple charging stations, whereby the central
server may intelligently coordinate the charging of many electric vehicles
based on user charging preferences, according to an embodiment of the
invention.

[0029] FIG. 7 is a photograph of a WINSmartEV test bed for a low powered
electric vehicle setup according to an embodiment of the invention.

[0030] FIG. 8 is a diagram of wired or wireless communication
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interconnections among a set of sense and control modules for an
implementation of a Smart Grid home automation system.

[0031] FIG. 9 is a diagram of a wireless communication schematic gateway
among a set of WINSmartGrid wireless sense and control modules according
to an embodiment of the invention.

[0032] FIG. 10 is a diagram of communication interconnections among a set of
WINSmartGrid wireless sense and control modules in the demand response
automation platform environment (DRAPE) according to an embodiment of the
invention.

[0033] FIG. 11 is a diagram illustrating WINSmartGrid automation challenges.

[0034] FIG. 12 is a diagram of a primary and secondary layer for the
WINSmartGrid automation system according to an embodiment of the
invention.

[0035] FIG. 13 is a diagram of a WINSmartGrid intelligent gateway according
to an embodiment of the invention.

[0036] FIG. 14 is a graph of reference open circuit voltage (ROCV) versus
reference state of charge (RSOC) measured during a complete discharge

cycle for a typical lithium ion battery.

[0037] FIG. 15A is schematic of an RC model of a battery.

[0038] FIG. 15B is a schematic of a nonlinear model of a battery.

[0039] FIG. 15C is a schematic of a battery RC network model.

[0040] FIG. 16 is a flowchart for determining the open circuit voltage (OCV) of

a battery according to embodiments of the invention.

[0041] FIG. 17A is a graph comparing the state of charge (SOC) for a
measured and modeled battery undergoing a periodic discharge according to
the teachings herein.

[0042] FIG. 17B is a graph comparing the state of charge (SOC) for a
simulated and modeled battery undergoing a constant load discharge
according to the teachings herein.

[0043] FIG. 17C is a graph comparing the state of charge (SOC) for a

simulated and modeled battery undergoing a constant power discharge
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according to the teachings herein.

[0044] FIG. 17D is a graph comparing the states of charge (SOC) for a
simulated and modeled battery undergoing a piecewise constant power
discharge according to the teachings herein.

[0045] FIG. 18A is a graph of state of charge (SOC) error after several ~20ms
extraction steps according to the teachings herein.

[0046] FIG. 18B is a graph of open circuit voltage (OCV) error after several
~20ms extraction steps according to the teachings herein.

[0047] FIG. 19 is a graph showing the relationship between model runtime
versus sampling rate, where the relationship is a linear regression of the
semilogarithmic curve fit, showing an extrapolated upper limit of the sampling
rate, according to the teachings herein.

[0048] FIG. 20A is a graph of the state of charge (SOC) versus time for
measured and modeled SOCs as the modeled window length is increased
while the sampling rate remains constant, where t,, is the window width and tin;
is the sampling interval, according to the teachings herein.

[0049] FIG. 20B is a graph of the state of charge (SOC) versus time for
measured and modeled SOCs as the modeled window length is increased
while the number of samples in the window remains constant, where t,, is the
window width and ti is the sampling interval, according to the teachings
herein.

[0050] FIG. 21 is a graph of the state of charge (SOC) error versus time for
three different modeled battery chemistries showing that SOC errors were
typically below 4%, according to the teachings herein.

DETAILED DESCRIPTION OF THE INVENTION

[0051] A. WINSmartEV

[0052] WINSmartEV, as the term is used herein, is a system for smart
charging electric vehicles (EVs) and optional using batteries in the EVs for
backfilling to a power grid via charging stations equipped with grid tie inverters.

FIG. 1 shows a block diagram of the various components of an embodiment

of the WINSmartEV architecture 100 according to the present invention. Here,
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WINSmartEV 102 synergistically interacts with a WINSmartGrid 104. Major
components of WINSmartEV may include: a platform 106, a smart energizing
module 108, a client portal 110a (with a suitable display and control
application executable 110b on it), and radio frequency identification (RFID)
and radio frequency (RF) sensor technology embedded in charging or
backfilling stations 112a (with hardware circuit control and billing software
112b) and electric vehicles 114a (with battery current and voltage sensors, a
battery management system, and global positioning system 114b). In some
implementations, RFID and RF sensor technology may be associated with
smart meters 116a (using an advanced metering infrastructure AMI for usage
monitoring and control 116b) as well.

[0053] 1. Platform

[0054] The platform 106 is used as the infrastructure to: 1) connect to EV 114a
electric power sensors, global positioning system (GPS) chips, and other EV
data; 2) control and utilize the wireless network for communication; 3) allow
data filtration, aggregation and messaging; and 4) provide a portal 110 for data
integration and decision making.

[0055] 2. Smart Enerqizing

[0056] Smart Energizing 108 is the management of EV 114 battery charging

rates and extent of the charge backfill station 112 based on some or all data,
including, but not limited to: grid stability, energy cost, vehicle location, battery
status, driver preferences, and driving patterns.

[0057] The Smart Energizing 108 module would communicate with database
118 containing information including, but not limited to: EV profiles, billing
locations and schedules, and customer behavior data.

[0058] 3. Smart Interface - Client Portal

[0059] Users may set charging requirements for their vehicles, e.g. maximum

time, maximum price, using a web or smart phone application, referred to
herein as either a smart interface or client portal 110. These charging

requirements become a user’s “charging profile.”

[0060] Real-time information about available charging stations, type of charger
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capacities, ability to both charge and backfill (grid tying), type of battery in the
current EV, and dynamic pricing from the utility will affect the maximum and
minimum limits for user selectable parameters of charge time and price.

[0061] User profile information may include the different vehicles the user
operates, a charging profile for each vehicle, and optionally for each day of the
week, a user immutable charge priority (e.g. emergency response vehicle), as
well as a confidence level associated with how accurately the user adheres to
his charging profile. For instance, does the user actually leave earlier than the
time specified by their maximum charging time? (This would imply that a faster
charging with commensurate higher costs might be an option.)

[0062] 4. Aggregator or Expert System

[0063] An power grid expert system 120 (perhaps elsewhere referred to as an
“aggregator”) is provided to address grid balancing, grid management and
prediction of peak and off-peak hours to store excess capacity, and/or
demands for large numbers of EVs charging efficiently, economically and
safely.

[0064] For example, user charging profiles (e.g. time and price requirements)
and utility time-of-day charging restrictions and maximum load limits are used
to dynamically schedule charging for one to "n" number of EVs.

[0065] The aggregator preferably directly communicates with and controls
charging or backfilling stations 112, either by a proportional function of charge
current control or simple on/off toggling at specific charge rates.

[0066] The aggregator also preferably provides a portal for utilities to
chronologically view and control “big picture” charging status for a large
number of vehicles, predict load demand, and plan demand response 122.
Demand response 122 would concentrate on stability, rates, and grid impacts
for various load and backfill situations.

[0067] The aggregator may also create daily, weekly, or monthly projections
for energy demand based on user profile data.

[0068] By means of the power grid expert system 120, utilities could set peak

hours during which charging should be avoided and, contingent on availability,

-10-
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the storage capacities of specified EVs could be used to augment power

generation during periods of high demand in a modified demand response

scenario.
[0069] 5. RFID and RF Sensor Technology
[0070] RFID or RF-sensor tags on the EVs and charging stations may be used

to track and identify usage and preference information of each EV. Automatic
charge/discharge intelligence may also be stored within some managed smart
RFID tags.

[0071] EV usage information and electric grid status may be collected
wirelessly to determine better efficient and economic charging operation of the
EVs. This information may be used to form the basis of “customer intelligence”
whereby the activities and preferences of a user are stored and analyzed in a
“Customer Behavior” 124 module. Due to different grid stability/reliability,
geographical location of the EVs and driving patterns of the EVs, effective
management of charging and backfill operations are used to lower electricity
rates and flatten electric load curve. Each EV is equipped with a handheld
device to allow the driver to receive instructions or seek advice to better
manage the EVs’ battery charging/backfill process.

[0072] The WINSmartEV component architecture includes a WINSmartEV
communication architecture 200, which will be further described below. It is
understood that in today’s world, cyber security 126 must be used to protect
the various communication linkages with encryption and decryption of wireless
and wired messages to and from various sensors.

[0073] For example, an alert (such as to a smart phone acting as a client portal
110a) may be issued to the driver when the battery capacity falls below a
threshold level. The alert could include a list of near-by charging station
locations, distances, charge rate current capacities, whether they have grid tie
inverters, and projected energy costs based on the time of the day. The client
portal application 110b may additionally use a system to inform the driver of
the optimum course of action.

[0074] The batteries on the EVs when not in driving status can also be

11-



10

15

20

25

30

WO 2011/156776 PCT/US2011/040077

collectively used to serve as the energy storage which then backfills into the
local electric grid to prevent power outage during peak demand. In this
scenario, an alert may be issued to a driver’s smart interface 110 when a
predicted instability in the grid is detected. The alert can instruct the driver to
bring the vehicle to the appropriate charging station to serve as backfill
battery.

[0075] Existing EVs and charging stations usage patterns may be used to
determine the appropriate sensors and wireless communication modules to be
installed. Communication and alerting systems are implemented by integrating
the system within the Advanced Metering Infrastructure (AMI) and the
Demand Respond system.

[0076] Pricing models are also integrated into the preferences, aggregation

and usage models by the consumer.

[0077] 6. Platform Features
[0078] It will be appreciated, therefore, that features of platform 106 include
the following:

(a) a smart aggregation method allows the power grid expert system
120 or utility to create monitoring and controls for EVs 114a, which would be a
generalizable and scalable approach;

(b) a simplified user client portal 110a allows for rapid setting of various
preferences by a consumer or user;

(c) a generic method to connect the various EVs 114a into an
aggregated platform is provided;

(d) a direct linkage between the user and their EV 114a is provided;

(e) the platform assists the electric utility with managing energy
consumption in a microgrid fashion;

(f) the platform allows the electric utility to achieve demand response
through simple instructions via the aggregation system;

(g) the platform connects the electric utility to the customer via the
aggregation system; and

(h) hot swappable connectivity for testing various electric vehicle and

-12-
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communication technologies for implementation of Vehicle-to-Grid and Grid-to-
Vehicle power flow is provided.
[0079] 7. Communication

[0080] Inherent in all of the WINSmartEV interconnections are communications

126 associated with cyber security 128 methods to reduce system
susceptibilities.

[0081] Refer now to FIG. 2, which is a block diagram 200 of the various
components of an embodiment of the WINSmartEV communication
architecture according to the present invention. The power grid expert system
(PGES) 120 uses the database 118 previously discussed to communicate
through the internet 202 to a 3G or GPRS cell or WiFi tower 204. Up to this
point, all communications may be wired (fiber optically connected). The
previously described smart meters 116, EVs 114, charging or backfilling
stations 112, and client portals 110 may communicate either directly through
ZigBee or Bluetooth protocols, or indirectly through a 3G or GPRS cell or WiFi
tower 204. Various other methods are used in the overall communication
architecture, including, but not limited to: WiFi, 3G, Bluetooth, ZigBee, RFID,
global positioning system (GPS) tracking, messaging, controls, advanced
metering infrastructure (AMI) integration, and web based control and
monitoring applications.

[0082] FIG. 2B is a block diagram of the various components of an
embodiment of a WINSmartEV communication architecture according to the
present invention, demonstrating the information paths between components.
This will be discussed further in Section C. "Recent Developments" below.

[0083] 8. Operation of WINSmartEV

[0084] Refer now to FIG. 3, which is a diagram 300 showing how a smart

phone 302 may be as a client portal (see FIG. 1, 110a) used in conjunction
with an electric vehicle 304 charging station 306 to provide cost of charging
information for cheapest, fastest, and optimized charging, taking into account
the cost of electricity at the location of the charging station 306. Using the

communications previously described in FIG. 2, the smart phone 302 may
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communicate 308 with either or both of the electric vehicle 304 and the
charging station 306. Such communications 308 may be used to determine
what the estimated charge time 310 and a real-time cost 312 for a selected
charge mode 314. Here, the “Cheapest” charge mode 314a is set among

5 other modes that include “Fastest” 314b and “Optimized” 314c, which are
elucidated below.

[0085] In this scenario, the electric vehicle 304 may provide the battery state of
charge 316 in percent. By knowing the capacity of the battery and the state of
charge 316, and the estimated rate of discharge for the particular electric

10 vehicle 304, an estimated range 318 may be calculated. By transferring data
from the nearest charging station 306, the smart phone 302 may also display
the expected charging cost per kWh 320.

[0086] Additionally, the battery state of charge 316 may be displayed 320 as a
traditionally discharging batter bar graph.

15 [0087] The user selectable charge mode 314 may be selected from three
modes: cheapest, fastest, and optimized. During a “cheapest” 314a charge,
the electric vehicle 304 is charged in the cheapest possible manner given the
cost per kWh at the charging station 306 and the charge receiving
characteristics of the electric vehicle 304. Similarly, during the “fastest” 314b

20 charge, the electric vehicle is charged at its maximum rate, regardless of cost
per kWh. Finally, during an “optimized” 314c¢ charge, the charging may be
optimized based on both system defined limits (charge acceptance capacity of
the electric vehicle 304, charging limits and costs of the charging station 306,
and user assigned values relating their time availability and cost of their time.)

25 [0088] Refer now to FIG. 4, which is a diagram 400 showing a smart phone
402 displaying a map 404 of nearby charging stations 406, and a nearby
charging station pushing real-time charging information to the smart phone
402 resulting in a cost per kWh 408.

[0089] Since the smart phone 402 may be outside the direct reception range of

30 a nearby charging station 406, a server 410 may push 412 the information on

a real time basis based on the location of the EV monitored by the smart
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phone 402, and the cost of charging at that location. Such a data connection
would require information regarding the location of the smart phone 402, likely
from cell tower connection location, or global positioning system (GPS)
hardware on the smart phone 402.

Refer now to FIG. 5, which is a diagram 500 of a smart phone 502
displaying user charging preferences 504, and how such user preferences
may be stored on an internet cloud 506, allowing for access from nearly
anywhere, with a variety of devices. Among such preferences may be maxima
and minima for: total cost allowed for charging, charging time allowed, and
desired EV travel range. Various alerts 508 may also be set for charge
completion or low charge states.

Refer now to FIG. 6, which is a diagram 600 of a central server 602,
typically based on an internet cloud 604, in communication 606 with multiple
charging stations 608, whereby the central server may intelligently coordinate
the charging of many electric vehicles 610 based on user charging
preferences stored in a database on the central server 602. Here, the central
server 602 may control simultaneous charging of many vehicles, based on
users’ profiles, selections of charge modes, allowable charging costs, and
allowable time limits for charging.

9. WINSmartEV Test Bed: EV Smart Charging or Discharging for Grid
Integration

Refer now to FIG. 7, which is a photograph of a WINSmartEV test bed

700 for a low powered electric vehicle setup. The WINSmartEV test bed allows

for the analysis of electric vehicle battery management in order to provide
smart scheduling for consumer charging of electric vehicles and smart
discharging for vehicle-to-grid implementation. The test bed allows for the
implementation of control signals sent from an electric vehicle aggregation
operator through various communication channels. The testing of these
communication channels is important since there are several communications
restrictions in parking garage scenarios where the electric vehicles will be

located. Also, the communications must support sense-and-control
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requirements of the test bed. The WINSmartEV test bed allows for different
load conditions to be tested with varying bidirectional power flow and multiple
communications technologies to analyze various scenarios of electric vehicle
charging, discharging, and grid backfilling.

Current state of the art Vehicle-to-Grid implementations involve
proprietary software and hardware architectures that do not allow for testing of
the various electric vehicle charging/discharging environments.

FIG. 7 shows an exemplary test bed setup with the components of a
Low Powered Electric Vehicle (LPEV). The hardware comprises the LPEV
lead acid batteries 702 connected to the charging and battery management
system 704. The batteries 702 are charged from the grid by connecting the
charging system to the grid power through a grid tie inverter 706. For the bi-
directional flow, 4 of the 6 batteries 702 shown in FIG. 7 are connected to a
grid tie inverter 706 that monitors the grid power waveform for phase
alignment, and then converts the battery 702 DC power to AC power. The AC
output of the grid tie inverter 706 is synchronized in phase to the grid power to
prevent harmful harmonics.

Connected to the charging and battery management system 704 and
the grid tie inverter 706 is an Arduino microcontroller 708 and contactors for
high power switching. The Arduino microcontroller 708 receives input from the
gateway 710 and actuates the contactors as well as takes measurements of
the batteries 702.

The gateway 710 is an x86_64 computer running Debian Linux. It acts
as a web server, database server, ssh server, and manages all Arduino
microcontrollers connected to the gateway 710 via Universal Serial Bus or
xBee ZigBee communication chip. The gateway also has a touch screen
connected, which shows a menu for controlling charging, discharging,
activation of individual appliances, HVAC, etc.

The gateway 710 also wirelessly communicates to the Control
Center/Electric Vehicle Aggregation Operator (Aggregator). The aggregator

will take in user schedules via mobile application as well as other factors that
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affect charging in order to implement higher level control algorithms to
optimize charging/discharging. The Aggregator may in fact also be the power
grid expert system. The higher level control algorithms for optimization control
algorithms may be dynamic and simulated virtually prior to application.
Simulation and testing are done through MATLAB® and Simulink® software as
well as other resources to determine appropriate use.

Six analog inputs are used from the Arduino microcontroller 708 to
measure the battery 702 health. Information on the each of the batteries
voltages is determined using resistance voltage dividers. This allows for close
monitoring of battery pack cells to determine faulty cells which lead to the
overall degradation of the pack. Battery 702 current is measured by Hall
Effect sensors. The Hall Effect sensors use a secondary Arduino
microcontroller for measurement. With both current and voltage total power
consumption and generation of the battery 702 system can be accurately

monitored.

[00100] A relay board is used to actuate the charge and discharge systems.

The test bed uses the Tern, (Tern, Inc., 1950 5th St. Davis, CA 95616, USA)
Relay7 board. Solid state relays and contactors are used for the high-current
application. The Relay7 board receives a signal from the Arduino
microcontroller 708 to actuate the high power contactor or solid state relays.
The Relay7 is connected to a separate Arduino microcontroller, which controls
all of the Relay7's functions using pins 12-7 for activating the relays, and
powers the ULN2003AN chip from the Arduino's 5V pin. The Relay7 requires
a separate 12V power to activate the relays, which powered off either a 12V

regulator, or a separate battery.

[00101] The Arduino microcontroller connected to the Relay7 board is also

connected to a ZigBee microchip, which wirelessly receives a signal to

activate either charging or discharging of the batteries 702.

[00102] ZigBee is one of most common low power and low data rate protocols

based on IEEE 802.15.4 in wireless communications. For the mesh network,

there are 65535 devices addressable in the 16 bit network address. Besides
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the basic ZigBee protocol, ZigBee Alliance also has several specifications
about Smart Grid: ZigBee Smart Energy, ZigBee Remote Control, ZigBee
Building Automation, and ZigBee Home Automation. Among these
specifications, the ZigBee Smart Energy Profile attracts more attention than
others because it has been identified as a standard for implementation in the
National Institute of Standards and Technology (NIST)'s Framework and

Roadmap for Smart Grid Interoperability Standards.

[00103] Refer now to FIG. 8, which is a diagram 800 of wired or wireless

communication interconnections among a set of sense and control modules
for an implementation of Smart Grid. Here, either a smart phone 802 or server
on the internet 804 provides commands to a central controller 806. The central
controller 806 in turn controls various groups of devices under feedback
control 808 or schedule control 810. Under feedback control 808 are devices
such as: a television 808a, a light 808b, a thermostat 808c, an air conditioner
808d, and a heater 808e. Under schedule control 810 may be appliances such
as: a dishwasher 810a, a swimming pool (heater and/or filter) 810b, a
refrigerator 810c, a washing machine 810d, and an electric car 810e

(otherwise known as an electric vehicle).

[00104] The Smart Energy Profile 2.0 is an IP-based application layer protocol

that is built on top of an Internet protocol stack. It defines the mechanisms for
exchanging application messages, the exact messages exchanged including
error messages, and the security features used to protect the application
messages. It also defines the function sets for the Demand Response / Load
Control and Electric Vehicle applications. The Demand Response / Load
Control function set provides the interface for the client devices and server
devices. In addition, the Plug-In Electric Vehicles data services provide the
interfaces to exchange information such as PEV list, Battery list, Charge
Transaction, Electric Vehicle information. There are four basic http methods
including GET, PUT, POST, and DELETE in the specification. In short, Smart
Energy Profile is the interface between web command and ZigBee mesh

network and lies in the application layer in the firmware of ZigBee device.
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[00105] ZigBee applied on the electrical vehicle test bed 700 provides an

alternative communication way between the central server and electrical
vehicles. Moreover, due to the characteristic of wireless mesh network, ZigBee
reduces the infrastructure cost of the parking lot with charging stations. The

following description shows how ZigBee mesh network works in the test bed.

[00106] Refer now to FIG. 9, which is a diagram 900 of a wireless

communication schematic gateway among a set of WINSmartGrid wireless

sense and control modules.

[00107] When the electric vehicle 902 connects to the charging station 904, no

matter if the EV is charging or discharging, the information of battery status of
the electric vehicle will be passed to the charging station by the standard
charging cable interface SAE J1772 to collectors 906. The collectors 906
search and join an available mesh network automatically after startup and play
the role of controllers to decide the charging/discharging process for the
charging stations. Most of the time, the collector 906 is in the sleep status to
save power. The collector 906 in each area 908 collects the data such as the
charging status, voltage and temperature of the battery from the charging
stations and then passes them to the gateway. After receiving the data, the
gateway 910 passes the data to the central controller periodically. On the
other hand, the gateway 910 also dispatches the command from the central
controller to the charging station 904. The central controller decides the
charging capacity of each area by the information provided by the energy
provider and the status of each charging area. The wireless connections
between central controller, gateway 910, and user hand-held devices are 3G
or WiFi. The user hand-held devices can also access the gateway via
Bluetooth with authorization. The main characteristic of the local gateway is
the cooperation of different wireless protocols. The interference between
different wireless protocols using the same bandwidth is also one of the
central issues. Before applying the solutions to the interference problem, the
dynamic model of the interference between different protocols and channels is

established to describe the severance of interference.
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[00108] The two-way communication between the collectors 906 and the
gateway 910 forms the feedback control loop. The signal fed in the control
block diagram is the user profile and the real-time price. The demand
response signal plays the role of interrupt in the collectors. The decision

5 making mechanism implemented in the collectors adopt a Fuzzy algorithm due
to the limited computing resource. The issues about electric vehicle 902
charging/discharging management include the database management
method, decision making method, cooperation of different protocols, Graphical
User Interface (GUI) design, and firmware architecture design.

10 [00109] 10. Smart Grid Demand-Response Automation Platform Environment

[00110] Refer now to FIG. 10, which is a diagram 1000 of communication
interconnections among a set of WINSmartGrid wireless sense and control
modules in the demand response automation platform environment (DRAPE)
according to an embodiment of the invention.

15 [00111] DRAPE would provide a sophisticated distributed management and
control environment for utilities to exercise power-related demand response
programs. DRAPE would provide two-way communication between the utility
and the controlled environment such as homes, commercial buildings,
industrial units, hospitals, and other types of utility consumers. DRAPE would

20 accomplish this by providing an agnostic framework for different networks,
protocols, communication links, data formats, and messaging schemes. The
architecture of the platform is comprised of distributed intelligent embedded
systems.

[00112] The invention would address key problems such as interoperability, and

25 lack of failsafe operation that beset the automation domain due to the
availability of large number of network technologies supporting large number
of protocols, lack of robust interfaces between physical, network, and data
layers, and adoption of proprietary messaging schemes.

[00113] With the roll-out plans of Smart Grid world-over, DRAPE would provide

30 a standardized management and control solution for intelligent power delivery

by utilities. The platform can be extended to water and gas delivery systems
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too.

[00114] Adaptive Intelligence in DRAPE embedded systems provides an
agnostic framework for different networks, protocols, communication links,
data formats, and messaging schemes. The intelligence on the platform node
can be modified or upgraded remotely on need basis so that the necessary
network end point or edge intelligence can maintain relevancy with respect to
the network or device state.

[00115] DRAPE would be a valuable technology component of the smart grid. It
will bridge two important smart grid technology layers - the Advanced Metering
Infrastructure (AMI) interoperable interface 1002 and the Home Automation
Network (HAN) / Building Automation Network (BAN) / Industry Automation
Network (IAN) 1004. As a bridge it would provide 2-way seamless
connectivity for data, messages, notifications/alerts irrespective of the
communication, network, data formats and messaging schemes of AMI and
XANSs.

[00116] For example, a smart meter 1006 could communicate with the
Advanced Metering Infrastructure (AMI) 1002 to pass load information to a
gateway 1008. The gateway 1008 would in turn take care of various issues,
including but not limited to: protocol conversion, common device languages,
semantic template drivers, security bridging, unified messaging, and
distributed intelligence.

[00117] Similarly, the gateway 1008 could provide access and control to
controlled loads 1010 through the Home Automation Network (HAN) / Building
Automation Network (BAN) / Industry Automation Network (IAN) 1004.

[00118] 11. WINSmartGrid Implementation Challenges

[00119] Refer now to FIG. 11, which is a diagram of some of the WINSmartGrid

automation challenges. This shows that some of the key challenges are: 1) the

integration of the utility (U) side syntax with the commercial (C) side;
interfacing information technology and physical layers between the U and C
sides; and developing a common succinct application language.

[00120] Refer now to FIG. 12, which is a diagram 1200 of a primary 1202 and
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secondary layer 1204 for the WINSmartGrid automation system according to
an embodiment of the invention. Here, in particular, one sees that the utility
servers 1206 communicate with consumer-side computing 1208 via the
internet 1210.

[00121] Refer now to FIG. 13, which is a diagram 1300 of a WINSmartGrid

intelligent gateway 1302 according to an embodiment of the invention. Here,
for instance, a smart meter 1304 has bidirectional communications with both
the utility 1306 and the intelligent gateway 1302.

Attributes of the intelligent gateway 1302 include, but are not limited to:
multiple radio interfaces, wired interfaces, onboard memory, onboard adaptive
intelligence, on-the-fly protocol conversions, application language filters,
demand response logic and filters, load identification and signature data

tables, event logs, and extensibility through use of a hardware abstraction

layer.
[00122] B. Universal State of Charge Calculation Method for Batteries
[00123] 1. Introduction
[00124] Renewable energy has become a national goal for the United States of

America. It has been anticipated that by 2015 10% of the total energy
consumption in the nation will come from renewable sources, and the number
will increase to 25% by 2025. One bottleneck is energy storage, as the peak
time of energy harvesting is not necessarily the same as that of energy
consuming. The battery is probably the most widely used energy storage

device.

[00125] The market of rechargeable batteries has developed rapidly. In addition

to the traditional drive for the demand of batteries from portable products, such
as notebook computers, cellular and cordless phones, and camcorders, latest
trends in other markets also push the demand for batteries. One example is
the rise of hybrid electric vehicles (HEV), which uses an internal combustion
engine (ICE) and one or more electric motors with battery packs to power the
vehicles. Compared to standard vehicles driven by ICEs, HEVs have improved

fuel economy and reduced emissions.
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[00126] In order to make more efficient use of the battery energy, the state of
charge (SOC) is ideally used in a battery management system (BMS) to
regulate the charging and discharging of a battery. SOC indicates the amount
of energy currently available in the battery in the form of a percentage. It can
be used as input for a charging method as an indication that the battery is full.

[00127] State of charge (SOC) is an important variable in the WINSmartEV and
WINSmartGrid previously discussed. Since SOC is so very important, it is
better addressed separately here.

[00128] An accurate and reliable SOC estimation also tends to prolong the time
the user of a portable product will wait until recharging the battery. SOC is
beneficial for the cycle life of the battery due to less frequent recharging.
Prediction of power will also be available on a HEV to satisfy the urgent
requirement of power and to improve the quality of service of the automobile.

[00129] Despite its ever-increasing importance, many challenges remain
unsolved to characterize and manage the battery. Among them, one
fundamental issue is the estimation of the state of charge (SOC).

[00130] Refer now to FIG. 14, which is a graph of open circuit voltage (OCV)
versus the state of charge (SOC) for a typical lithium ion battery. This shows a
nonlinear relationship between the dependent and independent variable.

[00131] SOC, represented in percentage, indicates the amount of energy
available in the battery. It is needed for controlling battery-powered systems.
For example, the battery of a hybrid car should be charged with 20% < SOC <
95%. It is also used in dynamic power management, battery scheduling,
battery-efficient communication traffic shaping and routing for circuits and IT
systems.

[00132] Refer now to FIG. 15A through FIG. 15C, which are respectively
schematics of: A) an RC model, B) a nonlinear model, and C) a battery RC
network model commonly found in the literature.

[00133] There have been many attempts in literature to estimate SOC by
synthesizing circuit models based on measured voltage and current at battery

terminals. For example, one reference uses an extended Kalman filter,
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another employs a circuit model containing resistances, capacitors and
diodes, and a third combines voltage translation via a first-order RC network
and coulomb counting by integrating current over time. The circuit models
have to be time variant as battery SOC has a strong history and temperature

dependency.

[00134] However, these circuit models that mimic the behavior of the battery

(see FIG. 15A through FIG. 15C) face the following problems. First, the
simplified models cannot exactly match the performance of the battery. The
estimation error gets increasingly larger until the algorithm breaks down.
Second, to perform real-time estimation, initial model parameters must be set
properly to ensure the convergence of the algorithm. These parameters are
quite sensitive to battery types and discharge current profiles, and can affect
the algorithm robustness significantly. Researchers have been well aware of
these problems for decades. To avoid using circuit models, a recent work
applied a radial basis function (RBF) neural network. However, the parameters
in the network still need to be properly chosen to guarantee the convergence,

and there is no guarantee of accuracy, stability or robustness.

[00135] In contrast, we developed a universal yet efficient OCV-SOC calculation

method by system analysis in the frequency domain without using any circuit
models for batteries. The battery open circuit voltage is directly extracted from
the voltage and current at the battery terminals. Then SOC can be inferred
from OCV, a well-established practice in the field. The only assumption made
is that the SOC is constant within a time window of certain width and the
battery is a linear or weakly non-linear system. Features of our OCV-SOC
calculation method described herein include:

(a) The method does not require any off-line training or initial setup,
and can be applied to any battery type with any discharger current profile;

(b) Even if a large estimation error has occurred at certain time due to
unexpected environmental change, the OCV-SOC calculation method can
quickly converge to the correct SOC; and

(c) The complexity of the OCV-SOC calculation method is low and it

-24-



WO 2011/156776 PCT/US2011/040077

can be used as a real-time electro-analysis tool for battery diagnosis.
[00136] Experimental results show that the SOC can be extracted on-line with
less than 4% error for different battery types and discharge current.
[00137] 2. Background of OCV and SOC
[00138] A good example for the general framework for SOC estimation by

combining two types of estimation methods is, i.e.,
SOC =aS0C, +(1—0c)SOCV (1)
where SOC, is the Coulomb-counting based SOC and SOC,, is the voltage-

based SOC. o (e [0,1]) is the weight factor. SOC, is estimated based on

the amount of charge that has been extracted from the battery, and can be
simply calculated as
1 t
SOC, (t) =SOC, (0) - —[T(t)dt 2)
R
where Q is some constant to relate the current with charges.

[00139] SOC, is the estimation based on the open circuit voltage (OCV) of the

battery, which is defined as the voltage between the anode and cathode of the
battery when there is no external load connected and no external current
between the terminals, even though there may be current internally (e.g., self-
discharge current). It has been shown in many studies that there is a time-
independent bijection between OCV and SOC. For example, the relationship
between OCV and SOC may be given as
OCV(t)=aSOC(t)+b (3)

where variables a and b are experimentally determined constants.

[00140] Refer again to FIG. 14, which is a graph of a reference open circuit
voltage (ROCV) versus the state of charge (SOC) of a lithium ion battery.
Clearly, SOC_has a strong dependency on history, and SOC, is less

dependent and is therefore needed to avoid error accumulation over time and

to correct major upsets inSOC,, . However, it may not be feasible or desirable

to disconnect the battery from the load and measure its OCV from time to
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time. Therefore, it is necessary to find out some alternative approach that can
obtain the OCYV directly from measured voltage and current data while
connected to active battery loads. Towards this end, many different
approaches have been proposed, all of which are based on certain types of

simplified battery models.

[00141] Refer now to FIG. 15A, which is a schematic for an RC pair battery

equivalent. This simplified RC pair is used in connection with a resistor and a
voltage source to model the battery. R is the battery resistance and R in
series with C, approximate mass-transfer impedance. All the elements are
time-variant according to the SOC, and are obtained by online regression from
the measured voltage and current. Note that the voltage source value is
exactly the OCV. Unfortunately, the model ignores many effects such as the
Warburg potential that models the diffusion. Additionally, the model only works

well for certain cases.

[00142] Refer now to FIG. 15B, which is a nonlinear model of a battery. FIG.

15B and FIG. 15C model the chemical diffusion of the electrolyte within the
battery (i.e., it is not a purely electrical capacitance). The resistances Ry, Rc
and Ry model all forms of energy loss in the battery (i.e., electrical and
nonelectrical losses); The diodes allow for R to be the value of resistance for
charging and Ry the value of resistance for discharging and have no physical

significance in the battery except for modeling purposes.

[00143] Refer now to FIG. 15C, which is a schematic of an RC network model

of a battery. In FIG. 15C, Rs represents the ohmic resistance of the battery,
including the electrolyte, electronic contacts, particle-to-particle contact
resistance, etc.; R, and C, describe the slow migration of Li* through the
surface films; R and Cy represent the Faradaic charge transfer resistance
and double-layer capacitance of the electrodes, respectively. The diffusion
impedance Zy of the anode and cathode models Warburg diffusive behavior.
Both models are overly complicated and even so cannot guarantee

convergence of the model to a physical battery.

[00144] In general, both models used in FIG. 15B and FIG. 15C are developed
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for specific types of batteries, and parameters need to be tuned for individual
batteries due to process variations.
[00145] 3. Method for Determining State of charge (SOC)

[00146] Batteries may in general be considered slowly time-varying nonlinear

systems with a voltage source. Within a short time window, one can assume
that a battery can be treated as a time-invariant linear system where the SOC
and accordingly the OCV can be treated as constant. As such, a window
based OCV extraction technique is developed here.

[00147] For simplicity, although all functions to be discussed in this section are
time-discrete, time-continuous notations, e.g. v(t), will only be loosely used,
and explicitly expressed as discrete samples, e.g. v(t1), v(t2), ..., only when
necessary. To avoid confusion, the “+” symbol is used to denote convolution
and “x” to denote multiplication.

[00148] From the superposition theorem, in each time window the terminal
voltage v(t) of a battery can be decomposed as

v(t) = va(t)+va (1) 4)

= vz (t)+h(t)*i(t) (5)

where v;(t) is the zero-input response corresponding to the terminal voltage
with no discharge current, and v(t) is the zero-state response corresponding
to the terminal voltage with discharge current i(t) as input and the voltage
source shorted. h(t) is the impulse response of the linear system modeling the
battery. Note that the validity of the convolution in (5) is based on the
assumption of linearity. All existing works try to explicitly express h(t) as some
analytical functions obtained from the detailed battery model. In this paper, the
OCV is extracted without using any model.

[00149] At this moment, assume that the SOC will be extracted in the time
window 0 £t <t,, and att < 0 the discharge current is always zero. This
assumes that before t = 0 the battery is disconnected from the load. This initial
assumption will be removed later as the window is shifted. With this
assumption and ignoring the self-discharge effect, the zero-input response is

actually the open circuit voltage, i.e.,
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v, () =0CVxu(t), 0<t<t, (6)
where u(t) is a unit step function
I, t=20
u(t)= 7
( ) {O, t<0 ()

[00150] The multiplication of u(t) indicates that the only interest is inthe t= 0
region. This will facilitate the method, as will later be shown. To see how this
can be done, first search for an f(t) which satisfies

f(t)*i(t)=58(t) 0<t<t, (8)
where 3(t) is the Dirac delta function, i.e.,

1, t=0

S(t)z{o’ 9)

t#0

Note that f(t) is required to satisfy (8) only in the window, and the equality does
not need to hold outside it.

[00151] The time-discrete method to solve for 1(t) is illustrated in Method 1,
where n is the total number of sampling points in the window and t4, to, ... , t;
are the sampling time points. The key idea here is to “inverse-convolute” the
samples. The process is similar to that of solving the inverse of a matrix using
elementary transformation. Again, the only requirement is that the convoluted
result to be equal to the delta function within the window.

[00152] Method 1 for calculating f(t).

1: INPUT: Sampled i(t), 0 sty < - <th <ty
2: OUTPUT: f(t), 0 <ty < - <t <ty
3:forj=1tondo
4 from(tj ) = (tj ) = (§ )/i(t1)
S: hnom(ti) =i () = it )/i(t1)
6: end for
7:fori=2tondo
8 forj=ntoido
9 f(t; ) = 1t ) - from(t+1)ir (t)
10: it () =it () - norm(t-i+1)is ()
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11: end for

12: end for
[00153] With f(t), one can compute v (t) = f(t)*v(t) from (4)-(7) as
vt (t) = f(t) * v(t) (10)
5 = f(t) * [OCV % u(t) + vs(t)] (11)
= OCV x us (1) + f(t) * vs(t) (12)
= OCV x ug (1) + f(t) = i(t) = h(t) (13)
= OCV x ug () + 8(t) = h(t) (14)
= OCV x ug (t) + h(t) O<sts<t, (15)
10 where uf (t) is marked as
us (t) = f(t) = u(t). (16)
[00154] The frequency-domain response of the battery can be considered as

finite as reported by measured response spectrum. Then according to the final

value theorem, one has
15 lim h(t)=limsH(s)=0. (17)

t—e0 s—0

[00155] Accordingly,

t
im 1M _ocv (18)
t—oo Ug (t)
[00156] This means that when a large t is used, h(t) approaches zero and

velt
f( ) gives a good approximation of OCV in the current time window. In

ug (t)

20 practice, choose a time point where u (t) reaches its maximum (so that the

error introduced by non-zero h(t) is minimized) in the window to evaluate

OCV.
[00157] After the extraction of OCV, the impulse response of the system in the

current time window may be acquired:
25 h(t)=ve(t)-OCVxug(t) (19)

Note that h(t) obtained from the above equation can only be accurate when t
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is small (|h(t)| is large). Since one cannot really calculate OCV at t =, the
error in obtained OCV can become significant at large t when h(t) gets close

to zero. In practice, h(t) is simply set to zero when |h(t)| <e¢ where € is a

small positive value.

5 [00158] The impulse response of batteries contains complete information
regarding the behavior of batteries. Maximum future available power can be
estimated directly from the impulse response, and the state of charge (SOC)
of the batteries can be tracked easily. The state of health (SOH) (or figure of
merit) of batteries can also be tracked easily by looking at the decrease in

10 maximum future available power as the batteries age.

[00159] After finishing the OCV extraction in the current window, the same
process can be repeated to extract the OCV in the next window. However, it is
necessary to remove the assumption that the discharge current is always zero
before the window. The history discharge current will impact the zero-input

15 response in the current window, as the battery cannot return to steady state
immediately. Accordingly, one needs to remove from the samples the voltage
response caused by the history current in the previous window. Since there is
already the impulse response in the previous window (19) available, as well as
the discharge current in the current window, the removal can be conducted as

20 follows:

t

V(1) =v(t)=] " i(Dh(t-T)de (20)
where t,is the end time of the previous window. After this process, the system

can be modeled again as a system with zero-input before the current time

window. The OCV method described above can repeated by using i(t) and
25 v'(t)instead of v(t)to extract the OCV as well as to update the impulse

response.

[00160] Clearly, the only situation where the above method will fail in is that

uy (t) also converges to zero as t approaches infinity. If us(t) is always zero
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for t>t, with somet,, or to be more specific, if us(t;), the time-discrete
samples of ug (t), are zeros for i =2, then the method breaks down.

However in this case the corresponding discharge current is actually constant
and has component only at s =0 in the frequency domain. It becomes
impossible to extract OCV for any voltage-based extraction methods.

[00161] Fortunately, the battery model becomes almost a resistance network
when the discharge current is approximately constant. OCV can then be

simply calculated as

OCV =V (t)-I(t)Rs (21)
where R is the effective terminal resistance. There is a uniqgue mapping
between the R ¢ and the SOC. Accordingly, from the previous extracted SOC
and assuming that SOC and R vary slowly with time, one can obtain the
R or in the current window from table-look-up. Then from (21) the new OCV

can be obtained.

[00162] 4. Implementation And Analysis
[00163] 4.1 Further Speedup
[00164] In the method described above, the bottleneck of runtime is mainly in

the step to solve f(t)*i(t)=8(t)for f(t)and the following step to calculate
ve(t)=1(t)*v(t) and up(t)=£(t)*u(t). Actually these two steps can be
combined into one and there is no need to explicitly calculate f (t).

[00165] The overall method is shown in Method 2, where n is the total number

of sampling points in one window. For the simplicity of presentation, the first

time window 0 <t <t is still used as an example.
[00166] Method 2 simultaneously combines the steps of deconvolution and

convolution for a more efficient computation of the OCV, resulting in basis of
the OCV-SOC calculation method.

1: INPUT: Sampled i(t;), v(t;

1), 0St1<<tnStW

2: OUTPUT: Vf(ti), uf(ti)’ 0= <<ty £ty
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3:forj=1tondo
()= V()
j

4: Vnorm(tj) = Vg

i(t))

5. U (1) = up (1) = ")

6: inorm(tj):if(tj):i(tj)i(tl)

7: end for
8 fori=2tondo
9: forj=ntoido

10: Ve (85) = ve (5) = Voo (tjoia1 )ir (1)
11: up () = g (t5) = Wnomn (tmit )ir ()

12: i (65) = (85) = tnomm (t-i )ir (t)
13:  end for
14: end for
[00167] Furthermore, the time complexity of the method is O(n?), where n is the

number of samples. Note that both of the two for-loops with the variable j can
be computed in parallel and thus it is possible to reduce the complexity further
to O(n) with parallel computing platform.

[00168] Refer now to FIG. 16, which is a flowchart 1600 for determining the
open circuit voltage (OCV) of a battery according to the methods taught
herein. This flowchart follows the method 2 previously discussed. The method

starts 1602 by masking 1604 the samples with an observing window to obtain

i(ti), V(ti), 0<t;<- <ty <ty
[00169] Next, we solve 1606 f(t;)*i(t;)=35(t;) 0<i<n in the observing

I, 1=0

window where 3(t;) is the Dirac delta function, i.e., 3(t;) = {O e
, i

[00170] Next 1608, we calculate v¢(t) and ug (t) by
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Vf(ti)zf(ti)*v(ti),lSiSnand uf(ti)=f(ti)*u(ti),lﬁiﬁn

I, 120
where u(ti)z{o

[00171] We calculate 1610 the battery open circuit voltage (OCV) by:

i<0

ocvzvf(ti),i»l.

up (t;)
[00172] The impulse response of the battery is calculated 1612 by:
h(tl) :Vf(ti)_OCVXUf (tl),l <i1<n.

[00173] Next, we remove 1614 from the samples in the next window the

response caused by the current in the past by:
k-1

V()= v(t) - I i(t;)h(tip)-

j=1

[00174] Finally, we exit 1616 the calculation.
[00175] 4.2 Numerical Stability
[00176] The numerical stability of the method depends mainly on whether

i(t,)is too small to keep the division in Method 2 accurate. However one can

always select the starting point of the window where i(tl) is not so small. The

worst case is that the current keeps close to zero so that one cannot find a
proper starting point. In this case the state of the system is close to an open
circuit condition, and the OCV can be approximated by the terminal voltage;
therefore the problem is not a concern.

[00177] 4.3 Robustness

[00178] Suppose there occurs an error € at the k™ extraction of OCV. Let

OCV,,, =0CV,,, +£. € spreads to the (k + 1)" extraction via the k™ impulse

response he,, (t) =h, (t)—eu(t). If all of the n samples in h,, (t) are used

to remove the impact of the discharge current in the previous window, then

combining (16) and (8), it is easy to see that the error in (20) accumulated via

V'(t) is also bounded by €. Accordingly, the error will never accumulate as
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the window shifts.

[00179] In addition, as claimed previously, one directly set h(t) to zero at large

t, so the error spread on large t is removed and only that on small t is
spread to the (k + 1)™ extraction. This mechanism further speeds up the

convergence of the method. Supposing the samples of h(t) are kept at a ratio

of n and also assuming that the error is uniformly distributed on each sample
which is an ideal case, the convergence time would be
8. .
teony = tw logn—l (ﬂ] )
€end

where €.

it 1S the initial error and €4 is the tolerance bound.

[00180] 4.4 Applicability to Different Battery Types

[00181] No specific circuit models are assumed by this calculation. When the

method is applied to a battery with new materials, there is no need to adjust

any part of the method. This will be further verified by experiments later. Note

that a measurement of a complete discharge process is needed to

characterize the mapping between SOC and OCV for the new battery.
[00182] 4.5 Inhibition on Non Ideal Factors

[00183] Though it was previously assumed that the system should be time-

invariant within a window, the method actually has a natural inhibition to errors

introduced by this assumption.

[00184] To illustrate this clearly, the equation used to calculate v (t)is
rewritten in a matrix form as

i(t) i(t2) - i(ta) ) ve(ta) | [ v(ta)

0 i) ) sl )| g

00 0 i) A ve(t) v(t)
[00185] Since the inverse of an upper-triangular matrix is still upper-triangular, it
is easy to infer that the deviation of the voltage response at t; due to non-ideal

factors, dv(t;), will only impact v¢(t;), v¢(ti,;), . .., and all the samples
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before t; are still accurate. Accordingly, the samples at small t play a more
critical role than samples at large t for OCV estimation. The deviation of v(t)

at small t due to non-ideal factors is also small. This concludes that the
calculation method can still be accurate even though the system is slowly
varying in the time.

[00186] 5. Experimental Results

[00187] Extensive experiments were conducted to demonstrate the promising
performance of our OCV-SOC calculation method. The OCV-SOC calculation

method was verified via dualfoil5, a popular battery simulator whose simulation

result is very close to measurement data. The input of the simulator can be
either detailed current waveform, load, or power at the terminal of a battery.
The material of the battery used in simulation can be chosen from a library.
The output of the simulator includes SOC and OCYV of the battery as well as
the current and voltage waveform at the terminal of a battery. The working

platform of the experiment is MATLAB 7.01 running at a 1.73GHz clock

frequency.
[00188] 5.1 Accuracy Verification
[00189] The accuracy of OCV calculation method is verified with four common

discharge profiles of a battery, i.e., periodic discharge current similar to the
one used in the literature, piecewise constant discharge current similar to the
one reported in another one used in the literature, constant load of 0.2Q/m?,
and constant power of 100W/m?.

[00190] In the experiment MCMB 2528 graphite was chosen as the negative
active material, LiPFe¢ in EC:DMC (liquid) as the electrolyte and CoO, (Cobalt
dioxide) as the positive active material. Before extraction of this type of
battery, the lookup tables to map a reference open circuit voltage (ROCV) and

the effective terminal resistance R to SOC are built based on simulation

data offered by dualfoil5 through a discharge process from fully-charged to
15% SOC with a discharge current of 20A/m?. Initially, set the length of the
time window as 6s and the sampling interval as 0.06s (the smallest time step

the battery simulator dualfoil5 can reach). The battery is first fully charged
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before conducting each experiment.

[00191] Refer now to FIG. 17A through FIG. 17D, which are graphs comparing
the state of charge (SOC) for a measured and modeled battery undergoing: A)
a periodic discharge; B) a constant load discharge; C) a constant power
discharge; and D) a piecewise constant power discharge for the model
described herein. The results of SOC extraction via the OCV-SOC calculation
method are shown in the FIG. 17A through FIG. 17D. The figures show that
the extracted SOC fits well in all the four situations. The OCV calculation
method can, therefore, be used in most operation situations without any
manual adjustment to extract the SOC, which was a big concern in most
existing SOC estimation methods as pointed out in the literature.

[00192] 5.2 Robustness

[00193] Refer now to FIG. 18A and FIG. 18B, which are respectively, the SOC
and OCV errors with an initial error burst to further study the robustness of the
OCV-SOC calculation method. In FIG. 18A, the initial OCV for the OCV-SOC
calculation method was set to 3.584V (corresponds to 15% SOC) while the
actual SOC at that time point is 100%. All the other experimental settings
remain the same as FIG. 17D. From the figure one can see that the OCV-
SOC calculation method converges quickly to the correct SOC. Similarly, the
OCV error quickly returns to essentially 0%. This error-burst test shows that
the OCV-SOC voltage-based method is more robust.

[00194] 5.3 Runtime

[00195] The estimation time of the extraction mainly depends on the number of
points in the observation window. Given the width of the window, the runtime
is then decided by the sampling rate. The sampling rate is often set as high as
possible to acquire more data points for more accurate extraction. However
the runtime also increases with the increasing sampling rate. The upper limit of
the sampling rate can be decided by the condition when the estimation time
exceeds the sampling interval such that the extraction process cannot keep in
pace with the sampling process. In this experiment, the width of the

observation window is set to be 6s and the sampling interval is swept from
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0.06s to 0.36s with a step of 0.06s. All the other experimental settings remain
the same as FIG. 17D. The result is shown in FIG. 19.

[00196] Refer now to FIG. 19, which is a graph showing the relationship
between model runtime versus sampling rate, where the relationship is a linear
regression of the semilogarithmic curve fit, showing an extrapolated upper limit
of the sampling rate. The upper limit of sampling rate is approximately 69
points per second, which means that SOC can be updated every 14ms. It
provides a promising prospect of the realization of online extraction of SOC,
e.g. every 2ms, when further speedup can be achieved after the
transplantation of the OCV-SOC calculation method from MATLAB to C or
hardware implementation.

[00197] 5.4 Window Width and Sampling Rate

[00198] The selection of a proper window width is critical. It mainly determines

the number of samples in a window and the corresponding accuracy within the
window. There is a tradeoff between the window width and the accuracy. In
this experiment, the sampling rate is set at 0.06s and the window width is
tested at 0.12s, 1.2s and 12s, i.e. the number of samples in one window is 2,
20 and 200 respectively. All the other experimental settings remain the same
as FIG. 17D. The result is shown in Fig. 20A.

[00199] Refer now to FIG. 20A, which is a graph of the state of charge (SOC)
versus time for measured and modeled SOCs as the modeled window length
is increased while the sampling rate remains constant, where t,, is the window
width and tint is the sampling interval. It shows that the extraction result of SOC
becomes inaccurate when the window width is too small. Therefore a proper
window width can be decided such that there are at least tens of samples in
the window to guarantee the accuracy.

[00200] Refer now to FIG. 20B, which is a graph of the state of charge (SOC)
versus time for measured and modeled SOCs as the modeled window length
is increased while the number of samples in the window remains constant,
where t, is the window width and t; is the sampling interval. For example, in

FIG. 20B, the window width with 200 samples always obtains good accuracy
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for different sampling rates and can be processed in time concerning the result

in section 5.3.

[00201] 5.5 Applicability to Different Battery Types
[00202] Refer now to FIG. 21, which is a graph of the state of charge (SOC)

error versus time for three different modeled battery chemistries showing that
SOC errors were typically below 4%. FIG. 21 shows the applicability of the
OCV-SOC calculation method as studied against different battery types. Three
kinds of combinations of battery materials were selected to act as the active
positive material, the electrolyte and the negative positive material of a battery.
The three combinations were Graphite / LiPFg / CoO,, which was used in the
previous experiment, Tungsten oxide / Perchlorate / CoOzand Graphite / 30%
KOH in H,O / V,0s. For each type of battery, a measurement of a discharge
process from fully charged to 15% SOC was conducted and a new look-up

table containing SOC, ROCV and R .+ was built. No adjustment to cater

manually the OCV-SOC calculation method to new battery types was used.
All the other experimental settings remain the same as FIG. 17D. The results
are shown in FIG. 22, where it can be seen that the error is always within an
acceptable range of 4% regardless of the three different battery types, which
strongly indicates that the OCV-SOC calculation method would be universally

applicable to different battery types.

[00203] It can be seen, therefore, that we have developed an efficient yet

accurate state of charge (SOC) calculation method based on the initial
calculation of the open circuit voltage (OCV) was presented that appears
applicable to nearly all types of batteries and discharge profiles. Using linear
system analysis but without a circuit model, first an open circuit voltage (OCV)
based on the sampled terminal voltage and current of the battery is calculated,
and then the SOC is obtained based on a mapping between an initial
reference open circuit voltage (ROCV) and SOC. The OCV-SOC calculation
method does not require any off-line training and can be applied to any battery
type with any current profile. The OCV-SOC calculation method can also

quickly converge to the correct SOC when a large estimation error occurs due
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to an unexpected environmental change. The complexity of the OCV-SOC
calculation method is also low and can be used as a real time electro-analysis
tool for Battery Management Systems (BMSs). The accuracy, efficiency,
robustness and apparent universal applicability of the method has also been
demonstrated.

[00204] A simple yet accurate method was presented to calculate open circuit
voltage (OCV) based on terminal voltage and current of the battery. A
frequency domain linear system analysis was used, but not any detailed circuit
model. Accordingly, the OCV-SOC calculation method can likely be applied to
any kind of discharge current profile and any battery types without
modification. Experiments show that SOC can be obtained efficiently based on
the well-established mapping between SOC and OCV, with less than 4% SOC
error compared to the detailed battery simulations.

[00205] The present invention is able to automatically consider battery behavior
changes caused by uncertainties such as temperature, manufacturing and
aging. For example, the temperature impact can be addressed by
incorporating the temperature dependent Nernst equation into the mapping
between OCV and SOC. The universality of the OCV-SOC calculation method
can also be used to perfectly balance parallel or serial cells in multi-cell battery
architecture design for desired voltage and current capability..

[00206] C. Recent Developments

[00207] 1. Technical Scope

[00208] 1.1 Smart Charging

[00209] We have designed and implemented a communication and controlling

application as part of its WINSmartEV research platform using the
WINSmartGrid platform. WINSmartGrid is a sensing and controlling network
architecture that has been developed for Smart Grid applications.
WINSmartEV is a system that is focused on the integration of electric vehicles
into the power grid application. WINSmartEV utilizes various wireless
communication protocols to collect data such as Vehicle ID, status of charge,

battery temperature, power usage in kW, voltage and amperage and to send
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control signals to connect and disconnect a charger based on various inputs
such as grid capacity, user preference, time of use, and demand respond
events. Its unique features is that is provides a user interface to allow mobile
devices to monitor and control electric vehicle’s charging schema. An expert
system which is part of the architecture, determines the optimized charging
and backfill operations based on various inputs such as EV profile, user
preference, demand respond event, grid capacities.

[00210] There are five demonstrations that are planned parts of the Smart
Charging category. These demonstrations include Monitoring of All Chargers;
Reading the Power Consumption for Vehicles that Are Connected to
Chargers; Control Chargers (either by time or usage); Disconnect a Vehicle
that is Charging; and Smart Charging through Mobile Interfaces.

[00211] 1.1.1 Monitoring All Chargers

[00212] This architecture allows keeping in real-time the status of all chargers

and indicating whether or not the charger is charging. There is an on-demand
request to show the status of the charger and a daily transmittal of the
duration of charges. This EV charger communicates to a control center.
[00213] Charging stations typically use proprietary communication protocols,
and to resolve this problem our approach is an open architecture charging
station that supports the data collection and circuit control of this project.
WINSmartEV enabled charging stations provide the following functions:
(a) open architecture to collect user and vehicle profile, kW, usage
history, etc.;
(b) battery aggregation: dynamic charging scheme based on various
inputs;
(c) support both Level 1 and Lever 2 charging;
(d) include safety and security factors in the design; and
(e) allow backiill integration controlled by WINSmartEV.
[00214] The architecture is intended to interface with commercial, off-the-shelf
(COTS) chargers to collect charger data and integrate them with the data

collected from WINSmartEV charger so that the control center can monitor all
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chargers in the system.

[00215] The control center architecture provides a web based visualization
portal to monitor all charger status with graphical interface to indicate the
geographical location and whether the charger is being used at a given point
in time.

[00216] 1.1.2 Reading The Power Consumption For Vehicles That Are
Connected To The Chargers

[00217] The WINSmartEV system architecture has the capability to monitor and
store power consumption information for each vehicle that is connected to the
chargers installed. Real time and historical data would allow one to store and
collected at the control center. The architecture will allow collection and smart
aggregation of electric vehicles and chargers including: Vehicle ID, Charger
ID, connection time stamp, current, voltage, kW, Status of Charge (SOC),
battery temperature through the communication gateway and EV
communication modules in WINSmarteEV System. For detailed communication
architecture and network information, refer back to FIG. 2B.

[00218] Vehicle ID collection in the system architecture is through: 1) RFID
readers installed on the chargers; and 2) the RFID tag attached on the vehicle,
when the vehicle is initially parked. Charger ID and connection time stamp is
available at the same time when the vehicle is connected. User ID is available
to the control center when the user activates the charger by using his/her
identification card.

[00219] In the control center, the WINSmartEV architecture checks the eligibility
of the connected vehicle and user profile to engage the charging operation.
Eligibility is determined based on end user profile which contains user account
balance, charging preference, charging history and also based on vehicle
profile which contains vehicle make and model, battery profile, etc.

[00220] Once the vehicle and users are authorized, control center sends
engage signal to the charger to activate charging. The smart meter or
equivalent sensors on the charger continuously monitors the power

consumption and sends real time data back to control center through a
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uniquely designed communication gateway at a 15 minute-interval and this
interval is dynamically modifiable via a specific unique architecture. Various
time intervals are determined based on the density of the data, communication
bandwidth and the effect of latency.

[00221] In addition to normal charging operations, there are potential
interruptions that would affect the reading of power consumption. For
example, charging cable disconnected, faulty generated by vehicle’s battery
management system (BMS), a Demand Respond (DR) message requesting
the charger to be turned off, battery temperature etc. Records of these
interruptions are event driven and the system architecture stores them in the
database with a corresponding time stamp.

[00222] The control center architecture enabling providing of a web based
visualization portal as well as a mobile app-based capability to monitor power
consumption of all chargers with graphical interface of charts and plots to
analyze power consumptions.

[00223] 1.1.3 Control Chargers

[00224] The system enables various charger control functions in WINSmartEV

System. The control center architecture in WINSmartEV enables
automatically controlled on/off of a charger based on various conditions from
the sensor data, DR event, and user profile. A heuristic rule engine in the
expert system of WINSmartEV enables rules that determine when to charge or
backfill the battery on the vehicle automatically. Factors affecting such
decisions include: transformer capacity, peak demand, time of use rate, critical
peak pricing, users’ preference on charging and backfill, battery profile, battery
temperature, fault signal from BMS, Status of Charge (SOC) etc. The expert
system architecture enables turning on/off the charger and sending the control
signal to the charger. Detailed descriptions about using mobile devices to set
user profiles and the demonstration of battery aggregation and backfill were
previously discussed.

[00225] The control center enables manual control of the charger through

graphical monitoring and controlling web interface.
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[00226] 1.1.4 Smart Charging Through Mobile Interfaces

[00227] Our inventive architecture allows the consumer the convenience of

using Mobile devices to monitor and control EV battery charging and backfill
operations. One of the salient features of WINSmartEV System is that it
provides open architecture and web based interface for ease of integration
with multiple protocols and platforms. The user would have the ability to
access all the monitoring and control functions through multiple channels of
communications. A common application enabled for this purpose is the web
browser. In addition to using the web browser to monitor and control the
charger, WINSmartEV also provides open API and interfaces for mobile
application developers to create customized applications.

[00228] The architecture enables rapid design and implementation of the web
interface and APl interfaces mentioned above and also enables simple
development of applications on iPhone OS and Android OS mobile devices.
The functions provided on the mobile devices include:

(a) showing maps of available charging stations nearby (Location
based service);

(b) monitoring state of charge ( percentage, time to full charge,
remaining miles);

(c) setting preference of charging (economic, fast, acceptable rates,
etc.);

(d) receiving alerts on battery status (low battery alert);

(e) receiving message to opt in for battery backfill; and

(f) setting preference of backfill (allowable discharge percentage, time
of backfill, etc.)

[00229] Example
[00230] An example of smart charging using mobile interface is as follows. The

user comes to UCLA with an EV for a meeting at 9 am. User finds that the
available charging station is located in parking lot # 9 through his mobile
device. User pulls in to parking lot # 9 and connects the charger to user’'s EV.

The user identifies with an RFID card to authorize the charging. The user then

-43-



5

10

15

20

25

30

WO 2011/156776 PCT/US2011/040077

walks away and manages user’s charging operations with user’'s mobile
device. User specifies that by 3 pm, user wants user’s EV to be charged to at
least 60% so that vehicle has enough battery charge to go home — a first
priority.

[00231] The user also specified that the maximum acceptable rate for the
electricity is 20 cents per kW and he does not care about when his EV should
be charged as long as the first priority is met. He was notified by an alert
message sent to his mobile device at 1 pm that now, due to the peak power
demands, his battery charging needs to be interrupted for about 15 min and
his battery is now charged at 55% full. At 1:30 pm, another message was sent
to him to ask him to opt in for battery backfill to support the peak power
demand for 15 min, a compensation of $10 will be credited to his account and
the battery will be discharged to 45%. He accepts the offer. At 1:45 pm, a
message is sent to him saying that his battery charging has resumed and the
expected time to 60% full is 2:30 pm. He leaves UCLA at 3 pm with 65%
battery.

[00232] The architecture is extremely flexible and enables customization and
generation of large numbers of such scenarios of using mobile device for
smart charging. This architecture allows the study of user patterns and how
the operations on mobile device will affect the power grid within UCLA.

[00233] 1.2 Battery Aggregation And Back Fill

[00234] The architecture enables a unique control system algorithm to schedule

electric vehicle charging and discharging in a manner that is beneficial for
vehicle battery health, grid stability, and consumer demand.

[00235] There are three categories of capabilities that are part of the Battery
Aggregation and Backfill category. These include Using Batteries into the Grid
(1-Way Charging); Using Batteries into the Grid (2-Way Charging); and
Demonstrate the Distribution Effects of Battery Aggregation and Backfill.

[00236] 1.2.1 Use Of Batteries In The Grid (1 Way)

[00237] The architecture enables battery aggregation between all chargers

installed in parking structures, these may include COTS chargers and

-44-



10

15

20

25

30

WO 2011/156776 PCT/US2011/040077

WINSmartEV chargers and it can be level 1, level 2 and level 3 chargers.
These levels have well documented capabilities in terms of current supply and

format.

[00238] Charging aggregated electric vehicles in garages may result in an

overload of the transformers at the distribution level. Each electric vehicle
consumes about two to ten times the amount of power of a single kilowatt hour
home during charging. Charge rates vary depending on levels of charging.
Considering public adoption of level 2 charging that requires 220 Volts and
greater than 50 Amps of current, the amount of power that a single electric
vehicle can possible consume on peak is very high. The battery management
system (BMS) for an electric vehicle is contained within each vehicle.

Although charging current varies nonlinearly with time and percentage of
charge, the BMS of the car handles charging. The challenge involved with EV
integration is to balance that charging when a mass quantity of electric

vehicles needs charging.

[00239] It is important when considering an aggregate scenario to take into

account consumer behavior. Periods of time exist during the day where heavy
traffic occupies a garage and the optimization of charging schedules will be
necessary. ldentifying each vehicle as well as monitoring their state of charge
(SOC) will allow for greater flexibility of charging schedules. The Control
Center architecture in WINSmartEV system enables taking into account
various criteria to turn on or off a charger to ensure safety; grid capacity and
consumer demands are met. The user behavior profile for a particular electric
vehicle may also contain a number of miles that need to be driven after work,
allowing those who travel longer distances to be prioritized over those who

travel shorter distances.

[00240] Other considerations in this demonstration are the number of parking

slots that are equipped with a charger. It is often unrealistic to have all parking
slot equipped with chargers. One wants to avoid a situation where an EV
charger slot is occupied with a non-electric vehicle. Due to limited parking

spaces, too many dedicated EV parking slots should be avoided, so that a
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non-EV driver can find a slot to park. The system architecture described herein
enables the study and experimentation with different parking regulations and
approaches to maximize the chance for each EV to be charged when needed.
These regulations and approaches include:

5 (a) having dedicated EV charger slots, but limiting the maximum hours
of parking, which is particularly important for a level 3 charger, since the
battery will be fully charged within an hour and the space should be made
available to other EVs;

(b) putting some chargers on the top level of the parking structure
10 where parking spaces are less likely to be occupied by non-EVs; and
(c) adding additional Level 1 WINSmartEV chargers, since Level 1
WINSmartEV Chargers will be easier to deploy, monitor and control.
[00241] The Level 1 WINSmartEV Chargers will essentially be a box with
wireless modules inside, and a standard 110 V outlet on the outside.
15  [00242] 1.2.2 Use Of Batteries Into The Grid (2-Way)

[00243] The architecture enables installation and integration of appropriate grid-

tie inverters and at certain chargers in parking structures to enable both the
Vehicle-to-Grid (V2G) and Grid to Vehicle (G2V) operations. Depending on the
make and model of the EV, battery backfill is often possible without modifying

20 the BMS and other circuits on the EV. The WINSmartEV architecture enables
the study and investigation of a non-destructive approach to implement this
demonstration. The WINSmartEV system enables simple plug-and-play for
additional circuits and modules.

[00244] Introducing backfill of electric vehicle charge, or Vehicle-to-Grid (V2G)

25 discharge, has the potential to introduce instabilities and errors into the power
grid. Considering that current electric vehicles do not have a battery
management system for the reversal of charge flow, precautions need to be
taken to monitor and control the rate of discharge from electric vehicles to
ensure maximum battery lifetime. The WINSmartEV architecture takes into

30 consideration power source/sink management optimization by taking into

account variables such as: time of day, battery SOC, voltage, current, and
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temperature; and optimization algorithms that charge vehicles according to
consumer scheduling, utility dynamic pricing, and battery health. The
architecture implements a monitoring method to enable providing incentives
for consumers who opt-in to the charge/discharge system. In this approach,
the WINSmartEV control system takes into account such variables and
enables simulation, test, and implementation of optimization control of electric
vehicle charging/discharging.

[00245] The approach enables simulation to be performed in a controlled
environment in order to implement control algorithms to ensure safety and
quality control. Once simulation is complete, implementation of the
optimization control will be performed on real physical electric vehicles with
statistical accuracy of driver schedules and battery cycling.

[00246] 1.3 Fully Functional Microgrid

[00247] The communications-based approach in WINSmartEV system enables

the study of battery profile, performance and the influence to the power grid
by:

(a) monitoring all chargers;

(b) reading the power consumption for vehicle that are connected to
chargers;

(c) control chargers;

(d) smart charging through mobile interfaces;

(e) use of battery into the grid (1 way); and

(f) renewable and battery integration.

[00248] 1.4 Renewables and Battery Integration

[00249] There are five integrated capabilities within the system architecture
which include Community Storage on EV Batteries and External Storage;
Garage of the Future; Cycling of the Batteries; Aggregation of the Batteries;
and Integrated EV and Solar.

[00250] 1.4.1 Community Storage on EV Batteries and External Storage

[00251] In this architecture, the energy storage battery modules (such as

Lithium lon) are stored within the parking structure or in proximally stored
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energy during off-peak hours, or based on the signals from the Control Center
in WINSmarteV System. The battery would be stored in its own container and
would require a BMS and inverter. Communication to the BMS from
WINSmartEV in the architecture is through application programming interfaces
(APIs).

[00252] The vehicles that are used for battery backfill demonstration are meant
for energy storage in the architecture. The stored energy on the battery and on
the EVs enables the charging of EVs or for powering the parking structure
during peak consumption timings or by demand signal from the Control Center
in WINSmartEV System.

[00253] 1.4.2 Integrated EV and Solar

[00254] The architecture integrates solar panels in the parking structure as an

energy source. The solar panels connect to an energy management system
that communicates back to the control center to allow the control center to
determine how to utilize the best energy collected by the solar panel — it can
be directed to be stored within the external battery system installed or to
power the lighting of the parking structure, or to backfill into the grid, or charge
the EVs that are connected to the charging station.

[00255] Various loading scenarios can be integrated to monitor the efficiency
and cost of energy usage and peak demand shift. This system enables the
study of impact from V2G and renewable and battery integration as required.

[00256] 1.5 Eacility Integration

[00257] The architecture enables the integration of multiple facilities.

[00258] 1.5.1 Test Bed

[00259] The WINSmartEV technology is controlled by the Control Center. The

system enables servers to be equipped with firewall, uninterruptible power

supply (UPS) and tamper resistant devices to enforce the security of the
servers. The server also integrates with software and hardware tools and
visualization portal for data analysis. It also enables documentation and
reports that may be generated.

[00260] WINSmartEV technology also enables charging testing, and
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communications testing. This is performed by equipping the system with
embedded system design kit development software, servers, design tool kits,
automation tool kits, inverters, adaptors, wireless modules, testing charging
stations, self-contained lithium ion batteries, battery management etc.

[00261] Field testing and commuter testing are enabled in the WINSmartEV
architecture. COTS charging stations, WINSmartEV charging stations, and
communication gateway installed in parking lots enable one and two way
charging monitoring and controlling.

[00262] 1.5.2 Test and Demo capability

[00263] The architecture is unique in its ability to create technology

demonstrations to showcase capabilities important for the local grid and these
include:
(a) monitoring of all chargers;
(b) reading of MW for All EVs;
(c) charger control and disconnect;
(d) smart charging through mobile interfaces;
(e) use of batteries to provide power for insertion into the grid (1-way
and 2-way);
(f) aggregation of batteries;
(g) integration of EV solar power sources for grid power insertion;
(h) various EV charging algorithms and hardware;
(i) community power storage on EV batteries and external storage;
() local grid balancing and management;
(k) generation, transmission, and distribution effects of chargers and
the garage of the future;

(I) grid impact under various loading scenarios;
(m) monitoring of power usage and car usage in a car share program,;
(n) car sharing program effects on a distribution system.

[00264] 1.6 Control Center

[00265] The WINSmartEV control center is a centralized system that controls

and operates the various subsystems described.
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[00266] 2. System Architecture of WINSmartEV

[00267] The architecture, communication, and control application is part of the

WINSmartEV research platform using the WINSmartGrid platform.
WINSmartGrid is a sensing and controlling network architecture that has been
developed for Smart Grid applications. WINSmartEV is a system that is
focused on the integration of electric vehicles into the power grid application.

[00268] Referring again to FIG. 2A, at the communication layer, WINSmartEV
utilizes various wireless communication protocols to collect data such as
Vehicle ID, status of charge, battery temperature, power usage in kW, voltage
and amperage and to send control signals to connect and disconnect a
charger based on various inputs such as grid capacity, user preference, time
of use, and demand respond events. It also provides a user interface to allow
mobile devices to monitor and control electric vehicle’s charging schema. An
aggregator, or expert system 120, which is part of the architecture, determines
the optimized charging and backfill operations based on various inputs such
as EV profile, user preference, demand respond event, grid capacities.

[00269] The characteristics of the WINSmartEV system are: (a) low power
technology; (b) standards-based protocols and hardware adapted to fit the
problem resulting in lower overall cost; (c) a wireless infrastructure for
monitoring and control; (d) a service architecture of three layers: edgeware,
middleware, and centralware; (e) open architecture for easy integration; (f) a
Plug-and-Play approach to the network installation; and (g) reconfigurability,
allowing the capability of the technology to be reconfigurable would allow over
the air (OTA) upgrades of the firmware and software to be able to handle
different devices, applications, sensors, controllers, thermostats, etc.

[00270] Refer again to FIG. 2A, where in the WINSmartEV system a high level
of communication architecture is shown. In the WINSmartEV architecture, the
system allows for the testing with a variety of communication protocols so as
to determine the optimized communication architecture to connect various
components.

[00271] In the following subsections, the key components that are included in
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WINSmartEV are presented.
[00272] 2.1 Communications Gateway In WINSmartEV

[00273] The communication between the edge components (EVs, mobile

devices, charging stations, meters, etc) and the infrastructure is one of the
central topics in EV charging/discharging operation. Compared to wired
communication, wireless infrastructure has the advantage of lower cost,
flexibility and mobility. In order to control the charging stations with low costs,
low power wireless communication protocols and devices play an important
role in this demonstration project.

[00274] ZigBee is well known for its characteristic of low power consumption
and the capability of forming ad hoc as well as wireless mesh networks.
Therefore, ZigBee is likely to be chosen to be the primary local mesh network
in the WINSmartEV system design. Besides ZigBee, other popular wireless
protocols, such as WiFi, Bluetooth, and 3G, are also able to be integrated into
the architecture. The architecture enables studying of flexibility and feasibility
and eventually in comparison to the ZigBee protocol. New versions of ZigBee
including Smart Energy Profile (SEP) (both Versions 1.0 and 2.0) are able to
be integrated into the WINSmartEV system based on the inherently flexible
architecture design. In the future, it is expected the newer version of SEP
would emerge and so the project would utilize the latest versions.

[00275] In this architecture, the control signals and commands are sent from the
central server, which would be considered as the UCLA based control center.
The commands comprise either connect or disconnect signals addressed to a
specific charging station, or the lowering of demand for a local area. The local
gateway with 3G, WiFi, and Bluetooth modules receives the relevant
commands, and subsequently maps to the commands or compiles the
commands into those that are dispatchable to the next level of the hierarchy,
and then this module also dispatches the next level of commands to the
addressable destination charging stations.

[00276] The charging stations with ZigBee, Bluetooth, or WiFi modules are

connected to the local gateway through various available connection methods.
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ZigBee connection is the default choice, however, when ZigBee connection is
not available due to the unsuitable environment for ZigBee or charging
stations without ZigBee module, the gateway architecture enables connecting
to the charging stations through WiFi or Bluetooth connections. The flexible
architecture expands into emerging technologies such as Z-wave and home-

plug within present explorations for demonstrations.

[00277] Today, Smart Grid technologies are advancing rapidly with new

features technologies becoming available constantly. As new technologies
are being created in this rapidly changing field, adding them to WINSmarteV
architecture represents a substantial strength of the system and a necessary
ingredient in various technology, research and demonstration projects. The
use of general purpose yet low power processors such as the Atmel Arduino
microprocessors and chips allows control signals sent to sensors and switches
with the intent to turn on and off the addressable chargers. In turn, using
battery storage systems enables backfill during peak demand situations, the
ability of the system to send power back to the power grid, and subsequently
recharge the battery storage systems during low peak intervals such as night

or evening.

[00278] The ATMEGA328 uses the Arduino library to software to integrate the

sensors and switches. The Arduino library provides an application interface to
program these chips much faster, and more efficiently. Other sensors such as
Hall effect sensors detect current running through batteries and appliances

that can be monitored are integrated into the architecture.

[00279] 2.2 Control Center

[00280] The control center architecture enables visualization and analysis of

real time and historical data on EV usage, charging, and backfill operations. It
also determines optimized charging and backfill operations based on: 1)
demand response events; 2) user profiles; 3) solar panels; 4) battery storage
systems; 5) power grid capacity limitations (transformer, cogeneration, etc.);
and 6) battery characteristics. The architecture enables transmission of

connect and disconnect signals to chargers, backfill inverters, solar panels,
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and battery management systems. It also provides interfaces for web based
applications, demand response events, and other monitoring and control
centers.

[00281] The control center architecture hosts various servers that store user
data from all communication gateways and processes this data to determine
the best actions to take and send out control signals. Cyber security plays a
crucial role in the design of the control center. In the WINSmarteEV
architecture, firewall, UPS and other relevant authentication and authorization
techniques are able to be integrated to protect the control center from cyber
attacks and hacking.

[00282] 2.3 EV Monitoring Unit

[00283] The architecture enables the integration of a sensor module on the EV'’s

computer and circuits to obtain the following data: status of charge,
temperature, odometer reading, CAN bus message (faults). Depending on the
EV make and model, some of this information may not be readily available . A
monitoring unit within the architecture enables Plug-and-Play ZigBee or other
common wireless protocol communication modules, sensors, and, control

circuits to communicate with the charging stations or the communication

gateway.
[00284] 2.4 Charging Stations
[00285] In the system architecture, charging stations from multiple vendors are

able to be integrated and their usage monitored. These charging stations
include level 1, level 2 and level 3 chargers. However, since most charging
stations utilized proprietary communication protocols, the design of an open
architecture charging station that supports the data collection and circuit
control of this project is required. WINSmartEV enabled charging stations is
used to provide the following functions: (a) an open architecture to collect user
and vehicle profile, kW used, usage history, etc.; (b) battery aggregation,
which is a dynamic charging scheme based on various inputs; (c) support both
Level 1 and Lever 2 chargers; (d) include safety and security factors in the

design; and (e) allow backfill integration controlled by WINSmartEV.
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[00286] It should be noted that not all charging stations are required to have
grid tie inverters to move stored electric vehicle (EV) battery power back onto
the grid. In the communication status of an individual charging station, the
status and presence of such a grid tie inverter would be communicated to the
power grid expert system.

[00287] 2.5 Mobile Devices

[00288] The system architecture is designed to allow integration and leveraging

of mobile applications and devices, and EV aggregation approach is able to
intelligently charge a large number of EVs according to user profile
requirements while operating within the constraints of the power grid. In
addition, this architecture is able to integrate and accommodate demand
response events by selectively throttling or suspending EV charging.

[00289] The current prototypical implementation of the interface is an iPhone
OS (iOS) application that acts as a client portal for EV owners to interact with
their vehicle. The owner would use such an application in the following
modalities: (a) monitoring of the EV status e.g. battery state of charge, time
remaining until fully charged, total cost of charging; (b) selection of charge
parameters e.g. fast charge, cheap charge, fully customizable selection of
price, time, low charge alert, and completed charge alert; (c) viewing available
charging stations and their current cost; (d) receiving alerts when battery state
of charge is low or full; (e) receiving alerts to opt-infout of delayed charging for
demand response; and (f) vehicle-to-grid operation comprising real-time alerts
to opt-in/out of vehicle-to-grid and definable parameters for automated vehicle-
to-grid operation including minimum price ($/kWh) and maximum charge
percentage willing to sacrifice.

[00290] In order for the application to receive real time data and alerts the
application could be integrated into a server push architecture, wherein the
server can send data in real-time through an existing connection to the device.
A web based application mimicking the functionality of the iOS application
would allow a consistent user experience among devices, including smart

phones, tablets, and traditional computers such as laptops and desktops.
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[00291] The mobile devices used in the WINSmartEV architecture of the system
would enable real-time event based aggregation and charge scheduling. A
central server would host this software, maintaining push connections to user
devices, and maintaining a database of user charging preferences that would
be synced whenever the user updates it using the web application. In
addition, the server architecture would maintains a database of battery
information including: (a) safety data including make, model, nominal capacity
(Ah), nominal voltage (V), max charge current (A), charging voltage, and initial
charging current; (b) current EV battery status (including a time stamp,
location with latitude and longitude), status (charging, discharging, backfill),
current state of charge (V); and (c) station ID, level, charging station location
with latitude and longitude, level (1,2,3), plug type. The software within the
WINSmartEV architecture would enable interfacing with hardware including
the chargers themselves, if available, and sensor nodes via a direct interface
or through a middleware.

[00292] Based on the available data, the WINSmartEV system architecture
would enable optimized charge scheduling in order to level demand
throughout the day and meet any demand response signal requirements.
Scheduling is altered whenever an event occurs. Events include new price
information, changes in user charge parameters, changes in power available,
changes in current grid load, and when a new car connects with a charger. A
manual override would be available for an operator to suspend individual or all
charging. Vehicle-to-grid operations are another aspect of this system.

[00293] A graphical user interface for the aggregating charge scheduler is part
of the system architecture. Such a GUI would allow a user to visualize in real
time the vehicles being charging, their time of arrival, planned departure, the
total load on each circuit and for the garage, and total power available for the
specific day, all within an aggregated picture.

[00294] 2.6 RFID Enabled Vehicle And User Identification

[00295] The architecture integrates RFID technology in vehicle and user

identification as a component of WINSmartEV which in turn utilizes RFID
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technology. Although an RFID reader unit would be an integral part of a
charging station, it has been shown separately as a reader, and the
WINSmartEV architecture allows investigation of charging station and
experimentation as separate units communicating with each other by the

means of TCP/IP protocol.

[00296] The antenna placement of the RFID reader is customized and specially

designed, as the RFID tag implanted on the electric vehicle approaching the
charger unit would need to be read at distance of about 8-10 feet consistently
while also avoiding false reads from other vehicles parked or moving around
the charging station.

[00297] Some criteria regarding the RFID reader antenna are: 1) the reader

antenna would have sufficiently directional radiation pattern to be able to read
only one vehicle parked in front of it and avoid reads from other angles; and 2)
the reader antenna would be placed on the ground looking skywards or
skywards at an angle to read a tag placed on the vehicle license plate or
bumper. Such placements result in minimal false reads as the reader would be
able to see only the vehicle parked in front of it and would be blind to the
vehicle’s rear and its sides. Also, a predominantly metallic vehicle placed in
front of an antenna would block out false reads from any other vehicles kept in
front of the reader but behind the vehicle. The WINSmartEV architecture and
approach enables experimentation and verification on a larger scale of a
parking lot.

[00298] The tag read by the reader would serve as an automated authentication

for the EV and its user. Ideally, the process of reading a tag on the vehicle
would be similar to swiping a credit card at contemporary gas stations. The tag
ID read by the reader would be used to fetch information about the EV and the
associated user’s account. The back end system would process the tag ID to
enable charging of the EV.

[00299] The back end system will primarily consist of two stages. First stage is

a control center which uses the tag ID to fetch account balance and

associated information of the user. After fetching the information, the control
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center would determine if the user is eligible for charging and has sufficient
credit in his account. At a second stage, the control center would also remove
energy from the car batteries to provide backfill to the grid, which will likely
involve some complex demand supply algorithms. Discharging car batteries to
supplement the energy requirements for the grid would also involve crediting
the account balance of the user to induce the user to undertake such a

discharge.

[00300] The data model for the RFID transaction would be open architecture

based and the RFID technology selection would either be from existing
standards or if not, would also be open. The openness of such a

WINSmartEV would enable a scalable solution.

[00301] The connection between the first stage and the second stage of the

architecture is web based, so there needs to be either a wireless or wired
internet access at the charging station. At the second stage, the control center
and the database could be housed at the same location or could be disposed
at some distance. The WINSmartEV architecture would allow database
servers to be used to maintain the relevant user account information for EV
charging and would also enable third party database service providers to

provide the service.

[00302] Outsourcing the database service to external service providers would

allow economical solutions in certain situations for the charging station
function, as it may reduce overall costs in terms of database maintenance,
administration, etc. The WINSmartEV architecture would enable the ability to
pay the service providers only for the amount of data transactions performed
provides an opportunity to both small and large charging station organizations
to minimize costs in data storage and the option to scale up their operations
easily. Cloud based database service providers are typical in such a

distributed architecture for the above mentioned reasons.

[00303] The table within the architecture that stores user credit and charge

would likely have five different fields. The first field would be the user

identification (ID), which would be the primary key in the database. This would
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be used to retrieve all transactions performed by the user. The second field
would be the EV ID. This would be used to link the EV to its registered user.
The third field would be the residential balance of the user. The fourth field
would be the EV balance. This field would store the amount of balance owed
by/to the user based on his EV charging. The final field would be the account
balance. This will be the total combined energy consumption balance of the

user.

[00304] Embodiments of the present invention may be described herein with

reference to flowchart illustrations of methods and systems according to
embodiments of the invention. These methods and systems can also be
implemented as computer program products. In this regard, each block or
step of a flowchart, and combinations of blocks (and/or steps) in a flowchart,
can be implemented by various means, such as hardware, firmware, and/or
software including one or more computer program instructions embodied in
computer-readable program code logic. As will be appreciated, any such
computer program instructions may be loaded onto a computer, including
without limitation a general purpose computer or special purpose computer, or
other programmable processing apparatus to produce a machine, such that
the computer program instructions which execute on the computer or other
programmable processing apparatus create means for implementing the
functions specified in the block(s) of the flowchart(s).

Accordingly, blocks of the flowcharts support combinations of means for
performing the specified functions, combinations of steps for performing the
specified functions, and computer program instructions, such as embodied in
computer-readable program code logic means, for performing the specified
functions. It will also be understood that each block of the flowchart
illustrations, and combinations of blocks in the flowchart illustrations, can be
implemented by special purpose hardware-based computer systems which
perform the specified functions or steps, or combinations of special purpose
hardware and computer-readable program code logic means.

Furthermore, these computer program instructions, such as embodied
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in computer-readable program code logic, may also be stored in a computer-
readable memory that can direct a computer or other programmable
processing apparatus to function in a particular manner, such that the
instructions stored in the computer-readable memory produce an article of
manufacture including instruction means which implement the function
specified in the block(s) of the flowchart(s). The computer program
instructions may also be loaded onto a computer or other programmable
processing apparatus to cause a series of operational steps to be performed
on the computer or other programmable processing apparatus to produce a
computer-implemented process such that the instructions which execute on
the computer or other programmable processing apparatus provide steps for
implementing the functions specified in the block(s) of the flowchart(s).

From the discussion above it will be appreciated that the invention can
be embodied in various ways, including the following:

1. A power grid expert system (PGES), comprising: a charging station
configured for charging a battery in an electric vehicle from an electric power
grid; the charging station optionally comprising a grid tie inverter configured for
backfilling power from an electric vehicle connected to the charging station into
the electric power grid; a PGES computer; and programming that is
executable on the PGES computer for performing steps comprising:
selectively controlling a charging of the battery in the electric vehicle by the
charging station; or if the charging station has the grid tie inverter, then:
selectively controlling a discharging of the battery for backfilling power to the
electric power grid from the battery in the electric vehicle.

2. The PGES of embodiment 1, wherein the charging station is
configured for wirelessly communicating information to the electric vehicle, the
information selected from the group consisting of: a location of the charging
station; a charge capacity of the charging station; whether or not the grid tie
inverter is present; and a recent cost per kWh of charge at the charging
station.

3. The PGES of embodiment 1, further comprising: a control center;
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[0006]

[0007]

[0008]

[0009]

and communications equipment configured for communications among the
control center, the charging station, and the electric vehicle.

4. The PGES of embodiment 3, wherein a transceiver resident on the
electric vehicle acquires one or more pieces of information from the electric
vehicle selected from a group of data consisting of: a geographical position of
the electric vehicle; a state of charge of the battery in the electric vehicle; a
speed of the electric vehicle; a current draw from the battery in the electric
vehicle; a state of health of the battery in the electric vehicle; and an
identification of the electric vehicle.

5. A battery management system (BMS) for managing a battery in an
electric vehicle, the apparatus comprising: a BMS computer; a voltage sensor,
connected to the BMS computer, for measuring battery voltage; a current
sensor, connected to the BMS computer, for measuring battery current; and
programming that is executable on the BMS computer for performing steps
comprising: mapping a reference open circuit voltage (ROCV) to a reference
state of charge (RSOC) of the battery through a discharge cycle to produce an
ROCV-RSOC mapping; measuring a current and a voltage over a period of
time from the battery; calculating an open circuit voltage (OCV) of the battery
under a load; and using the ROCV-RSOC mapping for determining an
instantaneous state of charge (SOC) for the corresponding calculated open
circuit voltage (OCV).

6. The BMS of embodiment 5, further comprising: a transceiver
configured to wirelessly communicate between the electric vehicle and a
power grid expert system (PGES).

7. The BMS of embodiment 6, further comprising: a client portal display
device, comprising a processor; an application that is executable on the
processor for performing steps comprising: calculating a time averaged rate of
battery discharge from the measuring of the current over the period of time
from the battery; determining a projected range of the electric vehicle by using
the SOC and a maximum capacity of the battery, and the time averaged rate

of battery discharge; acquiring a cost per kWh of charge at a charging station;
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and displaying on the client portal display device one or more data selected
from the group consisting of: the SOC of the electric vehicle; the projected
range of the electric vehicle; the cost per kWh of charge at a location of the
charging station; and the location of the charging station.

[0010] 8. The BMS of embodiment 5, wherein said programming performs
steps comprising: determining a maximum capacity of the battery through
calculations performed on the measured current and voltage over a period of
time from the battery; and tracking over time the maximum capacity of the
battery as a state of health of the battery.

[0011] 9. The BMS of embodiment 5, wherein the batter state of charge
(SOC) is determined without using a schematic model of the battery.

[0012] 10. The BMS of embodiment 5, wherein said programming performs
steps comprising: determining a time-averaged current draw by averaging the
measured current over the period of time from the battery; determining a time-
averaged electric vehicle speed by averaging a speed of the electric vehicle
over another period of time; determining a remaining battery capacity by
multiplying the state of charge (SOC) by a maximum capacity of the battery;
and determining a remaining range by dividing the remaining battery capacity
by the time-averaged current draw, and multiplying by a time-averaged electric
vehicle speed.

[0013] 11. The BMS of embodiment 10, wherein said programming performs
steps comprising: transmitting from the electric vehicle the remaining range to
a client portal; and optionally displaying on the client portal the remaining
range.

[0014] 12. The BMS of embodiment 11, wherein the transmitting step is either
direct, or via a relayed transmission through a power grid expert system.

[0015] 13. The apparatus of embodiment 11, wherein said client portal
comprises: a display device; and a transceiver configured to wirelessly
communicate with the electric vehicle and the power grid expert system
(PGES).

[0016] 14. The BMS of embodiment 6 or 13, wherein the power grid expert
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system (PGES) comprises: a charging station configured for charging a
battery in an electric vehicle from an electric power grid; said charging station
optionally including a grid tie inverter configured for backfilling power from an
electric vehicle connected to the charging station into the electric power grid; a
PGES computer; and a program that is executable on the PGES computer for
performing steps comprising: selectively controlling a charging of the battery in
the electric vehicle by the charging station; or if the charging station has the
grid tie inverter, then: selectively controlling a discharging of the battery for
backfilling power to the electric power grid from the battery in the electric
vehicle.

15. An electric vehicle apparatus, comprising: an electric vehicle; a
battery in the electric vehicle; a computerized control system in the electric
vehicle; a voltage sensor, connected to the computerized control system, for
measuring battery voltage; a current sensor, connected to the computerized
control system, for measuring battery current; computerized control system
programming executable on the computerized control system for performing
steps comprising: mapping a reference open circuit voltage (ROCV) to a
reference state of charge (RSOC) of the battery through a discharge cycle to
produce a ROCV-RSOC mapping; measuring a current and a voltage over a
period of time from the battery; calculating an open circuit voltage (OCV) of
the battery under a load; and using the ROCV-RSOC mapping for determining
an instantaneous state of charge (SOC) for the corresponding calculated open
circuit voltage (OCV); and a transceiver configured for wireless communication
between the computerized control system and a power grid expert system
(PGES).

16. The apparatus of embodiment 15, wherein said power grid expert
system (PGES) comprises: a charging station configured for charging the
battery in the electric vehicle from an electric power grid; said charging station
optionally including a grid tie inverter configured for backfilling power from an
electric vehicle connected to the charging station into the electric power grid; a

computer; and programming executable on the computer for selectively
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controlling charging the battery in an electric vehicle connected to the charging
station and, if the grid tie inverter is present, then backfilling power to the
power grid from the battery in an electric vehicle connected to the charging
station.

17. The apparatus of embodiment 15, further comprising: a client portal
display device comprising a processor; a programming executable on the
processor for performing steps comprising: determining a projected range of
the electric vehicle; acquiring a cost per kWh of charge at a charging station;
and displaying on the client portal display device one or more data consisting
of: state of charge of the electric vehicle, projected range of the electric
vehicle, and cost per kWh of charge at a charging station.

18. The apparatus of embodiment 15, wherein said computerized
control system programming executable performs steps comprising:
determining a time-averaged current draw by averaging the current over the
period of time from the battery; determining a time-averaged electric vehicle
speed by averaging the electric vehicle speed over another period of time;
determining a remaining battery capacity by multiplying the state of charge
(SOC) by a maximum capacity of the battery; and determining a remaining
range by dividing the remaining battery capacity by the time-averaged current
draw, and multiplying by the time-averaged electric vehicle speed.

Although the description above contains many details, these should not

be construed as limiting the scope of the invention but as merely providing
illustrations of some of the presently preferred embodiments of this invention.
Therefore, it will be appreciated that the scope of the present invention fully
encompasses other embodiments which may become obvious to those skilled in the
art, and that the scope of the present invention is accordingly to be limited by nothing
other than the appended claims, in which reference to an element in the singular is
not intended to mean "one and only one" unless explicitly so stated, but rather "one
or more." All structural, chemical, and functional equivalents to the elements of the
above-described preferred embodiment that are known to those of ordinary skill in

the art are expressly incorporated herein by reference and are intended to be

-63-



WO 2011/156776 PCT/US2011/040077

encompassed by the present claims. Moreover, it is not necessary for a device or
method to address each and every problem sought to be solved by the present
invention, for it to be encompassed by the present claims. Furthermore, no element,
component, or method step in the present disclosure is intended to be dedicated to
the public regardless of whether the element, component, or method step is explicitly
recited in the claims. No claim element herein is to be construed under the
provisions of 35 U.S.C. 112, sixth paragraph, unless the element is expressly recited

using the phrase "means for."
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CLAIMS

What is claimed is:

1. A power grid expert system (PGES), comprising:

(a)  acharging station configured for charging a battery in an electric
vehicle from an electric power grid;

(b)  the charging station optionally comprising a grid tie inverter configured
for backfilling power from an electric vehicle connected to the charging station into
the electric power grid;

(c) a PGES computer; and

(d) programming that is executable on the PGES computer for performing
steps comprising:

selectively controlling a charging of the battery in the electric vehicle by
the charging station; or

if the charging station has the grid tie inverter, then:

selectively controlling a discharging of the battery for backfilling power

to the electric power grid from the battery in the electric vehicle.

2. The PGES of claim 1, wherein the charging station is configured for
wirelessly communicating information to the electric vehicle, the information selected
from the group consisting of:

a location of the charging station;

a charge capacity of the charging station;

whether or not the grid tie inverter is present; and

a recent cost per kWh of charge at the charging station.

3. The PGES of claim 1, further comprising:
a control center; and
communications equipment configured for communications among the control

center, the charging station, and the electric vehicle.
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4. The PGES of claim 3, wherein a transceiver resident on the electric
vehicle acquires one or more pieces of information from the electric vehicle selected
from a group of data consisting of:

a geographical position of the electric vehicle;

a state of charge of the battery in the electric vehicle;

a speed of the electric vehicle;

a current draw from the battery in the electric vehicle;

a state of health of the battery in the electric vehicle; and

an identification of the electric vehicle.

5. A battery management system (BMS) for managing a battery in an
electric vehicle, the apparatus comprising:
(a) a BMS computer;
(b)  avoltage sensor, connected to the BMS computer, for measuring
battery voltage;
(c) a current sensor, connected to the BMS computer, for measuring
battery current; and
(d) programming that is executable on the BMS computer for performing
steps comprising:
mapping a reference open circuit voltage (ROCV) to a reference state
of charge (RSOC) of the battery through a discharge cycle to produce an
ROCV-RSOC mapping;
measuring a current and a voltage over a period of time from the
battery;
calculating an open circuit voltage (OCV) of the battery under a load;
and
using the ROCV-RSOC mapping for determining an instantaneous
state of charge (SOC) for the corresponding calculated open circuit voltage
(OCV).
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6. The BMS of claim 5, further comprising:
a transceiver configured to wirelessly communicate between the electric

vehicle and a power grid expert system (PGES).

7. The BMS of claim 6, further comprising:
a client portal display device, comprising a processor;
an application that is executable on the processor for performing steps
comprising:

calculating a time averaged rate of battery discharge from the
measuring of the current over the period of time from the battery;

determining a projected range of the electric vehicle by using the SOC
and a maximum capacity of the battery, and the time averaged rate of battery
discharge;

acquiring a cost per kWh of charge at a charging station; and

displaying on the client portal display device one or more data selected
from the group consisting of:

the SOC of the electric vehicle;

the projected range of the electric vehicle;

the cost per kWh of charge at a location of the charging station; and

the location of the charging station.

8. The BMS of claim 5, wherein said programming performs steps
comprising:

determining a maximum capacity of the battery through calculations performed
on the measured current and voltage over a period of time from the battery; and

tracking over time the maximum capacity of the battery as a state of health of

the battery.

9. The BMS of claim 5, wherein the batter state of charge (SOC) is

determined without using a schematic model of the battery.
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10.  The BMS of claim 5, wherein said programming performs steps
comprising:

determining a time-averaged current draw by averaging the measured current
over the period of time from the battery;

determining a time-averaged electric vehicle speed by averaging a speed of
the electric vehicle over another period of time;

determining a remaining battery capacity by multiplying the state of charge
(SOC) by a maximum capacity of the battery; and

determining a remaining range by dividing the remaining battery capacity by
the time-averaged current draw, and multiplying by a time-averaged electric vehicle

speed.

11.  The BMS of claim 10, wherein said programming performs steps
comprising:
transmitting from the electric vehicle the remaining range to a client portal; and

optionally displaying on the client portal the remaining range.

12.  The BMS of claim 11, wherein the transmitting step is either direct, or

via a relayed transmission through a power grid expert system.

13.  The apparatus of claim 11, wherein said client portal comprises:
a display device; and
a transceiver configured to wirelessly communicate with the electric vehicle

and the power grid expert system (PGES).

14.  The BMS of claim 6 or 13, wherein the power grid expert system
(PGES) comprises:

a charging station configured for charging a battery in an electric vehicle from
an electric power grid;

said charging station optionally including a grid tie inverter configured for

backfilling power from an electric vehicle connected to the charging station into the

-68-



10

15

20

25

30

WO 2011/156776 PCT/US2011/040077

electric power grid;
a PGES computer; and
a program that is executable on the PGES computer for performing steps
comprising:
selectively controlling a charging of the battery in the electric vehicle by
the charging station; or
if the charging station has the grid tie inverter, then:
selectively controlling a discharging of the battery for backfilling power

to the electric power grid from the battery in the electric vehicle.

15.  An electric vehicle apparatus, comprising:
(@)  an electric vehicle;
(b)  a battery in the electric vehicle;
(c) a computerized control system in the electric vehicle;
(d) avoltage sensor, connected to the computerized control system, for
measuring battery voltage;
(e)  acurrent sensor, connected to the computerized control system, for
measuring battery current;
(f) computerized control system programming executable on the
computerized control system for performing steps comprising:
mapping a reference open circuit voltage (ROCV) to a reference state
of charge (RSOC) of the battery through a discharge cycle to produce a
ROCV-RSOC mapping;
measuring a current and a voltage over a period of time from the
battery;
calculating an open circuit voltage (OCV) of the battery under a load;
and
using the ROCV-RSOC mapping for determining an instantaneous
state of charge (SOC) for the corresponding calculated open circuit voltage
(OCV); and

(g)  atransceiver configured for wireless communication between the
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computerized control system and a power grid expert system (PGES).

16.  The apparatus of claim 15, wherein said power grid expert system
(PGES) comprises:

a charging station configured for charging the battery in the electric vehicle
from an electric power grid;

said charging station optionally including a grid tie inverter configured for
backfilling power from an electric vehicle connected to the charging station into the
electric power grid;

a computer; and

programming executable on the computer for selectively controlling charging
the battery in an electric vehicle connected to the charging station and,

if the grid tie inverter is present, then

backfilling power to the power grid from the battery in an electric vehicle

connected to the charging station.

17.  The apparatus of claim 15, further comprising:
a client portal display device comprising a processor;
a programming executable on the processor for performing steps comprising:
determining a projected range of the electric vehicle;
acquiring a cost per kWh of charge at a charging station; and
displaying on the client portal display device one or more data
selected from the group consisting of:
state of charge of the electric vehicle;
projected range of the electric vehicle; and

cost per kWh of charge at a charging station.

18.  The apparatus of claim 15, wherein said computerized control system
programming executable performs steps comprising:
determining a time-averaged current draw by averaging the current over the

period of time from the battery;
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determining a time-averaged electric vehicle speed by averaging the electric
vehicle speed over another period of time;

determining a remaining battery capacity by multiplying the state of charge
(SOC) by a maximum capacity of the battery; and

determining a remaining range by dividing the remaining battery capacity by
the time-averaged current draw, and multiplying by the time-averaged electric vehicle

speed.
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