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(57) Abrégé/Abstract:
An embodiment of the invention provides a method of charging an energy storage system for an electric vehicle. The method
includes determining the estimated consumption for a specific route of the electric vehicle at different times and setting a target end
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(57) Abrégé(suite)/Abstract(continued):

point for the energy storage system based upon a minimum state of charge level for the energy storage system. The method
further includes determining charge set points for the energy storage system based upon the target end point and the determined
estimated consumption and determining the actual end point of the energy storage system after operation of the electric vehicle on
the given route. The method also includes comparing the actual end point to the target end point and determining the difference in
state of charge for the energy storage system between the actual end point and the target end point. In addition, the method
includes using the difference between the actual end point and the target end point to adjust the charge set points for the energy
storage system.
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(57) Abstract: An embodiment of the invention provides a method of char-
ging an energy storage system for an electric vehicle. The method includes
determining the estimated consumption for a specitic route of the electric
vehicle at different times and setting a target end point for the energy storage
system based upon a minimum state of charge level for the energy storage
system. The method further includes determining charge set points for the en-
ergy storage system based upon the target end point and the determined es-
timated consumption and determining the actual end point of the energy stor-
age system after operation of the electric vehicle on the given route. The
method also includes comparing the actual end point to the target end point
and determining the difference in state of charge for the energy storage sys-
tem between the actual end point and the target end point. In addition, the
method includes using the difference between the actual end point and the
target end point to adjust the charge set points for the energy storage system.
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SYSTEMS AND METHODS FOR BATTERY LIFE MAXIMIZATION UNDER
FIXED-ROUTE APPLICATIONS
BACKGROUND

[0001] In recent years, hybrid and electric vehicles, which are provided with a battery,
have been proposed, and some of them have been put into practice, to effectively use energy,
in particular, regenerative energy as environmental measures. Typically, secondary batteries,
which have been put to into practice and installed in vehicles so far, include, for example,
lead storage batteries, nickel metal hydride batteries, or high powered lithium ion batteries.
Some clectric vehicles, such as electric cars, charge their batteries by plugging in the electric
vehicle at a charging station. Other electric vehicles such as electric trains and light rail cars,
are permanently connected to a power source through hardware in the railing or through
overhead lines.
[0002] Recent trends in integrated transportation systems for clectric vehicles, such as
bus systems or other public transportation systems, have moved away from the use of
permanent electrical connections to electric vehicles, as these systems are an eyesore, are
unpopular, are costly to install and maintain, and can be unsafe. Some of these systems do
not enable an electrical vehicle to run independent of a railing or overhead line. The speed of
charging can be very pertinent for a heavy-duty vehicle, such as a bus, that may be regularly
recharged within small time frames. More recent integrated transport systems may use fixed
charging stations to rapidly charge heavy duty batteries used in electric vehicles. In one
example, an electric vehicle may need to complete a charge in less than ten minutes that is
sufficient to enable it to complete its normal route of nine to twelve miles in an hour before

having to recharge.
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[0003] One current common charging strategy for electric vehicles is to use a “worst case
scenario” strategy where the battery cells for an electric vehicle are fully charged or charged
as much as possible during each charging event. This may be optimal, for example, if the
range of the electric vehicle needs to be maximized, if it may be difficult to predict the next
charging event, or if consumption of the charge of the electric vehicle in the near future is
unpredictable. However, such a charging strategy may result in cycling of the batteries
within a state of charge (SOC) range that may be damaging or detrimental for the life of the
batteries. Most battery cells tend to have a “sweet spot” for charging in the lower SOC range,
which may be 10-40% of total charge, 20-60% of total charge, or another range, depending
upon the battery chemistry used and the specific configuration used in the electric vehicle.
[0004] Thus, a need exists for a systems and methods for maximizing the battery life of

electric vehicles by maximizing SOC cycling in less damaging areas of the SOC range.

SUMMARY OF THE INVENTION
[0005] Embodiments of the invention provides systems and methods for maximizing the
battery life of electric vehicles by maximizing SOC cycling in less damaging areas of the
SOC range. Various aspects of embodiments of the invention described herein may be
applied to any of the particular applications set forth below or for any other types of vehicles
or power sources or for any application requiring rapid charging of an energy storage system.
Embodiments of the invention may be applied as a standalone system or method, or as part of
an integrated transportation system, such as a bus system or other public transportation
system. It shall be understood that different aspects of the invention can be appreciated
individually, collectively, or in combination with each other.
[0006] An embodiment of the invention provides a method of charging an energy storage

system for an clectric vehicle. The method includes determining the estimated consumption
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for a specific route of the electric vehicle at different times and setting a target end point for
the energy storage system based upon a minimum state of charge level for the energy storage
system. The method further includes determining charge set points for the energy storage
system based upon the target end point and the determined estimated consumption and
determining the actual end point of the energy storage system after operation of the electric
vehicle on the given route. The method also includes comparing the actual end point to the
target end point and determining the difference in state of charge for the energy storage
system between the actual end point and the target end point. In addition, the method
includes using the difference between the actual end point and the target end point to adjust
the charge set points for the energy storage system.

[0007] Dectermining the estimated consumption may also include establishing a
consumption table for operation of the electric vehicle, receiving modifiers to the
consumption table from one or more data connection means, adjusting the consumption table
based on the modifiers, and using the consumption table to determine the estimated
consumption for the clectric vehicle over a specific period.

[0008] Embodiments of the invention may also include obtaining battery characterization
information about battery cells used in the energy storage system and determining the
differences between charge set points, determining charge rate distributions to meet the
charge sct points, sclecting onc of the charge rate distributions bascd on the battery
characterization information, and modifying the charge set points based on the selected
charge rate distribution.

[0009] Embodiments of the invention may also include a computer program product that
includes a computer usable medium having a computer readable program code cmbodicd
therein. The computer readable program code is adapted to be executed to implement a

method of charging an energy storage system for an electric vehicle, wherein the method
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includes determining the estimated consumption for a specific route of the electric vehicle at
different times and setting a target end point for the energy storage system based upon a
minimum state of charge level for the energy storage system. The method further includes
determining charge set points for the energy storage system based upon the target end point
and the determined estimated consumption and determining the actual end point of the energy
storage system after operation of the electric vehicle on the given route. The method also
includes comparing the actual end point to the target end point and determining the difference
in state of charge for the energy storage system between the actual end point and the target
end point. In addition, the method includes using the difference between the actual end point
and the target end point to adjust the charge set points for the energy storage system.

[0010] Embodiments of the invention include a charging system for an clectric vehicle.
The charging system includes an energy storage system comprising a plurality of battery
cells, with the energy storage system located within the electric vehicle. The charging
apparatus is separably coupled with the electric vehicle to charge the plurality of battery cells.
The charging system also includes mecans for receiving onc or more factors affecting charging
parameters for the battery cells.

The charging system also includes a charge control system for the energy storage system and
charging apparatus, with the charge control system including logic for determining the
estimated consumption for a specific route of the clectric vehicle at different times. The
charge control system also includes logic for setting a target end point for the energy storage
system based upon a minimum state of charge level for the energy storage system and logic
for determining charge set points for the energy storage system based upon the target end
point and the determined cstimated consumption. Additionally, the charge control system
also includes logic for determining the actual end point of the energy storage system after

operation of the electric vehicle on the given route and logic for comparing the actual end

4



point to the target end point and determining the difference in state of charge for the energy
storage system betwecen the actual end point and the target cnd point. In addition, the charge
control system further includes logic for using the difference between the actual end point
and the target end point to adjust the charge sct points for the energy storage system.

[0011] Other goals and advantages of the invention will be further appreciated and
understood when considered in conjunction with the following description and accompanying
drawings. Whilc the following description may contain specific details describing particular
embodiments of the invention, this should not be construed as limitations to the scope of the
invention but rather as an exemplification of preferable embodiments. For each aspect of the
invention, many variations arc possible as suggested herein that arc known to thosc of
ordinary skill in thc art. A varicty of changcs and modifications can be made within the

scope of the invention without departing from the spirit thereof.,

[0012] BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The novel features of the invention are set forth with particularity in the appended
claims. A better understanding of the features and advantages of the present invention will be
obtained by reference to the following detailed description that scts forth illustrative
embodiments, in which the principles of the invention are utilized, and the accompanying

drawings.
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[0014] Fig. 1 shows a schematic of a bus with various features in accordance with one
embodiment of the invention.

[0015] Fig. 2 is a chart showing exemplary charge and consumption cycles for operation
of an electric vehicle on a fixed route according to an embodiment of the invention.

[0016] Fig. 3 is a chart showing shifted charge and consumption cycles for operation of
an clectric vehicle on a fixed route according to an embodiment of the invention.

[0017] Fig. 4 is a flow chart showing a charge and consumption algorithm according to
an embodiment of the invention.

[0018] Fig. 5 is a flow chart showing processes for obtaining the estimated consumption
for an electric vehicle according to an embodiment of the invention.

[0019] Fig. 6 is a basc consumption table for operation of an electric vehicle according to
an embodiment of the invention.

[0020] Fig. 7 is a base consumption table that has been adjusted for long-term modifiers
according to an embodiment of the invention.

[0021] Fig.8 is a base consumption table showing cstimated consumption in terms of
depth of discharge according to an embodiment of the invention.

[0022] Fig. 9 is a chart showing projected charge and consumption cycles for operation of
an clectric vehicle on a fixed route during different conditions according to an embodiment of
the invention.

[0023] Fig. 10 is a list of variables and factors used for the charge and consumption
algorithm shown in Fig. 4 and Fig. 9.

[0024] Fig. 11 is a chart showing calculations for the consumption algorithm shown in
Fig. 4 and the cxemplary chart in Fig. 9 according to an cmbodiment of the invention.

[0025] Fig. 12 is a set point table showing different set point values for different times

and charging opportunities according to an embodiment of the invention.
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[0026] Fig. 13 is a chart showing charge and consumption cycles during operation of an
electric vehicle on a fixed route during different conditions according to an embodiment of
the invention.

[0027] Fig. 14 is a chart showing two charge set point distributions for operation of an
electric vehicle according to an embodiment of the invention.

[0028] Fig. 15 is a simplified flow chart showing a set point adjustment process
according to an embodiment of the invention.

[0029] Fig. 16 shows an example of a module in accordance with one embodiment of the
invention.

[0030] Fig. 17 shows several different rapid charge configurations that can be used for
systems of diffcrent charge capacitics according to embodiments of the invention.

[0031] Fig. 18 shows a chart displaying SOC cycling for a set schedule for hourly
charging of an electric vehicle on a fixed route according to an embodiment of the invention.
[0032] Fig. 19 shows a chart displaying SOC cycling for a variable schedule for hourly
charging of an clectric vehicle on a fixed route according to an embodiment of the invention.
[0033] Fig. 20 shows a decision matrix with different considerations that may apply to

the real-time charging of an electric vehicle in an embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION
[0034] The invention provides systems and methods for maximizing the battery life of
electric vehicles by maximizing SOC cycling in less damaging areas of the SOC range.
Various aspects of the invention described herein may be applied to any of the particular
applications sct forth below, for clectric or hybrid vehicles, or for any other types of vehicles.

Various aspects of the invention described herein may be applied to any of the particular
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applications set forth below or for any other types of vehicles or power sources or for any
application requiring rapid charging of an energy storage system. The invention may be
applied as a standalone system or method, or as part of an integrated vehicle system. It shall
be understood that different aspects of the invention can be appreciated individually,
collectively, or in combination with each other.

[0035] For example, electric vehicles powered by the system may include a transit bus
with various features as shown in the schematic in Fig. 1, in accordance with one
embodiment of the invention. The features of the bus may be applied to other types of
vehicles, including a school bus, a delivery van, a shuttle bus, a tractor trailer, a class 5 truck
(weighing 16,001-19,500 Ibs., two-axle, six-tire single unit), a class 6 truck (weighing
19,501-26,000 Ibs., threc-axle single unit), a class 7 truck (weighing 26,001-33,000 Ibs., four
or more axle single unit), a class 8 truck (weighing 33,000 Ibs. and over, four or less axle
single trailer), a vehicle with a GVWR weighing over 14,000 pounds, a vehicle with a cargo
to driver mass ratio of 15:1 or greater, a vehicle with six or more tires, a vehicle with three or
more axles, passenger car, or any other type of vehicle.

[0036] The vehicle may have a propulsion power source, which includes batteries. These
batteries may be packaged as battery cells, packs, modules, strings, or in other configurations.
In some embodiments of the invention, the vehicle may have one or more additional power
sources, such as a combustion engine or a fucl cell. The vehicle may be an electric battery-
powered vehicle or a hybrid electric vehicle, and may be able to use the same basic battery
configuration, drive motor, and controller, regardless of whether the vehicle is an all-battery
vehicle or a hybrid vehicle.

[0037] The propulsion power source for the vehicle may include one or more battery
assembly. A battery assembly may provide high voltage power to the traction motor, high

power accessories, and low voltage accessories in the vehicle through the use of a converter.



In onc implementation of the invention, cells may be put in parallel to reduce cost of battery
management systems since cach ccll voltage may be measured. However, in some other
cmbodiments, with larger capacity cclls, paralleling batterics before placing them in series
may not be nceessary. The usc of larger capacity cells may increase the safety of the entire
asscmbly without adding cost to the battery management system. Thus, batterics may be
arranged in scries or parallel, or any combination thercof. Such battery connection flexibility
may also allow flexibility in battcry placcment. Such flexibility of battery placement may be
beneficial whercever the batterics are distributed on the vehicle.

[0038] In somc¢ cmbodiments, a hecavy-duty vehicle may travel a predetermined route,

and stop at predctermined points for recharging. See, e.g., U.S. Patent No. 3,955,657.

10039] In one embodiment of the invention, the propulsion power source of the vehicle
may include battery cclls of various chemistrics, including lithium iron phosphate (LFP), hard
carbon /nickel cobalt manganese oxide (NCM), lithium manganese phosphate, lithium-ion
chemistries, and others. In some implementations, the propulsion power source may include
battery cells that are solely of a single chemistry type without requiring any other types of
battery cells, and the battery cells may include any format or composition known in the art.
The battery cells may be implemented in a number of configurations, including, but not
limited to prismatic cells, cylindrical cells, button cells, pouch cells, and other configurations
known to persons of skill in the art. Various modifications could also be made to the
configuration of the battery cells such as using different C-rate or Ah battery cells, battery
chemistries, and storage capacities.

[0040] A vehicle such as the transit bus shown in Fig. 1 may be used as part of an integrated
transportation system utilizing electric vehicles, such as a bus system or other public

transportation system. The electric vehicle may operate on a relatively fixed transit route on

9
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which the vehicle must complete its entire route before coming back to a specific location to
rccharge. In a conventional implementation, the clectric vehicle’s batteries may be fully
charged at cach charging cvent to avoid the infrequent scenario in which the entire capacity
of the battery is required to complete a given route. However, if the clectric vehicle operates
on a fixed or predictable route, alternative SOC charging strategies may be implemented in
accordéncc with cmbodiments of the invention to allow for improved battery life. If typical
opcration of the electric vehicle only uscs half the capacity of the battery to complete a route,
than charging to less than 100% capacity may be desirable in most cascs. However, fear of
not being ablc to predict future consumption requircments often results in a fixed charging
strategy biascd towards the worst case. This becomes morc apparent when rapid charge
requircments result in excess SOC being available through the rapid charge, but at the
cxpensc of the life of the battery cells.

10041] The recharging of the clectric vehicle’s batteries may be performed using a
conventional charging process or a rapid charging process such as that described in U.S.
Provisional Patent Application No. 61/385,114 entitled “Systems and Methods for Equivalent
Rapid Charging With Different Energy Storage Configurations".

For example, the rapid charging process may be
complected in a short amount of time to minimize vehicle ‘down time’ and maximize the
operational time of the electrical vehicle in the field. The electric vehicle may need to
complete a charge in less than ten minutes that is sufficient to enable it to complete its normal
route of nine to twelve miles in an hour before having to recharge. However, modifications
to the range of the system, charging times, usable SOC, amperage and voltages used in rapid
charging, and others would be apparent to a person of skill in the art, and it is contemplated

that the invention will also cover such modifications, variations, and equivalents.
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[0042] Vehicle applications with fixed routes (or a limited selection of routes) and
opportunity charging open the door to adaptive charging strategies that can move SOC
cycling to the least damaging areas of the battery while still achieving desired performance
and range requirements to get to the next opportunity charge. This may become particularly
meaningful when trying to achieve rapid charge rates of 2C or greater with conventional
lithium ion chemistries. There is an SOC range for lithium chemistries where higher c-rate
charging is less damaging. Maximizing overlap of charging events in this zone is an enabler
to achieving longer cycle life in rapid charge applications.

[0043] Fig. 2 is a chart showing exemplary charge and consumption cycles for operation
of an electric vehicle on a fixed route according to an embodiment of the invention. During
typical operation, the SOC of the battery cells of the clectric vehicle may cycle between 30-
60% of the vehicle’s total SOC. To prevent the vehicle from running out of charge and being
unable to complete its route, the initial set point during a charging event may be set to
accommodate for a floor or minimum level of charge. For example, in the worst case
scenario where the passenger load may be high and heating, ventilation, and air conditioning
(HVAC) for the vehicle may be fully engaged, the consumption of the battery cells may
increase, for example from 2 kWh/mile to 3.4 kWh/mile, resulting in a greater depth of
discharge of the battery cells to around 10% SOC. However, the cycling range of 30-60%
may not match the optimal cycling range of the energy storage system, which could be from
10-40% of SOC, 20-50% of SOC or another range, depending upon the battery cells used and
the specific configuration used in the energy storage system.

[0044] Fig. 3 is a chart showing shifted charge and consumption cycles for typical
opcration of an electric vehicle on a fixed route according to an embodiment of the invention.
In Fig. 3, the typical charge and consumption cycle has been shifted downwards from 30-

60% of SOC to 10-40% to match the optimal cycling range of the energy storage system.
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Whilc the initial charge levels have not been raised to a higher level to match that of the
worst casc scenario, charge and consumption cycle can be actively adjusted to accommodate
greatcr energy consumption by using an adaptive set point stratcgy and more accurately
predicting the consumption needed to complete future drive cycles and charging the encrgy
storage system accordingly, as described herein. In particular, battery life can be maximized,
particularly in fixed route rapid charge applications, through the selection of a charge sct
point that maximizcs rapid charge cycles in the lcast damaging SOC ranges for a given cell
and minimizes extreme charge rate outlicrs.

[0045] Fig. 4 is a simplificd flow chart showing a charge and consumption algorithm for
an clectric vehicle in according to an cmbodiment of the invention. In step 102 of Fig.
4, the estimated consumption for the electric vehicle is determined. This may be for one
itcration of the clectric vehicle’s suggested route, operation of the electric vehicle for an
entirc day or week, or any period for which information about the electric vehicle’s estimated
consumption of energy may be obtained. The estimated consumption (or charge set points,
as described later) may be in the form of a table, matrix, chart, data structure, or other data
format, and may be based on information obtained from a variety of sources, including but
not limited to prior field usage, test data, weather databases, traffic estimations, real-time
traffic data, road construction information, local events such as concerts or conventions,
onboard measurements, transit agency operating data, passenger counters, farebox
information, battery management systems, traction motor, the power supply, converters, or
other electric equipment, the HVAC system, GPS, and driver input. Data may be obtained
through a variety of transmission means, including but not limited to 3G/4G wireless
connectivity, WiFi, Bluetootﬁl,“the internet, the use of present programs or tabled data, CAN
Network, battery management systems, data loggers, charging stations, a transit operating

analysis, or simply by measuring the application data during or after operation.
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[0046] Fig. 5 is a flow chart showing processes for obtaining the estimated consumption
for an electric vehicle according to an embodiment of the present invention. For example,
step 102 in Fig. 4 may be performed using some or all of the processes shown in Fig. 5. In
step 202, a base consumption table is established based on initial factors, as shown for
example in Figure 6. The estimated base consumption may be displayed in a table format
with entries for the estimated consumption at a given time of the day on a given day of the
week. The estimated consumption may be based upon the route profile and kWh required to
complete the electric vehicle’s specified route. While Fig. 6 and subsequent Figures may
show operation of the electric vehicle from 6 AM to 11 AM, other times of operation may
also be used in accordance with embodiments of the invention. The base consumption table
may be periodically updated and/or process 202 periodically repeated when the route profile
or other initial consumption factors of the vehicle change.

[0047] In step 204 of Fig. 5, the base consumption table created in step 202 is modified
for long-term factors. An example of such an adjusted consumption table is shown as Fig. 7.
The table may be modified to account for weekly, monthly, scasonal, or longer-term
maodifiers, including but not limited to the route type (CBD, COM, ARTERIAL), the route
profile (flat, hilly, urban), base passenger load profile, historical HVAC loads, time of day
changes, time of week changes, the desired reserve levels of SOC, expected electricity costs,
and others. For example, the estimated consumption amounts for Monday may be greater
between 8-10 AM to account for greater passenger loads or additional HVAC usage.
Consumption amounts may also vary between weekdays to weekends, when the passenger
load is lessened. In another example, summertime operation of the electric vehicle may result
in consumption modifiers to account for higher ¢lectricity costs and HVAC loading, but also
a lesser amount of passengers. Higher temperatures can lead to increased performance, but at

the risk of shortened battery cell life, while lower temperatures within the operating range of
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the battery cells can allow for increased battery cell life. The external thermal effects from
forecasted weather and the time of day can be factored into the consumption modifiers, with
additional consumption projected if hot weather is forecasted. Conversely, reduced
consumption may be projected near the end of the day when temperatures typically are lower,
or if cool weather is predicted. Improved thermal management can dramatically improve the
life of battery cells by maintaining the operating temperature of the cells within an optimal
range, which may be a narrow range around 10°C, 15°C, 20°C, 25°C, 30°C, 35°C, or other
ranges. Forecasted weather may also help to predict vehicle HVAC loading and the estimate
range of the vehicle as well. The adjusted consumption table may be periodically updated
and process 204 may be periodically repeated to accommodate for changes in the long-term
modifiers affecting the consumption table.

[0048] In step 206 of Fig. 5, the modified consumption table shown in Fig. 7 may be
modified to adjust for short term modifiers including but not limited to vehicle driver habits,
the number of passengers, changes in weather, events such as a concert or large event,
cquipment problems or failures, remote commands, smart meter changes, other sources of
load draw, and others. If the electric vehicle is scheduled to operate outside its normal
schedule and offer shuttle service between parking lots for a large event, the projected short-
term consumption of the electric vehicle may be high, due to increases in the passenger load
on the vehicle and a more demanding route profile. Driver tendencics may also be used as a
short-term modifier in determining projected consumption. One driver may tend to expend
more kWh on a given route than another, or more experienced drivers may be more efficient
in their operation of the vehicle as compared to inexperienced drivers. The short term
modifiers described above may be updated in real-time or on a periodic basis, such as hourly
or every fifteen minutes, to account for changes to the current condition of the electric

vehicle.
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[0049] In a specific embodiment of the invention, the long-term and short-term modifiers
may also modify the base consumption table to accommodate for not only changes in
consumption, but also changes in projected charging events. For example, the electric
vehicle may be forced to skip a charging event due to a change in its operating schedule that
forces the electric vehicle to operate on a significantly longer route than normal. In such an
instance, the consumption table could be modified to increase the projected amount of
consumption. If the electric vehicle was scheduled to skip charging events between 11 AM
to 2 PM, the amount of projected consumption between those times could be increased to
account for the additional consumption occurring without the charging events that are being
skipped. As described in subsequent processes, the charge set point may be set at a higher
level to accommodate for this increased consumption, while allowing the vehicle to continue
on its projected route.

[0050] In a specific embodiment of the invention, the charge and consumption algorithm
may be used as part of a demand-rate avoidance strategy that allows owners or operators of
the clectric vehicle to avoid charging the electric vehicle during periods of pecak demand. In
certain states and countries, utility rates for the use of electricity during times of peak usage
(for example, between 12 PM — 4 PM) may be drastically higher to encourage users to shift
consumption to other periods. The charge and consumption algorithm according to
embodiments of this invention may be shifted to allow the electric vehicle to continue during
its normal time of operation, but only charge when it may be economically efficient to do so.
The current demand rate for electricity can be used as a both a long-term and short-term
modifier for the consumption table depending upon whether the increased demand rate is a
long-term modifier for clectricity pricing, or if it is a short-term modifier caused, for
example, by a short-term change such as a heat wave causing an increase in overall electricity

consumption in the local area for a period of time.
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[0051] In step 208 of Fig. 5, the total predicted consumption is determincd for a given
timc. This may be shown as a modificd consumption table as shown in Fig. 7, which has
alrcady been adjusted for both long-term and short-term modificrs in accordance with steps
204 and 206. Thc consumption valucs in thc modified consumption table in Fig. 7 may also
be converted to from kWh to a value showing the depth of discharge of the energy storage
system, as shown in Fig. 8. This may be performed by defining the conversion of kWh to
DOD as a function of the vehicle’s SOC. For cxample, if the vehicle’s total SOC is 100
kWh, projected consumption of 20 kWh in a given period may be converted to a depth of
discharge valuc of 20% by dividing the projected consumption for that period by the
vchicle’s total SOC. If the clectric vehicle’s total SOC was 60 kWh, the equivalent depth of
dischargc for the projected consumption value of 20kWh would be 33.33%. Other alternative
consumption tables or process flows could also be used. For cxample, the long-term and
short-tcrm modificrs could be calculated as changes to the basc consumption table, and
combined with the base consumption in another step.

[0052] The estimated consumption for a given time may also be described as a variable
C;; which describes the predicted consumption needed to complete a drive cycle. This may
be better understood in conjunction with Figs 9-11. Fig. 9 is a chart showing projected
charge and consumption cycles for operation of an electric vehicle on a fixed route during
different conditions according to an embodiment of the invention. Fig. 10 is a list of
variables and factors used for the charge and consumption algorithm shown in Fig. 4 and the
chart in Fig. 9 according to an embodiment of the invention. Fig. 11 is a chart showing
calculations for the consumption algorithm shown in Fig. 4 and the exemplary chart in Fig. 9
according to an embodiment of the invention.

[0053] For estimated consumption Cij, the variable i represents the next time a scheduled

opportunity charge may arise, with the variable j representing the current time of day. For
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situations where 1> j, the projected consumption in those instances is longer-term as those
values represent consumption at a later time. Consumption when i=j is short-term and may
be used the time of the charging opportunity, in addition to the longer-term consumption
values, at to determine appropriate charging parameters. C;j may be calculated until i=j as it
18 no longer necessary to predict consumption in relation to charging opportunities at times 1
which are less than j, meaning that the charging event and consumption has already occurred.
[0054] After the estimated consumption for the electric vehicle has been determined in
step 102 of Fig. 4, the target end point for charging is determined in step 104. The target end
point Et is the minimum SOC level that should be maintained at the end of the drive cycle.
The value Er may be set to maintain a minimal reserve SOC amount to enable the electric
vchicle to return to its charging station in the event of equipment failure or other factors
preventing the vehicle from operating effectively. The end point Er may also be set to
maximize the battery life depending upon the specifics of the particular energy storage
system used, including but not limited to the battery cell, pack, and module configurations
uscd, the electrical interconnections used between those configurations, and the specific
battery chemistry employed. For example, the target end point Er may be set at 10% of
SOC as shown in Fig. 11, to provide a minimum reserve SOC amount and also to allow the
electric vehicle to cycle in an optimum range, which may be between 10% and 40% of the
total SOC, as shown in Fig. 9 for typical adjustcd operation of the clectric vehicle.

[0055] In step 106 of Fig. 4, the charge set point for a charging opportunity is determined.
The charge set point may expressed as a value S;; representing the state of charge at the
beginning of a drive cycle, with the variable 1 representing the next time a scheduled
opportunity charge may arisc, and the variable j representing the current time of day. The

charge set point S;; may be expressed using a set point table showing different set point
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values for different times and charging opportunities, as shown in Fig. 12. For example, an
initial calculation of the set point values in the chart may be determined using the formula:

Sij=Ci; + Er

where Cj; is the estimated consumption determined in step 102 and Er is the target end point
determined in step 104. Set point S;; should be set at a value to allow the electric vehicle to
complete its projected route before a scheduled charging opportunity may arise, represented
by its estimated consumption C;; while maintaining a minimum target end point of Er as a
reserve. Furthermore, charge set point S;; may also be adjusted accordingly to account for
actual energy consumption during operation of the electric vehicle, as described below. The
set point S;; may also take into account projected charging events in the future. For example,
a higher set point S;; may be needed if consumption C;; is increased due to long or short-term
modifiers causing the electric vehicle to skip one or more charging events, or the set point S;;
may also be decreased if the electric vehicle may return for charging before its next
scheduled charging event.

[0056] In step 108, the actual end point E, ; of the electric vehicle is determined after
operation. This may be performed by monitoring the SOC of the battery cells at the end of
cach drive cycle. In step 110, the error g between the target end point Et and the actual end
point E, ; is determined by finding the difference between the two values. In step 112, the
set point may be adjusted to modify the charge distribution between subsequent charges,
discussed in more detail below. The error & may be used to adjust future charge set points S;

in step 114 using the formula:
Sij=Ci;t Ert+ e

where C;; is the estimated consumption determined in step 102, Er is the target end point

determined in step 104, and & ; is the difference between the target end point Er and the
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actual end point E4 at the end of the prior drive cycle. If a charge set point table or other data
representation has been used, the error determined & may be used to update future charge set
points contained within the charge set point table. The calculation of set point S;;
incorporating the error component may be better understood in accordance with the chart in
Figs. 9 and Fig. 13, which are separated into operation of an electric vehicle in a typical
consumption scenario, an intermediate consumption scenario where consumption is at a
higher level, and a worst case scenario where passenger loading and HVAC operation may be
at maximum levels. For a given charging cycle, if the target end point Et been set and the
estimated consumption C;; for the cycle has been determined, the target set-point may be for
that cycle may be back-calculated to determine how much charge should be added to the
cnergy storage system for the electric vehicle to allow the vehicle to complete its projected
route while maintaining cycling at SOC levels least damaging to its battery cells. This
process may be repeated for future drive cycles, so long as information is available to predict
the estimated consumption of the electric vehicle. For example, the estimated consumption
C;; increases 1n Fig. 9 to account for the intermediate and worst-casc scenarios where
estimated consumption is higher. However, the error determined in step 110 has not been
factored in during actual operation of the electric vehicle as the end points Erare the same for
the drive cycles.

[0057] Fig. 13 is a chart showing charge and consumption cycles during operation of an
electric vehicle on a fixed route during different conditions according to an embodiment of
the invention. While the target end point Erremains as at 10% of SOC, the actual end points
EA are adjusted to account for the remaining SOC of the battery cells during each of the drive
cycles, with the actual end points Ex also uscd to project futurc consumption going forward.
For example, actual consumption Coj may be greater during the first charge cycle, resulting in

an actual end point that E;; is lower than the target end point Et. As operation of the electric
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vehicle has resulted in a greater depth of discharge of the battery cells, the next charge set
point S;; may be set accordingly, for example to equal the sum of Co;, the actual
consumption of the vehicle in the first cycle; Erthe target end point, in this case 10% SOC,
and g1, the difference between the target end point Et and the actual end point E; at the end
of the drive cycle.

[0058] At the set point Sz the electric vehicle is operating in an intermediate
consumption scenario but is projected to transition into a worst-case consumption scenario in
the next drive cycle. To account for this, the next set point S4jmay be set at a higher level of
SOC to accommodate for this increased level of consumption. Additionally, consumption
Csj during the drive cycle may also be greater than anticipated, as shown by the actual end
point E4; being at a lower level than the target end point. The charging algorithm used by the
electric vehicle may take and use this real-time charging data to modify the next set point S4,
as well as subsequent set points to increase the battery life of the electric vehicle, while
allowing it to maintain full functionality for its projected route. If the set points are
maintained in a charge sct point table or other data representation, multiple set points within
the table may be updated to account for these changes.

[0059] The charge and consumption algorithm shown in Fig. 4 may also incorporate an
optional process where the charge set points for subsequent charging opportunities are
adjusted to modify the charge rate distribution. For example, Figure 14 is a chart showing
two charge set point distributions for operation of an electric vehicle according to an
embodiment of the invention. Both charge scenario 1 and charge scenario 2 incorporate three
different charging events. In charge scenario 1, the electric vehicle may be in limited
operation during the drive cycles accompanying charging events 1 and 2, which requires that
the battery cells only be charged to 30% and 40% SOC during the accompanying drive

cycles. However, operation of the electric vehicle following charging event 3 may require
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that the battery cells be charged to 90% of capacity to allow it to complete its projccted route,
for cxamplc due to drastically increased demand, a change in route in the third drive cycle, or
other factors. If the clectric vehicle only has a fixed duration to complcte its charging event,
a high ratc of charge may be required during charging cvent 3 to charge the battery cells to
the required capacity within the allottcd amount of time. Depending on the characteristics of
the specific chemistrics usced for the battery cells, using a high rate of charge or c-rate may
reduce the life of the battery cells. For cxample, many battery cclls exhibit a non-linear
degradation of lifc at higher C-ratcs. However, a modificd set point adjustment process
could be uscd to modify the charge set points to allow the electric vehicle to complete its
projected routes, while also maximizing the life of the battery cells.

[0060] Figurc 15 is a simplificd flow chart showing a sct point adjustment process
according to an cmbodiment of the invention. In step 302, battery ccll information is
obtaincd. For examplc this information may comprise the chemistries used in the battery
cells, degradation curves of the battery cells depending on C-rates, or information about the
current state of the battery. In step 304, the difference between projected charge set points is
determined. This may be performed by creating or accessing a delta set point table or other
similar data structure which contains projected set points and through which the difference in
charge set points may be determined, for example as a step height function of the charge set
points. For example, step 304 may also take into account projected future charging events,
including accounting for charging events that were skipped due to one or more long-term or
short-term modifiers, such as a high demand rate for the cost of electricity. In step 306,
calculations are performed to determine potential charge distributions that will allow the
electric vehicle to complete its projected route. This may be accomplished by performing
statistical analysis on the tabled data to create various charging scenarios. For example,

charge scenario 1 and charge scenario 2 are two examples of different set point distributions
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that would also have different charge distributions to reach the desired set points. As
discussed previously, charge scenario 1 could require a use of a high c-rate in the third
charging event, resulting in a wide charge distribution that could negatively impact the
battery life. In comparison, use of charge scenario 2 would allow for the use of lower c-rate
charging through all three charging events, which could result in the battery cells being able
to cycle within their “sweet spot,” which would improve their life. The increased amount of
charge added in the first two charging events in charge scenario 2 would allow the electric
vehicle to complete the drive cycle accompanying the third charging event, despite the third
charging event only adding a reduced amount of charge to the battery pack. In a specific
embodiment of the invention, it may be desired to maintain a narrow distribution between
charge rates. For cxample, step 306 may be used to take incremental steps to minimize the c-
rate required to complete the projected drive cycles, which would maintain a tight band on
the c-rate distribution between charging events. For example, the following formula may be
used to determine if the projected [set point] should be modified.

Airyi < Aqe2yi 72 < Agezyr+3 , then adjust Sij
Under this calculation, if the change in charge rate distribution is less when measured across
multiple charging events, then the charge set points may be adjusted until the variation in
charge rate distribution across charging events may be reduced.
[0061] Stcp 306 may also be modificd to accommodate for projected future charging cvents,
in that a an increased amount of charge may be required for earlier charge events to allow the
electric vehicle to operate despite skipping one or more charging events in the future. For
example, if the electric vehicle normally charges once per hour on its regular schedule but is
scheduled to miss a charging cvent at 12 PM and 1 PM duc to a high demand rate for
electricity, additional charge may be added to the battery packs for the electric vehicle in

earlier charging events to allow the vehicle to continue to operate despite those missed
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charging events. Instead of charging the battery packs to a higher level solely at the 11 AM
charging event, the calculations in step 306 may provide for alternative charging levels
wherein the battery packs are charged to a higher level during several earlier charging events
to minimize the charge rate distribution and increase the life of the battery packs. In the
example described above, the battery packs could be charged to a higher level at 9 AM, 10
AM, and 11 AM rather than charging to the regular level at 9 AM and 10 AM, but drastically
increasing the charge amount at 11 AM to allow the vehicle to operate on its projected route.
[0062] In step 308, a charge set point scenario is selected to maximize the life of the battery
packs. In most situations, it may be desirable to minimize the charge rate distribution across
charging events. However, different battery chemistries or battery setups may make it
advantageous instead to modify the charge rate distribution in another manner to improve the
life of the battery cells, for example by creating a wider charge rate distribution. Such
modifications may be performed in step 306 by selecting the distribution of charge set points
that results in the widest charge rate distribution. For example, charge scenario 1 would be
sclected over charge scenario 2 if a wider charge rate distribution would improve the life of
the battery cells.

[0063] The set point adjustment process shown in Fig. 15 may be integrated into the
charge and consumption algorithm shown in Fig. 4, for example as step 112. Alternatively,
the charge and consumption algorithm may operate independently of the set point adjustment
process without taking the charge rate distribution into consideration. While the example
described in relation to Fig. 14 described the use of two charge scenarios, a greater number of
charge scenarios may be considered with the charge scenario having the optimal charge rate
distribution sclected for implementation based on the input received at that time. The set
point adjustment process may be continually updated with new information that may modify

the charge strategy of the battery packs in real time. For example, in charge scenario 1, if the

23



CA 02851503 2014-04-08
WO 2013/055830 PCT/US2012/059611

projected consumption preceding the second charging event drastically decreased, the charge
rate for the second and third charging events could be modified to maintain a narrow charge
rate distribution for subsequent charges. In another embodiment of the invention, the chart
shown in Figure 14 could also be modified to display charging C-rates for each charging
event on the Y-axis in place of the % SOC. For example, it may be less desirable in some
instances to charge the battery packs at 2C, 2C, and 4C for three consecutive charging events
rather than charging the battery packs at 2.67C, 2.67C, and 2.67C for the three consecutive
charging events, as a narrower charge rate distribution could provide for an increased battery
life.

[0064] Embodiments of the invention may be implemented entirely on-board the electric
vchicle, implemented remotely from the electric vehicle and transmitted to the clectric
vehicle through one or more communication methods, or implemented in part on-board the
electric vehicle with some portion implemented remotely. For example, embodiments of the
invention could be implemented within the BMS management system, in a separate charge
control system, integrated within other existing clements of the clectric vehicle’s systems, or
some combination of the above. Alternatively, embodiments of the invention could be
implemented remotely, for example in a vehicle management system used in conjunction
with the operation of a fleet of electric vehicles, through the use of control systems located on
or ncar the fixed charging apparatus used to charge the battery cells of the electric vehicle, at
a remote location capable of receiving and transmitting charging parameters and other
information about the operation of the electric vehicle, or some combination of the foregoing.
For example, information about the operation of the electric vehicle could be obtained by on-
board hardware, including SOC information, current uscr load, battery pack health, and
others. However, other information could be obtained by one or more remote systems,

including weather information, smart meter rate changes, transit agency operating data from
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other clectric vehicles, and others. Processing of such information in accordance with an
embodiment of the current invention could be performed entirely onboard the vehicle,
performed at a remote location and transmitted to the vehicle through onc or more
communications methods such as 3G/4G, Wifi, Bluctooth, or others, or some combination of
the forcgoing. Additional implementations other than those described herein would be
apparcnt to a person of skill in the art, and it is contemplated that the invention will also
cover such modifications, variations, and cquivalents.

[0065] Embodiments of the invention may involve the usc of other components used
within the clectric vehicle or charging apparatus to meet charging requirements, as described
in US Patcnt Applications 61/328,143 and 61/289,755 titled respectively, “Fast Charge
Stations for Electric Vchicles in Areas with Limited Power Availability” and “Charging
Stations for Electric Vchicles”.

For cxample, a fast chargc capable BMS may also be intcgrated into the packs and/or
modules to give early warning to potential problems with weaker battery cells within a string.
The BMS can give accurate feedback on cell voltages and temperatures within the modules in
order to ensure a healthy battery pack and may be adapted to monitor the increased voltages
during the rapid charging process. 1f there are any problems with a particular string, those
modules can be automatically removed from service and the vehicle can operate on reduced
capacity until the end of the day if necessary. The BMS can disconnect a battery string if a
fault is detected. Even if an entire battery string is disconnected, the vehicle is capable of
operating. A BMS may be a primary detection method of a problem with a particular cell,
module, pack, or string. The BMS may detect when a failure occurs and may be able to
direct the battery assembly to disconnect portions of the battery assembly, such as individual
battery strings, where the failure may have occurred, in order to prevent other portions of the

battery assembly from being compromised and to allow continuous operation of the vehicle.
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The BMS may communicate with and within each pack to achieve the desired level of
detection and management.

[0066] Embodiments of the invention may be implemented at the module, pack, or string
level. For example, Fig. 16 shows an example of a module in accordance with one
embodiment of the invention. The case of a module may be made of an ABS material that
can be easily machined and produced very rapidly. In other implementations, the case of a
module may be of other materials, such as a composite material, fiberglass, or carbon fiber.
In some examples, the case may be made from a material that may provide some level of
isolation, such as a material that may not burn when exposed to an electric arc. A front weld
plate can be included to accurately locate and hold the terminals to the case to reduce fatigue
stress cracks in the cell tabs. In some cases, the cell tabs may be made of a metal, such as
aluminum. BMS connectors can be integrated into the front of the module for quick
connection of an off-board BMS. Terminals may be offset and tapped for vertical installation
of attachment bolts and ease of assembly.

[0067] Modules must be isolated from cach other to protect against potential short-
circuiting. This can be accomplished through careful material selection and post processing
of the heat sinks. If a short is ever detected through the BMS, the system may disconnect
each pack in the string, which can isolate the fault. This level of safety may be included in
the event of a major crash or failure of the isolation system.

[0068] Fig. 17 shows several different rapid charge configurations that can be used for
systems of different charge capacities according to embodiments of the invention. The first
charge configuration on the left uses an LTO battery chemistry with relatively little excess
SOC, which results in the charge configuration being nearly completely filled during cach
rapid charge. The second charge configuration utilizes an LFP battery chemistry, but is

similar to the first in that the SOC cycling range is similar between the two charge
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configurations, allowing for the use of a similar set charging schedule as used in the first
charge configuration. The SOC cycling range can be set to the “sweet spot” of the battery
cells used in the energy storage system which may maximize the life of the battery cells and
reduce the cost of ownership. For example the optimal cycling range may be from 10-40% of
total charge, 20-60% of total charge, or another range, depending upon the battery cells used
and the specific configuration used in the energy storage system. The second charge
configuration does have a much larger excess SOC which may or may not be used during
operation of the system. The third charge configuration shifts the SOC cycling range to a
much higher level of the total charge, which can allow for a greater flexibility in whether the
electric vehicle must return to recharge. The fourth charge configuration is a smaller system
with less charge capacity that has a similar SOC cycling range as the first and second charge
configurations, but with a smaller amount of excess SOC than the second charge
configuration. Other charge configurations could also be used according to embodiments of
the invention, depending upon the total charge capacity of the system, the desired usage of
the system and the specific configuration of the system, among other factors. For example, a
charge configuration similar to that for the third charge configuration could be used for an 80
kWh system, albeit with a reduced lower SOC limit due to the smaller capacity of the system.
[0069] Figure 18 shows a chart displaying SOC cycling for a set schedule for hourly
charging of an clectric vehicle on a fixed route according to an embodiment of the invention.
Within each predetermined period (an hour in this instance), the electric vehicle travels its
route and the SOC of its energy storage system is depleted from the level at the top of the
SOC cycling range to a lower level at the conclusion of the route. The vehicle may cycle
through its SOC in approximately 30-40% of the lower half of its range every hour.
Following route completion, the electric vehicle is rapidly recharged to the top of its SOC

cycling level and may continue on its route having a similar SOC as during the beginning of
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its previous route. The SOC cycling range may be selected to match the “sweet spot” of the
battery cells used in the energy storage system, which may maximize the life of the battery
cells. An additional advantage of using a set charging schedule is ease of use, as a single
charging schedule may be used for the electric vehicle throughout the day and additional
charging schedules are not needed. This may reduce the complexity of the programming
required for charging, described in more detail below.

[0070] Figure 19 shows a chart displaying SOC cycling for a variable schedule for hourly
charging of an electric vehicle on a fixed route according to an embodiment of the invention.
The excess SOC capacity of the vehicle may allow for some flexibility on when SOC cycling
takes place as well as whether a charging event takes place every hour. For example, an
clectric vehicle may fully charge at night, as shown in the 6:00 AM charge configuration with
the vehicle at peak charge. The 6:00 AM charge configuration shows a minimal amount of
unavailable SOC, with a large lower SOC limit that may be periodically used to extend the
range of the vehicle as needed without needing to return to recharge. For example, a large
energy capacity may allow the electric vehicle to be fully charged at night and drive the carly
morning hours with SOC cycling within the upper half of its range. As the demand rate for
electricity increases during the day due to increased utility grid loading, the electric vehicle
can make use of the excess SOC onboard to minimize or avoid charging during peak hours,
thereby shifting the SOC cycling to the lower half of its range, until the electric vehicle
returns to charge or concludes its route at the end of the day. This can reduce the cost of
operation for the owner of the electric vehicle by taking advantage of lower electricity rates at
night, when demand is lower, as compared to consistently charging the vehicle during the day
when the demand rate for clectricity is higher.

[0071] In another embodiment of the invention, the charge carried in the storage systems

of the electric vehicles may also be sold back to the utility grid in times of peak demand when
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clectricity rates arc particularly high. This requires that the clectric vehicles be docked at
their charging station and that appropriate infrastructurc and inverters are present to allow the
charge to be sold back into the utility grid. This provides additional flexibility to the owner
or opcrator of the electric vehicle and the charging system in that any excess SOC may be
returncd to the utility grid in times of pcak demand at a higher rate, thus lowering the total
cost of operation of the electric vehicle. This option may not be present for clectric vehicles
that were not designed with SOC in excess of their operational requircments, and may need to
usc all of their SOC to complete their normal transit routes, with little excess SOC available
to scll back to the utility grid.

[0072] Fig. 20 shows a decision matrix with diffcrent considerations that may apply to
the real-time charging of an clectric vehicle in an embodiment of the invention. The clectric
vchicle may usc a charging and connection system as described in US Patent Application
61/328,152 entitled, Systems and Mcthods for Automatic Connection and Charging of an
Electric Vehicle at a Charging Station.

Implementations of the invention may use an automatic battery charging process control
system that controls the charging of the electric vehicle with minimal or no input from the
driver. The battery charging process control system may be located on the electric vehicle
which communicates with the charging station using either a wireless or wired signal.
Alternatively the battery charging process control system may also be located in the charging
station, which communicates with signal emitters and transmitters onboard the electric
vehicle.

[0073] The real-time charge decision matrix may take a number of different factors into
account when determining how much and how fast to charge the energy storage system.
First, the time of day and forecasted weather may be taken into consideration. Higher

temperatures can lead to increased performance, but at the risk of shortened battery cell life,
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while lower temperatures within the operating range of the battery cells can allow for
increased battery cell life. The external thermal effects from forecasted weather and the time
of day can be factored into charging calculations, with additional charging taking place if the
hot weather is forecasted or during the night or in the early morning to account for reduced
battery life later during the day. Conversely, less charging may be performed near the end of
the day when temperatures typically are lower, or if cool weather is predicted. Improved
thermal management can dramatically improve the life of battery cells by maintaining the
operating temperature of the cells within an optimal range, which may be a narrow range
around 10°C, 15°C, 20°C, 25°C, 30°C, 35°C, or other ranges. Forecasted weather may also
help to predict vehicle HVAC loading and the estimate range of the vehicle as well.

[0074] The real-time charge decision matrix may also take into account the demand rate
and the load on the utility grid in determining how much and how fast to charge. As
described above in relation to Fig. 19, the battery charging process control system may avoid
charging at times when the demand rate is high to reduce the cost of operation and have the
clectric vehicle run instead on the excess SOC contained within the oversized cnergy storage
system. Furthermore, when charge events must take place in the presence of high demand
rates, the peak average charge rate numbers may be mitigated by limiting the energy charged
in each particular time segment. If hot weather is forecasted and the demand rate on the grid
1s high, the battery charging process control system can reduce the amount of charging at
each stop or not charge at all until later on during the day. For example, a decision could be
made to charge during a period of peak demand on the utility grid if the predicted range of
the electric vehicle is insufficient to reach the next charging station, based on remaining SOC,
forccasted weather conditions, predicted consumption, and other factors. 1f the vehicle can

reach the next charging station, then a higher cost charging event may be avoided.
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[0075] The remaining SOC may also be taken into account in determining whether and
how much the electric vehicle should be charged. For example, the electric vehicle may
incorporate charge controllers or other circuitry to monitor and determine the remaining SOC
left in the system. The amount of SOC may be communicated to the battery charging process
control system to determine whether the electric vehicle should be charged and appropriate
charging parameters. If there is little remaining SOC left in the energy storage system, the
electric vehicle may be rapid charged to refill the SOC level to a usable capacity. If a large
amount of SOC remains, the battery charging process control system could decide to recharge
the system to maintain the SOC at a high level to provide additional flexibility for operation
later during the day, or decide to not charge or only charge the energy storage system a lesser
amount. In some instances, the remaining SOC may be communicated to the driver of the
vehicle as a display on the vehicle’s dashboard indicating the battery SOC in a similar
manner as a fuel gauge. For example, after charging, a full fuel gauge may be displayed.
[0076] In some embodiments, the predicted consumption until the next charging
opportunity may be taken into consideration. For example, a total required charge (kWh)
may be tailored based on historical knowledge of energy consumption of vehicle. Historical
usage, predicted future requirements, and knowledge of electrical charges and rate schedules
may be considered and used to adjust both charge rate and vehicle charging frequency in
order to minimize or reduce clectrical demand charges and make the most efficient use of on-
board energy storage. For example, if the next predicted charge of the vehicle is predicted to
occur in a short interval and the battery state of charge is sufficiently high, it may be desirable
to provide only minimal charging to the vehicle. In another example, if the next charge is
predicted to occur after a long interval, it may be desirable to charge the vehicle more. The
electric vehicle’s route characteristics such as elevation changes, traffic during different times

of the day may also be taken into consideration.
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[0077] Several advantages may be gained by using a real-time charge decision matrix as
opposed to using a set charging schedule. First, lower costs may be obtained by optimizing
the rapid charging process to forego charging during the peak times and charge instead when
the demand rate and the load on the utility grid is low. Increased battery life and lower
capital costs may also be achieved by using other charging methods such as slow charging,
split charging, pulsed charging, burp charging, rapid charging, or other charging mechanisms
at times when rapid charging is not needed, such as night for electric vehicles that normally
operate during the day. An increased travel range may also be obtained by charging the
electric vehicle fully when the electric vehicle is to embark on a longer route, or when the
predicted consumption of energy before the next charging opportunity is high. The
advantages listed herein are not meant to be exclusive, and other advantages may be obtained
which are evident to those of skill in the art.

[0078] While embodiments of this invention have been described in the context of
electrical vehicle charging systems used in heavy-duty electric vehicles, other embodiments
of this invention may be applicable to any application requiring rapid charging of an energy
storage system. In addition to usage in transit systems, embodiments of the application could
also be used in any vehicle application that runs on a total cost of ownership proposition, runs
a fixed route, benefits from rapid charging, or is less concerned about the initial purchase
price of the vehicle.

[0079] It should be understood from the foregoing that, while particular implementations
have been illustrated and described, various modifications can be made thereto and are
contemplated herein. It is also not intended that the invention be limited by the specific
cxamples provided within the specification. While the invention has been described with
reference to the aforementioned specification, the descriptions and illustrations of the

preferable embodiments herein are not meant to be construed in a limiting sense.
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Furthermore, it shall be understood that all aspects of the invention are not limited to the
specific depictions, configurations or rclative proportions sct forth herein which depend upon
a varicty of conditions and variables. Various modifications in form and dctail of the
cmbodiments of the invention will be apparent to a person skilled in the art. It is therefore
contcmplated that the invention shall also cover any such modifications, variations and
cquivalents.

[0080]  All concepts of the invention may be incorporated or integrated with other
systems and mcthods of battcry management, including but not limited to those described in

U.S. Patent Publication No. 2008/0086247 (Gu ct al.).

[0081] While preferred embodiments of the present invention have been shown and
described herein, it will be obvious to those skilled in the art that such embodiments are
provided by way of cxamplc only. Numerous variations, changes, and substitutions will now
occur to those skilled in the art without departing from the invention. It should be understood
that various alternatives to the embodiments of the invention described herein may be
employed in practicing the invention. It is intended that the following claims define the
scope of the invention and that methods and structures within the scope of these claims and
their equivalents be covered thereby.

10082] Aspects of the systems and methods described herein may be implemented as
functionality programmed into any of a variety of circuitry, including programmable logic
devices (PLDs), such as field programmable gate arrays (FPGAs), programmable array logic
(PAL) devices, electrically programmable logic and memory devices and standard cell-based
devices, as well as application specific integrated circuits (ASICs). Some other possibilities
for implementing aspects of the systems and methods include: microcontrollers with memory,

embedded microprocessors, firmware, software, etc. Furthermore, aspects of the systems and
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methods may be embodied in microprocessors having software-based circuit emulation,
discrete logic (sequential and combinatorial), custom devices, fuzzy (neural network) logic,
quantum devices, and hybrids of any of the above device types. Of course the underlying
device technologies may be provided in a variety of component types, e.g., metal-oxide
semiconductor field-effect transistor (MOSFET) technologies like complementary metal-
oxide semiconductor (CMOS), bipolar technologies like emitter-coupled logic (ECL),
polymer technologies (e.g., silicon-conjugated polymer and metal-conjugated polymer-metal
structures), mixed analog and digital, etc.

[0083] It should be noted that the various functions or processes disclosed herein may be
described as data and/or instructions embodied in various computer-readable media, in terms
of their behavioral, register transfer, logic component, transistor, layout gecometrics, and/o r
other characteristics. Computer-readable media in which such formatted data and/or
instructions may be embodied include, but are not limited to, non-volatile storage media in
various forms (e.g., optical, magnetic or semiconductor storage media) and carrier waves that
may be used to transfer such formatted data and/or instructions through wircless, optical, or
wired signaling media or any combination thereof. Examples of transfers of such formatted
data and/or instructions by carrier waves include, but are not limited to, transfers (uploads,
downloads, email, etc.) over the Internet and/or other computer networks via one or more
data transfer protocols (¢.g., HITP, FTP, SMTP, ctc.). When received within a computer
system via one or more computer-readable media, such data and/or instruction-based
expressions of components and/or processes under the systems and methods may be
processed by a processing entity (e.g., one or more processors) within the computer system in
conjunction with execution of one or more other computer programs.

[0084] Unless specifically stated otherwise, as apparent from the following discussions, it

is appreciated that throughout the specification, discussions utilizing terms such as
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“processing,” “computing,” “calculating,” “determining,” or the like, may refer in whole or
in part to the action and/or processes of a processor, computer or computing system, or
similar electronic computing device, that manipulate and/or transform data represented as
physical, such as electronic, quantities within the system’s registers and/or memories into
other data similarly represented as physical quantities within the system’ s memories,
registers or other such information storage, transmission or display devices. It will also be
appreciated by persons skilled in the art that the term “users” referred to herein can be
individuals as well as corporations and other legal entities. Furthermore, the processes
presented herein are not inherently related to any particular computer, processing device,
article or other apparatus. An example of a structure for a variety of these systems will appear
from the description below. In addition, embodiments of the invention are not described with
reference to any particular processor, programming language, machine code, etc. It will be
appreciated that a variety of programming languages, machine codes, etc. may be used to
implement the teachings of the invention as described herein.

[0085] Unless the context clearly requires otherwise, throughout the description and the
claims, the words ‘comprise,” ‘comprising,” and the like are to be construed in an inclusive
sense as opposed to an exclusive or exhaustive sense; that is to say, in a sense of ‘including,
but not limited to.” Words using the singular or plural number also include the plural or
singular number respectively. Additionally, the words ‘herein,” “hercunder,” “above,’
‘below,” and words of similar import refer to this application as a whole and not to any
particular portions of this application. When the word ‘or’ is used in reference to a list of two
or more items, that word covers all of the following interpretations of the word: any of the
items in the list, all of the items in the list and any combination of the items in the list.

[0086] The above description of illustrated embodiments of the systems and methods is

not intended to be exhaustive or to limit the systems and methods to the precise form
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disclosed. While specific embodiments of, and examples for, the systems and methods are
described herein for illustrative purposes, various equivalent modifications are possible
within the scope of the systems and methods, as those skilled in the relevant art will
recognize. The teachings of the systems and methods provided herein can be applied to other
processing systems and methods, not only for the systems and methods described above.
[0087] The elements and acts of the various embodiments described above can be
combined to provide further embodiments. These and other changes can be made to the
systems and methods in light of the above detailed description.

[0088] In general, in the following claims, the terms used should not be construed to limit
the systems and methods to the specific embodiments disclosed in the specification and the
claims, but should be construed to include all processing systems that operate under the
claims. Accordingly, the systems and methods are not limited by the disclosure, but instead
the scope of the systems and methods is to be determined entirely by the claims.

[0089] While certain aspects of the systems and methods are presented below in certain
claim forms, the inventor contemplates the various aspects of the systems and methods in any
number of claim forms. Accordingly, the inventor reserves the right to add additional claims
after filing the application to pursue such additional claim forms for other aspects of the

systems and methods.
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WHAT IS CLAIMED IS:
1. A method of charging an energy storage system for an electric vehicle, the method

comprising:

determining the estimated consumption for a specific route of the electric vehicle at
different times;

setting a target end point for the energy storage system based upon a minimum state of
charge level for the energy storage system;

determining charge set points for the energy stdrage system based upon the target end
point and the determined estimated consumption;

determining the actual end point of the energy storage system after operation of the
electric vehicle on the given route;

comparing the actual end point to the target end point and determining the difference in
state of charge for the energy storage system between the actual end point and the target end point;
and

using the difference between the actual end point and the target end point to adjust the
charge set points for the energy storage system;

wherein determining the estimated consumption for a specific route of the electric
vehicle at different times includes determining future projected charging events for the electric

vehicle.

2. The method of claim I wherein determining the estimated consumption further

comprises:
establishing a consumption table for operation of the electric vehicle;

receiving modifiers to the consumption table from one or more data connection
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means;

adjusting the consumption table based on the modifiers; and

using the consumption table to determine the estimated consumption for the electric

vehicle over a specific period.

3. The method of claim 2 where in the process of establishing a consumption
table further comprises determining the amount of charge required for the electric vehicle to

complete the route.

4, The method of claim 2 wherein the modifiers are long-term modifiers.

5. The method of claim 4 wherein the long-term modifier is an increase in the

demand rate for electricity.

6. The method of claim 2 wherein the modifiers are short-term modifiers.

7. The method of claim 1 wherein battery packs in the energy storage system

utilize lithium-ion chemistry.

8. The method of claim 1 wherein the process of determining charge set points
for the energy storage system based upon the target end point and the determined estimated

consumption accounts for one or more missed charging events.

9. The method of claim 1 further comprising:
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obtaining battery characterization information about battery cells used in the energy
storage system,
determining the differences between charge set points;
determining charge rate distributions to meet the charge set points;
selecting one of the charge rate distributions based on the battery characterization
information; and

modifying the charge set points based on the selected charge rate distribution.

10. The method of claim 9 wherein the battery characterization information

includes a preferred SOC charge range for the battery cells.

11, The method of claim 9 wherein the battery characterization information includes

duration information about a charging event.

12. A computer program product, comprising:

a computer usable medium having a computer readable program code embodied therein, the
computer readable program code adapted to be executed to implement a method of charging an
energy storage system for an electric vehicle, the method comprising:

determining the estimated consumption for a given route of the electric vehicle
at different times;

setting a target end point for the energy storage system based upon a minimum state of
charge level for the energy storage system;

determining a charge set point for the energy storage system based upon the target end

point and the determined estimated consumption;
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determining the actual end point of the energy storage system after operation of the
electric vehicle on the given route;

comparing the actual end point to the target end point and determining the difference
in state of charge for the energy storage system between the actual end point and the target end point;
and

using the difference between the actual end point and the target end point to adjust the
charge set point for the energy storage system;

wherein determining the estimated consumption at different times includes

determining future projected charging events for the electric vehicle.

13. A charging system for an electric vehicle, the system comprising:
an energy storage system comprising a plurality of battery cells, the energy storage system
located within the electri;: vehicle;
a charging apparatus separably coupled with the electric vehicle to charge the plurality
of battery cells;
means for receiving one or more factors affecting charging parameters for the battery cells; and
a charge control system for the energy storage system and charging apparatus, the charge
control system including:
logic for determining the estimated consumption for a specific route of the electric
vehicle at different times;
logic for setting a target end point for the energy storage system based upon a minimum
state of charge level for the energy storage system;
logic for determining charge set points for the energy storage system based upon the

target end point and the determined estimated consumption;
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logic for determining the actual end point of the energy storage system after operation
of the electric vehicle on the given route;

logic for comparing the actual end point to the target end point and determining the
difference in state of charge for the energy storage system between the actual eﬁd point and the target
end point; and

logic for using the difference between the actual end point and the target end point to
adjust the charge set points for the energy storage system;

wherein determining the estimated consumption at different times includes determining future

projected charging events for the electric vehicle.

14, The system of claim 13 wherein the charge control system is located on the electric
vehicle.

15. The system of claim 13 wherein the charge control system is external of the electric
vehicle.

16. The system of claim 13 wherein the charge control system is partially located on the

electric vehicle and partially located externally of the electric vehicle.

17, A method of charging an energy storage system of an electric vehicle, the electric vehicle
being configured to be charged at multiple charging events during an operating period, the multiple
charging events including a first charging event and a second charging event subsequent to the first
charging event, comprising:

selecting a minimum desired state of charge for the energy storage system, wherein the minimum

desired state of charge is a predetermined positive value of charge;
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calculating a target maximum state of charge based on at least (a) an estimated energy
consumption of the electric vehicle between the first charging event and the second charging event and
(b) the selected minimum desired state of charge, such that energy storage system retains the minimum
desired state of charge at the second charging event; and

charging the electric vehicle to the calculated target maximum state of charge during the first

charging event.

18. The method of claim 17 further including, determining an actual minimum state of charge
of the electric vehicle at the second charging event, wherein the actual minimum state of charge is the

actual value of charge retained in the energy storage system at the second charging event.

19. The method of claim 18, further including adjusting the target maximum state of charge

based on a difference between the target and actual minimum states of charge.

20. The method of claim 17, further including determining the estimated energy consumption

of the vehicle between the first and second charging events.

21. The method of claim 20, wherein determining the estimated energy consumption includes
predicting the energy consumption based on one or more of route information, expected passenger

volume, and weather data.

22. The method of claim 17, wherein the operating period is a single day.

23. The method of claim 22, further including determining the estimated energy consumption
of the electric vehicle between each two successive charging events of the multiple charging events of a
day.
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24. The method of claim 17, wherein the minimum desired state of charge is a function of

fluctuation in energy cost during the operating period.

25. The method of claim 17, further including adjusting the target maximum state of charge

based on the type of configuration of the energy storage system.

26. The method of claim 17, wherein the minimum desired state of charge is between about

10%-40% of a capacity of the energy storage system.

27. A method of charging an electric vehicle configured to be charged at multiple charging
events during a day, comprising:

determining an estimated energy consumption of the electric vehicle between a first and a second
charging event during the day;

selecting a target minimum state of charge of the electric vehicle, the minimum state of charge
being a desired minimum vatue of charge to be retained in an energy storage system of the electric
vehicle;

determining a target maximum state of charge of the electric vehicle based at least on the
determined energy consumption and the selected target minimum state of charge;

charging the electric vehicle to the target maximum state of charge at the first charging event;

determining an actual minimum state of charge of the electric vehicle at the second charging
event, wherein the actual minimum state of charge is the actual value of charge retained in the energy
storage system at the second charging event; and

adjusting the target maximum state of charge for the second charging event based on a difference

between the target and actual minimum states of charge.
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28. The method of claim 27, wherein the first and second charging events are two successive
charging events, and wherein determining the estimated energy consumption includes determining the

energy consumption between each two successive charging events during the day.

29. The method of claim 27, wherein determining an estimated energy consumption includes
predicting the energy consumption based on one or more of route information, expected passenger

volume, and weather data.

30. The method of claim 27, wherein determining a target maximum state of charge includes
adjusting the target maximum state of charge to reduce the variation in target maximum states of charge

at different charging events during the day.

31. The method of claim 27, wherein determining a target maximum state of charge includes
adjusting the target maximum state of charge to eliminate a charging event that occurs during a time of

high energy cost.

32. The method of claim 27, wherein determining a target maximum state of charge includes
adjusting the target maximum state of charge based on the type of configuration of the energy storage

system.

33. The method of claim 27, wherein selecting the target minimum state of charge and
determining the target maximum state of charge includes adjusting the target minimum state of charge

and the target maximum state of charge to increase life of the energy storage system.

34. A method of charging an electric vehicle configured to be charged at multiple charging
events during a day, comprising:
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determining an estimated energy consumption of the electric vehicle between two charging events
during the day;

selecting a target minimum state of charge of the electric vehicle, the minimum state of charge
being a desired minimum value of charge to be retained in an energy storage system of the electric
vehicle;

determining a target maximum state of charge of the electric vehicle based at least on the
determined energy consumption and the selected target minimum state of charge;

adjusting the target maximum state of charge to eliminate a charging event that occurs at a time
of high energy cost during the day; and

charging the electric vehicle to the adjusted target maximum state of charge.

35. The method of claim 34, further including determining a difference between the selected
target minimum state of charge and an actual value of charge retained in the energy storage system at a

charging cvent.

36. The method of claim 35, further including adjusting the target maximum state of charge

for a later charging event based on the determined difference.
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Base Consumption Table
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11am 20kWh |20kWh |[20kWh |20kWh |20kWh |20kWh |20kWh
10 am 20kWh |20kWh |{20kWh |[20kWh |20kWh |20KkWh |20kWh
9 am 20kWh |20kWh |20kWh |20kWh |[20kWh [20kWh |20kWh
8am 20kWh [20kWh |20kWh |20kWh |20kWh (20kWh |20kWh
7 am 20kWh |20kWh |20kWh |20kWh |20kWh |20kWh |20kWh
6 am 20kWh |20kWh |20kWh |20kWh |20kWh |20kWh |20kWh
Last M T w Th Fr Sa S
updated
6 am

Figure 6




7 of 19

Base Consumption Table
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11 am 20 kWh |[20kWh |20kWh |20kWh |20kWh |20kWh |20kWh
10 am 30kWh [30kWh |30kWh |30kWh |30kWh |25kWh |{25kWh
9 am 40kWk |40kWk |40kWk |[40kWk |40kWk |25kWk |25kWk
8 am 35kWh |35kWh |35kWh |35kWh |35kWh |25kWh |25kWh
7 am 25kWh |25kWh |25kWh |25kWh |25kWh |20kWh |20 kWh
6 am 20kWh |[20kWh |20kWh |20kWh |20kWh |20kWh |20kWh
Last M T w Th Fr Sa S
updated
6 am

Figure 7
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Consumption (DOD) - Conversion from KWh to Depth of Discharge (DOD)

11 am 20 % 20 % 20 % 20 % 20 % 20 % 20 %

10 am 30 % 30 % 30 % 30 % 30 % 25% 215%

9 am 40 % 40 % 40 % 40 % 40 % 25 % 25%

8 am 35% 35 % 35 % 35 % 35 % 25% 25%

7 am 25 % 25 % 25% 25% 25 % 20 % 20%

6 am 20 % 20 % 20 % 20 % 20 % 20% 20%

Last M T w Th Fr Sa S
updated
6 am

Figure 8
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