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ABSTRACT

An onboard charging system for an electric vehicle is configured to
communicate with a power supply through exchange of control signals on a power
supply line by modulating a charging current being supplied to the charging system. The
charging system is capable of communicating fault and battery parameter data to the
power supply, as well as a requested charging current used to regulate the power
supply output. The power supply may convert high voltage AC power into a controllable
DC output supplied directly to the electric vehicle, thereby providing a convenient
means for the vehicle to initiate charging during operations. Connection between the
electric vehicle and the power supply may be effected using an extendible and

retractable electrical connection, such as a mechanical pantograph.
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CONTROLLING BATTERIES FOR ELECTRIC BUS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of United States provisional application

serial no. 61/970.486, filed March 26, 2014, the entirety of which is herein incorporated

by reference.

TECHNICAL FIELD

[0002] The disclosure relates generally to systems and methods for charging,
drawing power from, and otherwise managing or controlling energy storage device(s)

and use thereof and, more particularly, to systems and methods for in-service or other

management and control of energy storage device(s) installed on transit vehicles.

BACKGROUND

[0003] Various types of transit and other passenger vehicles, including various
types of passenger buses, incorporate drive systems that are at least partially powered
by electric energy. Drive systems in such vehicles, which may be fully electric or hybria
electric-combustion (generally referred to herein as an “electric vehicle’), will typically
include one or more traction motors used to propel the vehicle. To provide energy for
the vehicle drive system, as well as other on-vehicle electrical loads, such as onboard

computers, navigation systems, and so on, such electric vehicles will also typically be

equipped with one or more on-board batteries or other storage devices for electric

energy. Such batteries or other storage devices are typically rechargeable so that it Is

not necessary, each time an old battery is depleted through usage, to remove the

depleted battery and install a new battery.

[0004] In operating such electric vehicles, it can be important to rapidly, safely,
and efficiently recharge wholly- or partially-depleted energy storage devices. For
example, the range of an electric vehicle can be significantly extended by providing on-

route charging stations, so that during passenger pickup/drop-off operations or other
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stops, such as route timing stops intended to allow a transit vehicle to maintain a proper
schedule, the vehicle's charge may be wholly or partially restored. Because it is typically
desirable that such vehicles be kept in generally moving operation as constantly as
possible while deployed on a route, it can be important, during such stops, that any full
or partial recharging be accomplished rapidly; yet any such charging should also be

accomplished safely and efficiently.

[00035] In other cases, it can also be important during less hurried charging
operations, such as those which can take place when a vehicle is not deployed to a
route or otherwise is out of service, e.g., is ‘off duty’ for the night, to control charging

operations so that batteries and other energy storage devices are safely and efficiently

charged.

[0006] It can also be important in some situations to manage the manner in which
power is drawn from batteries used in such buses, as for example when drawing power
from the batteries to drive the traction motors so as to place the vehicle in motion, or to

suitably control the motion of the vehicle, or when otherwise adding to or managing

existiné loads connected across the batteries.

[0007] There is room for improvement in, or development of useful alternatives

to, any or all of these, and other, aspects of electric vehicle operation.

SUMMARY

(0008] In its various aspects, embodiments of the invention address the above

and other aspects of charge management for electric venhicles.

[0009] For example, in one aspect the invention provides charge management
systems for energy storage devices, the systems configured to monitor one or more
parameters indicative of respective states of charge in each of a plurality of energy
storage devices, such as batteries, of a wholly- or partially-electrically powered vehicle,
such as a transit or other passenger bus, and to control a charge current supplied to,

and/or a load current drawn from, the one or more energy storage devices based on the

monitOred parameter(s).
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[0010] For example, according to one or more embodiments of such aspects, the
invention provides a charge management or control system for one or more energy
storage devices, the charge control system comprising a power supply line, a charge
controller, and a communication subsystem. The power supply line is connectable to a
power supply, such as an off-board generator or electrical power source, to transmit a
charge current to the one or more energy storage devices. The charge controller can be
configured to monitor any one or more of a wide variety of parameters indicative of
respective states of charge in the one or more energy storage devices, and to control
the charge current supplied to the energy storage devices based on the one or more
monitored parameters. The communication subsystem can be coupled to the power
supply line and the charge controller, and configured to receive control signals
generated by the charge controller for transmission to the power supply and to modulate
the charge current on the power supply line according to the control signals receivead

from the charge controller.

[0011] In the same and other embodiments of such aspects, such charge control
system can be configured to monitor any of one or more of such charge state
parameters, and to control current(s) drawn from the energy storage devices based on
the one or more monitored parameters. Such current(s) can be used to power traction
motors and other loads on a vehicle, such as air conditioning, heating, lighting, and

other environmental or onboard control systems.

[0012] In these and other aspects of the invention, a communication subsystems
iIN accordance with the invention can be configured to detect charge current modulations
on the power supply line, the charge current modulations representing control signals
generated by the power supply; and to generate control signals for execution by the
charge controller based on one or more characteristics of the detected charge current
modulations. For example, in such embodiments the charge current can comprise both
a direct current (DC) component and an alternating current (AC) component. The DC
component can correspond to a charging current for the one or more energy storage
devices, supplied by the power supply in response to the controf signals generated by a
charge controller. The AC component can correspond to modulations of the charge

current representing control signals transmitted over the power supply line.

3
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[0013] In various further aspects, the invention provides methods of controlling
charging and/or power draw-down processes for energy storage devices such as
batteries. Such methods are suitable for use in conjunction with, for example, charge
management or control systems as described herein, and comprise various methods of
controlling the sequence(s) and other characteristics of connecting batteries and/or
other energy storage devices to charge and/or load circuits, including pluralities of
energy storage devices that have been grouped, for charging and/or current-supply
purposes, in various ways and according to various criteria. In various embodiments,
such methods can be used effectively to improve any or all of safety, efficiency, and

rapidity of charging.

[0014] In one such aspect, the invention provides methods which Include
supplying a charging current to a first grouping of a plurality of energy storage devices,
each grouping comprising one or more energy storage devices currently connected to a
power supply line; selecting one or more energy storage devices for connection to the
power supply line from a second grouping of the energy storage devices comprising one
or more energy storage devices not currently connected to the power supply line; and
connecting the selected energy storage device(s) to the power supply line when it Is
determined that a group voltage of the one or more energy storage devices in the first
grouping and the voltage of the energy storage device selected from the second

grouping are within a specified maximum difference of each other.

[0015] In another such aspect, the invention provides methods which include
connecting one or more loads to a first grouping of a plurality of energy storage devices,
each grouping comprising one or more energy storage devices currently connected to a
power supply line; selecting one or more energy storage devices for connection to the
power supply line from a second grouping of the energy storage devices comprising one
or more energy storage devices not currently connected to the power supply line; and
connecting the selected energy storage device(s) to the power supply line when it is
determined that a group voltage of the one or more energy storage devices in the first
grouping and the voltage of the energy storage device selected from the second

grouping are within a specified maximum difference of each other.
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[0016] As a further example, the invention provides methods of charging
pluralities of energy storage devices, the methods including connecting an initial
grouping of the energy storage devices to a power supply line, the initial grouping
comprising one or more energy storage devices determined to have respective voltages
within a specified maximum difference of each other; and until each of the plurality of
energy storage devices is connected the power supply line, iteratively: charging the
initial grouping of the energy storage devices with a charging current supplied to the
power supply line; selecting a next grouping of the energy storage devices for
connection to the power supply line, the next grouping comprising one or more energy
storage devices not yet connected to the power supply line determined to have
respective voltages within the specified maximum difference of each other; and
connecting the next grouping of the energy storage devices to the power supply line
when it Is determined that a group voltage of the one or more energy storage devices in
the first grouping currently connected to the power supply line and the voltage of a
respective energy storage device in the next grouping, for each energy storage device
In the next grouping, are within the specified maximum difference of each other; and
discontinuing supply of the charging current to the power supply line when it is

determined that the plurality of energy storage devices are charged to a specified full

charge voltage.

[0017] As a further example, the invention provides methods of drawing power
from pluralities of energy storage devices, the methods including connecting an initial
grouping of the energy storage devices to a power supply line connected to one or more
loads, the initial grouping comprising one or more energy storage devices determined to
have respective voltages within a specified maximum difference of each other; and until

each of the plurality of energy storage devices is connected the power supply line,

teratively. drawing power from the initial grouping of the energy storage devices to
provide a power current supplied to the load(s); selecting a next grouping of the energy
storage devices for connection to the power supply line and load, the next grouping
comprising one or more energy storage devices not yet connected to the power supply

line determined to have respective voltages within the specified maximum difference of

each other; and connecting the next grouping of the energy storage devices to the

O
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power supply line when it is determined that a group voltage of the one or more energy
storage devices in the first grouping currently connected to the power supply line and
the voltage of a respective energy storage device In the next grouping, for each energy
storage device In tHe next grouping, are within the specified maximum difference of
each other; and optionally discontinuing supply of the power current to the load(s) when
it is determined that the plurality of energy storage devices are drawn down to a

specified minimum charge state.

[0018] As a further example, the invention provides methods of charging
pluralities of energy storage devices, the methods including connecting an initial
grouping of the energy storage devices to a power supply line, the initial grouping
comprising one or more energy storage devices determined to have respective voltages
within a specified maximum difference of each other; supplying a charging current to the
power supply line; connecting a remainder of the energy storage devices not included In
the initial grouping to the power supply line by, fof each respective energy storage
device in the remainder, connecting the respective energy storage device to the power
supply line when it is determined that a group voltage of the one or more energy storage
devices currently connected to the power supply line and the voltage of the respective
energy storage device in the remainder are within a specified maximum difference of
each other; and discontinuing supply of the charging current to the power supply line

when it is determined that the plurality of energy storage devices are charged to a

specified full charge voltage.

[0019] As a further example, the invention provides methods of drawing power
from pluralities of energy storage devices, the methods including connecting an initial
grouping of the energy storage devices to a power supply line, the initial grouping
comprising one or more energy storage devices determined to have respective voltages
within a specified maximum difference of each other; supplying a load current to the
power supply line for one or more loads; connecting a remainder of the energy storage
devices not included in the initial grouping to the power supply line by, for each
respective energy storage device in the remainder, connecting the respective energy
storage device to the power supply line when it is determined that a group voltage of the

one or more energy storage devices currently connected to the power supply line and

o
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the voltage of the respective energy storage device in the remainder are within a
specified maximum difference of each other; and optionally discontinuing supply of the
power current to the power supply line when it is determined that the plurality of energy

storage devices are depleted to a specified charge state.

[0020] In any or all of such aspects of the invention, the one or more energy
storage devices in one or more of the first and second groupings (and any subsequent
groupings) can be connected in parallel to the power supply line; and subsequently
connected energy storage devices such as those in the second groupings can be
selected on the basis of having a lowest voltage (in the case of charging processes) or
highest voltage (in the case of power draw processes) among the one or more energy

storage devices.

[0021] Thus, such methods can comprise measuring one or more voltages
associated with energy storage device(s) of the second grouping; determining the
lowest voltage energy device in the second grouping based on comparison of the
measured voltages; and optionally determining when to connect the selected energy
storage device from the second grouping to the power supply line based on comparison
of the monitored group voltage and the measured voltage of the selected energy

storage device.

[0022] Similarly, such methods can comprise measuring one or more voltages
associated with energy storage device(s) of the second grouping; determining the

highest voltage energy device in the second grouping based on comparison of the

measured voltages; and optionally determining when to connect the selected energy
storage device from the second grouping to the power supply line based on comparison

of the monitored group voltage and the measured voltage of the selected energy

storage device.

[0023] As will be understood by those skilled in the relevant arts, once they have
been made familiar with this disclosure, in further aspects the invention provides
persistently-stored media comprising machine-readable coded instruction sets adapted

to cause one or more controllers to execute such methods, using systems In

accordance with the disclosure.
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[0024] Further details of these and other aspects of the invention will be apparent
to those skilled in the relevant arts from the detailed description of various embodiments

provided below.

BRIEF DESCRIPTION OF THE DRAWINGS
[0025] Reference will now be made to the accompanying drawings, in which:

[0026] F1G. 1 is a schematic diagram showing an embodiment of a charge control
system In accordance with the invention, and components with which might act in

operation.

[0027] FIG. 2 is a schematic diagram showing an embodiment of a power supply

in accordance with the invention, and components with which might act in operation.

[0028] FIG. 3 is a schematic diagram showing embodiments of components of a

charge control system in accordance with the invention.

[0029] FIG. 4-9 are process flow diagrams showing an embodiment of a method
of charging an energy storage device installed on a transit vehicle through a charge

cycle in accordance with the invention.

[0030] FIGS. 10A and 18B show front and perspective views of an embodiment
of a vehicle comprising an energy storage device engaging an interface of a power

supply, in accordance with the invention.

[0031] For clarity and ease of description, like reference numerals will be used in

the drawings to describe the same or like parts.

DETAILED DESCRIPTION

[0032] Some electric vehicles may be equipped with a number (e.g., more than
one) of on-board batteries, for example, which can be provided in multiple groupings, in
one or more separate locations on the vehicle, for reasons of efficiency in operation of
on-board electrical systems, safety, power capacity, and weight distribution. In such
cases, the one or more on-board energy storage devices may be parallei-connected to
a central bus or power distribution line that leads to the vehicle drive train and other

electrical loads, such as the vehicle on-board electrical system(s).

8
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[0033] Use of multiple, parallel-connected battery banks or strings can, in some
cases. allow for the use of off-the-shelf battery packs in order to meet overall voltage,
current, and/or power requirements. For example, individual battery packs of a certain
capacity may be series connected within a bank or string in different numbers so as to
meet an operating voltage requirement, while banks or strings (containing such series-
connected battery packs) may themselves be parallel connected in different numbers so
as to meet operating current requirements. Such arrangements of battery packs and
banks/strings in order to meet current and/or voltage requirements may thereby also
achieve an overall power requirement for the vehicle. Ot course, other arrangements

and/or connections of batteries in a vehicle are possible as well.

[0034] In other cases, use of multiple parallel-connected battery banks or strings
may also introduce a measure of resiliency or redundancy to the electrical drive system
of an electric vehicle. During operation, for example, a battery or storage device may
experience a fault or other performance irregularity that requires the battery to be
nowered down or de-energized. If an electric vehicle is equipped with only a single
battery, such a fault or performance irregularity could require the only energy source for
the vehicle drive system to be taken offline, which would result in the entire venhicle
effectively ceasing operation. However, by providing a vehicle with multiple, physically
isolated energy sources, faults in one or more individual batteries would not necessarily
force complete shutdown of the vehicle because affected batteries could be individually

disconnected from the vehicle drive system with unaffected batteries remaining online.

[0039] Thus, it will be apparent that there are many benefits and/or advantages 1o
equipping electric vehicles, such as transport buses, with multiple energy sources for

the vehicle drive and other onboard electrical system(s).

[0036] However, the existence of multiple different batteries within an electric

vehicle may require a central battery management or controller in order to coordinate
operation of the various different onboard batteries, including charging and discharging,
as well as fault detection, during operation. For example, when a vehicle drive system is
requesting a certain total power output, individual controllers for each respective energy

storage device supplying the drive system may only be configured to control the power
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output of that particular battery and may not have information pertaining to the power
output of other batteries. Thus, in such cases, a central controller may be employed In
order to allocate the total requested power output across each of the operational

batteries in order to satisfy the total power output requested by the vehicle drive system.

[0037] Likewise, during charging operations, a controller for an individual battery
may only be configured to request a charging current required by that particular battery
and may not have information about charging currents being requested by other
batteries. A central controller again may be employed in order to coordinate operation of
the multiple different batteries, in this case, by aggregating the charging currents
requested by individual batteries into a total charging current to be supplied by a
suitable power supply. In this scenario, the power supply may then receive only such
total charging current request (as opposed to multiple charging current requests for
individual batteries) and attempt to deliver current at the requested level, thereby

simplifying the number and/or configuration of control connections between the power

supply and the charge controller.

[0038] The parallel connection of high-voltage batteries, such as the various
banks or strings that may be employed in electric vehicles, also has the potential to
create large voltage spikes and/or inrush currents if connection parameters are not
controlled. For example, such voltage spikes and/or inrush currents may be generated if
high-voltage batteries have greatly mismatched terminal voltages at the time of

connection. Any voltage spikes or inrush currents that are generated may, In some

cases, damage the batteries. Thus, a centralized battery controller may also be
employed in order to control or manage connection and disconnection of individual
batteries to the onboard electrical load(s) in a way so as to avoid or minimize of the

effects of terminal voltage mismatch.

[0039] Various embodiments of charge systems and associated methods for
energy storage devices equipped on transit vehicles, including at least one preferred

embodiment, will now be described with reference to the drawings.

[0040] Reference is initially made to FIG. 1, which shows an embodiment of a

charge control system 100, situated within an example operational environment, N

10
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accordance with the invention. Thus, control system 100 is shown together with one or
more additional modules or components with which system 100 might interact while in
operation. In the embodiment shown, the control system 100 is carried on-board an
electric vehicle, such as a public transit vehicle, and is adapted for connection {o each
of a power supply 500, which can be external to the vehicle, and an onboard electrical
load 800, which may be or include a vehicle power drive train and associated electrical

system(s) for the vehicle.

[0041] In the embodiment shown in FIG. 1, charge control system 100 comprises
a power supply line 150, a charge controller 400, and a communication subsystem 450,
and may operate so as to control both charging and discharging of a plurality 220 of
parallel-connected energy storage devices 200. Such energy storage devices 200 may
serve as the onboard energy source(s) for an electric vehicle and, therefore, may be
used in operation to drive load(s) 800 and may be re-chargeable by power supply 500.
The number of energy storage devices 200 is variable, but generally may comprise two
or more separate devices; however, in various different embodiments, up to six or more
individual energy storage devices 200 can be included in charge control system 100. As
explained further below, each individual energy storage device 200 may be connectable
to (and dis-connectable from) power supply line 150 by means of a suitable power

electronic or other type of switch or connection.

[0042] Power supply line 150 is connectable to the power supply 500 by means
of plugs, switches, or other releasable connections 550, 154, 156, and to load(s) 800 by

means of plugs, switches, or other releasable connections 152, in order to enable the

power supply line 150 for either charging or discharging of one or more of the plurality

220 of batteries or other energy storage devices 200. Thus, when connections 550, 154
and 156 are closed (connection 152 may be open at this point so as to isolate or
disconnect load(s) 800 from system 100), the plurality 220 of energy storage devices
may be connected to power supply 500, which thereby generates or otherwise provides
a charge current to recharge the energy storage device(s) 200. Alternatively, when
connections 550, 154 and 156 are opened and connection 152 is closed, power supply
ine 150 may provide an electrical connection between the plurality 220 of energy

storage devices 200 and load(s) 800, which thereby enables such energy storage

11
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devices 200 to provide load(s) 800 with a power or drive current, for example, in order

to power a drive system of a transit or other vehicle.

[0043] In some embodiments, charge control system 100 may be configured to
provide controlled charging of energy storage devices 200 by making use of bilateral
communication(s) exchanged between charge control system 100 and power supply
500, advantageously carried out across the same transmission line, e.g., power supply
line 150, which power supply 500 uses to deliver the charging current to energy storage
devices 200. Thus, a single connection or set of connections can be made between
power supply 500 and charge control system 100 that is used both for energy transfer

and exchange of appropriately configured control signals.

[0044] Such dual-purpose connection(s) may advantageously facilitate the
process of expedient coupling and de-coupling of control system 100 (which is on-board
an electric vehicle) and power supply 500 (which can be external to the electric vehicle),
thereby making the electric vehicle more conducive to charging while in operation. For
example, use of separate control connections for the purpose of exchanging control
signals, although possible, may be impractical or inconvenient due to associated
difficulties with proper alignment of internal connections on the vehicle and external
connections in the power supply to which the vehicle is attempting to connect. By
exchanging control signals on the same power transmission line as is employed for
power delivery instead, the number of physical connections between a vehicle and
external power supply may be reduced, while the size of such connections may
generally be increased. Example embodiments of suitable mechanical connections are

described below with reference to FIGS. 10A and 10B.

[0045] Accordingly, in some embodiments, charge controller 400 comprises any
one or more signal generators and data processor(s) and/or other signal processing

devices suitable for use in monitoring one or more parameters indicative of respective
states of charge in the one or more energy storage devices 200, and to control the total
charge current provided by power supply 500 via power supply lines 150 for the one or
more energy storage devices 200, and/or current provided by energy storage device(s)

200 to load(s) 800, based on the monitored parameters. Such controllers can, for

12
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example, include one or more data processors capable of accessing and executing
suitably-coded instruction sets stored in persistent media such as digital memory
devices, to generate suitably-configured control signals to be used in modulating

currents in power supply line 150 for use by various other components of the system
100, 500, 800, 900 as described herein.

[0046] Charge controller 400 may also be provided with a plurality of control
connections comprising one connection, respectively, to each of the plurality of energy
storage devices 200. Each individual storage device 200 may therefore communicate
respective parameters for that storage device 200 to charge controller 400, wherein
such parameters may be aggregated into overall parameters for the plurality 220. Thus,
for example, during a charging operation, charge controller 400 may determine an
overall charging current to be requested as an aggregate of individual charge currents
requested from each of the storage devices 200 respectively. Likewise, charge
controller 400 may also communicate individual control signals to respective energy
storage devices 200 using the different control connections. Thus, for example, during a
discharge cycle, charge controller 400 may allocate individual power outputs to each

storage device 200 based on an overall power output requested from load(s) 800.

10047} Communication subsystem 450 is coupled to the power supply line 150
and the charge controller 400, and is configured to receive control signals generated by
the charge controller 400 for transmission to power supply 500, and to modulate the

charge current on the power supply line 150 according to the control signals received

from the charge controlier 400. For example, communication subsystem(s) 450 can
comprise any components, including signal processors, suitable for use in generating,
translating, receiving, transmitting, and/or otherwise processing control signals intended

to be executable by master control(s) 570 and/or communication subsystem(s) 508

(FIG. 2).

[0048] In some embodiments, communication subsystem 450 may also be
configured to detect charge current modulations on the power supply line 150 that have
been generated and transmitted to charge control system 100 by another component.

For example, the modulations may represent control signals generated by power supply

13
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500 for transmission to charge controller 400. Based on such detected‘charge current
modulations on power supply line 150, communication subsystem 450 may be
configured to generate control signals for execution by charge controller 400 or some
other component of charge control system 100. Thus, by modulating the charge current
according to control signals provided from charge controller 400, as well as decoding or
demodulating signals detected on power supply line 150 for execution by charge
controller 400, communication subsystem 450 provides a mechanism for enabling

bilateral communication between charge control system 100 and power supply 500.

[0049] Different encoding and/or modulation schemes may be employed Dy
communications subsystem 450 to effect communication with power supply 500. As
explained below, the charge current transmitted on power supply 150 may generally be
a DC or essentially DC signal. Communications subsystem 450 may therefore modulate
such DC signal using one or more suitable frequency-domain modulation schemes,
without limitation, including orthogonal frequency division multiplexing (OFDM) or binary
phase shift keying (BPSK). In this way, control signals encoded into frequency domain
symbols or waveforms may be superimposed onto (or extracted from) the generally DC
charge current exchanged between power supply 500 and charge control system 100.

Since the magnitude of the DC charge current may generally be large compared to the

frequency domain modulations, the waveform of the total charge current may remain
generally DC and, consequently, a generally efficient energy transfer may be achieve

despite the presence of AC ended control signals.

[0050] As one example of operation of the control system 100, and explained
more fully below, a charge controller 400 can monitor one or more parameters indicative
of respective states of charge in the one or more energy storage devices 200, and
generate control signals (converted into modulations on power supply line 150 by a
communications subsystem 450) to be used by any of the components described
herein, including for example communications subsystem(s) 508 and/or master
control(s) 570 (FIG. 2) to control the charge current providead by power supply line 150
for the one or more energy storage devices 200, based on the monitored parameters.
As explained further below, charge controller 400 may, for example, transmit a voltage

or current magnitude request, which power supply 500 may then take as an input Iinto a

14
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suitably configured feedback or other type of control loop so as to regulate an output

voltage or current at the requested level.

[0051] When either fully or partially charged, energy stored by one or more
storage devices 200 can be used to provide energy in, for example, the form of electric
current, via power supply lines and switches 152 to one or more loads 800, such as
drive motor(s), environmental control systems, and vehicle navigation and control
systems, efc. The desired total energy output of energy storage device(s) 200 may be
requested by load(s) 800, as noted, which charge controller 400 then allocate among
the various energy storage devices 200 using individual control signals transmitted to

such energy storage devices 200 accordingly.

[0052] In some embodiments, the desired total energy output of energy storage
device(s) 200 may be requested through suitable control signals exchanged between
load(s) 800 and charge controller 400. As charge controller 400 and load(s) 800 may
generally be collocated onboard a transit vehicle, in various embodiments, such contro!
signals may be exchanged between load(s) 800 and charge controller 400 by way of
dedicated control paths without encoding or modulating a power signal (with use of a
suitably configured communication subsystem 450, 508), as in the case of

communications exchanged between a non-collocated charge controller 400 and power

supply 500.

[0053] Referring now to FIG. 2, there is shown a schematic diagram of an

example embodiment of a power supply 500, situated within an example operational

context, in accordance with the invention, and components with which it might interact in
operation. In the embodiment shown in FIG. 2, power supply 500 may be either situated
either external or internal to an electric vehicle, and is adapted to operate in conjunction
with an electric or other ac power source 700, such as the public electric power grid, a
generator, and/or any other power source(s) compatible with the purposes disclosed
herein. Also shown iIs an energy storage system 900, such as might be housed on an
electric vehicle, such as a transit bus, to which power supply 500 may be configured to
deliver power. For example, energy storage system 900 may comprise a plurality of

energy storage devices 200, as shown in FIG. 1, together with a charge control system
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100 with which power supply 500 may communicate through bilateral exchange of

control signals.

[0054] In some embodiments, power supply 500 may be generally configured to
generate a controllable DC output current and/or voltage based on one or more external
requests, such as from charge control system 100, and a suitable source of high-
voltage AC power, as noted, which can be the public utility grid. In such cases, one or
more power converters may be utilized within power supply 500 in order to convert the
source of AC power into a controllable DC output. By utilizing the public utility grid as a
source of AC input, the possible location(s) of power supply(ies) 500 may be extended
on account of the availability at different physical locations of access points into the
oublic utility grid. For example, it may be possible to install a suitable power supply 500

at multiple different locations along the scheduled route of an electric transit vehicle.

[0055] Thus, as shown in FIG. 2, a power supply 500 may include connections
550 for releasably connecting the power supply 500 to the energy storage system 900;
isolation transformer(s) 512 for coupling the power supply 500 to a source of ac input
power; one or more master controls 570; voltage and/or current sensor(s) 9506;
communication subsystem(s) 508, circuit breaker(s) and/or other power switch(es) 510;

and a plurality of power converters 520 with associated control(s) 504;.

[0056] Connections 550 for releasably connecting the power supply 500 to the
energy storage system 900 can comprise plug(s), switch(es), and/or other releasable

connections consistent with the purposes disclosed herein, in view of any specific

application(s) that can be made of power supply 500, e.g., charging of a transit or other

passenger bus.

[0057] In some embodiments, circuit breaker(s) and/or other power switch(es)
510. and other components such as isolation transformer(s) 512, can be used to

provide emergency power shut-off or other releasable connections to external sources,
such as the utility power distribution grid. Circuit breakers and/or power switches 510

may be controllable in response to control signals generated by master controls 570.

[0058] Isolation transformer(s) 512 may be used to protect and condition the

supply feed received from an external source of ac power, such as by translating the
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supply feed to voltage level(s) desired for use in power supply system 500 and/or other
components, including charge control system 100. For example, the public utility grid
may typically provide high voltage AC that isolation transformer(s) 512 may step down

to more suitable levels for the purpose(s) and application(s) described herein.

[0059] Communication subsystem(s) 508 can be coupled to each of the power
supply line 502 and the master control 570, and can be configured to detect and
iInterpret modulated control signals transmitted on power supply line 502. For example,
as described herein, charge current modulations may be generated and transmitted by

communication subsystem 450 (responsive to charge controller 400) of charge controi

system 100 (FIG. 1) for transmission to power supply 500. Like communication
subsystem 450, communication subsystem 508 may also be configured to generate
charge current modulations on power supply line 502 for transmission of control signals
to energy storage system 900. For example, such control signals may be generated by

master controller 570 and provided to communication subsystem 508.

[0060] Control signals detected by communication subsystem 508 on power
supply line 502 may be passed, in suitable form, to master control 570 for use in
controlling one or more different components of power supply 500. For example, the
control signals may contain directions for output current and/or voltage to be generated
by power converter(s) 520 for transmission to energy storage system 900 on power
supply line 502, e.qg., for use in charging energy storage device(s) 200. Thus, in some

embodiments, communication subsystem(s) 508 can comprise any components,
including signal processors, suitable for use In generating, translating, receiving,
transmitting, and/or otherwise processing control signals intended to be executable by

any or all of master control(s) 570, charge controller(s) 400, and communication

subsystem(s) 450.

[0061] Voltage and/or current sensor(s) 506 can be coupled to power supply
ine(s) 502 and comprise any components suitable for use in generating and/or passing
to master controller(s) 570 signals representing currents and/or voltages detected on
the power supply line(s) 502 between converter(s) 520 and energy storage system 900.

As described herein, such voltage and/or current measurements may be used by
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master controls 570 in a feedback or other suitable control loop in order to control or

regulate the charge currents and/or voltages outputted by power supply 500.

[0062] Master control(s) 570 comprise any logical controllers and/or other signal
processor(s) suitable for use in interpreting signals received by voltage and/or current
sensor(s) 506 and communications subsystem(s) 508, and for generating signals useful
for controlling currents and/or voltages output by power converter(s) 520. For example,
as described herein, master control(s) 570 can compare one or more currents
requested by an energy storage system 900 (as represented by signals received from
one or more communications subsystems 450) with current(s) outputted by converter(s)
520 (as represented by signals received from voltage current sensor(s) 506) and, based
on such comparison, generate signals useful in enabling associated control(s) 504 to
cause converter(s) 520 to increase or decrease current and/or voltage outputs
accordingly and thereby to regulate the output of power supply 500 in accordance with

the requested level(s).

[0063] One or more power voltage/current converters 520 can comprise any
components, or combinations of components, suitable for establishing and/or
maintaining, under the control of master control(s) 570 and associated control(s) 504,
desired currents and/or voltages in power supply line(s) 502. For example, as described
herein, converter(s) 520 can comprise any desired types of alternating current-direct
current (AC/DC) rectifiers, converters, and/or other devices. While a plurality of power

converters 520 are shown in FIG. 2, in alternative embodiments, different numbers of

power converters 520, including only a single converter 520, may be included. The
number of power converters 520 may vary depending on the output power requirements

of power supply 500, as will be appreciated.

[0064] In some embodiments, power converter(s) 520 may have a two-stage

configuration comprising, as a first stage, AC-DC converter(s) 522 and, as a second
stage, controllable DC-DC converter(s) 524 Coupled to the output of AC-DC converter(s)
522. The AC-DC converter(s) 522 may have any suitable configuration, such as a three-
phase bridge or rectifier, which is useful for converting the stepped down AC provide by

isolation transformer 512 into an intermediate DC output. Converter(s) 524 may receive
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the intermediate DC output and, based on suitable control signals relayed by control(s)
504, convert the intermediate DC output to requested levels. For example, DC-DC
converter(s) 524 may be implemented using configurations and combinations of buck

and/or boost converters, or some other suitable type of power DC-DC converter, and

output may be controlled by varying the converter duty cycle.

[0065] As will be readily apparent to those skilled in the relevant arts, once they
have been made familiar with this disclosure, power supply(ies) 500 and charge control
system(s) 100 in accordance with embodiments of the invention may be provided in any
convenient or otherwise-desired location. For example, in an embodiment adapted for
rapid charging at an on-route charging station 1001 (see for example FIGS. 10A and
10B described below), power supply 500 may be included in a charging station 1001,
while charge control system 100 may be installed on a bus 1000, so that the charging
station 1001 is, through power supply 500, able to provide converted grid power directly
to the bus via pantograph(s) 1004. Alternatively, in some embodiments, one or more

components of power supply 500 may be installed on bus 1000.

[00606] Referring now to FIG. 3, there is shown a plurality 220 of energy storage
devices 200 in more detall in accordance with the invention. As shown, plurality 220
may comprise two or more individual batteries or energy storage devices 200. In some
embodiments, each individual storage device 200 may itself comprise a string 240 of
two or more series-connected battery packs 260, an associated bank controller 340,

and a disconnect switch 280. The number and configuration of storage devices 200 may
be variable depending on voitage, current, and/or power requirements ot the plurality

220 as well as for other reasons, such as desired redundancy, versatility, etc.

[0067] Each bank controller 340 may be configured to monitor state of charge
parameters in the series-connected battery packs 260 of the energy storage device 200
in which the bank controller 340 is installed, and to control charging and/or discharging
of the energy storage device 200 based on the monitored parameters. Thus, for
example, bank controller 340 may be configured to determine a magnitude of a
charging current or charging voltage required by the energy storage device 200, identify

potential faults or other out-of-range operations, and to take corresponding responses,
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such as by breaking the connection to power supply line 150 by opening up disconnect
switch 280, which may be a power electronic switch, an electromechanical switch, or

some other configuration of switch.

[0068] The plurality of bank controllers 340 may also in some embodiments be
coupled to charge controller 400 to thereby exchange control parameters and other
commands. For example, each bank controller 340 may transmit a corresponding
current/voltage request for the associated energy storage device 200 (based on the
monitored state of charge parameters) to the charge controller 400, wherein the
individual requests are aggregated into a total current/voltage request for the plurality
220 of storage devices 200. Given a charge current/voltage on power supply line 150,
the individual charge controllers 340 may then be responsible for control of charging in
corresponding Individual energy storage devices 200, such as by continuing to monitor
state of charge parameters, relaying new charge current requests to charge controller
400, and ensuring that the energy store device 200 draws the requested current, as well
as by opening and/or closing of disconnect switch 280. As described further below,
charge controller 400 can control the timing of such connections and/or disconnections

based on monitored state of charge parameters.

[0069] During discharge, individual bank controllers 340 may also be responsible
for controlling the power output of a given energy storage device 200. For example,
each bank controller 340 may receive a power output request from charge controller
400 (which can be an allocated portion of a total power output request for the plurality
220 of energy storage devices 200) and can control the associated energy storage
device 200 to provide the requested output. Bank controller 340 may achieve such
control using different mechanisms, such as current limiters and other forms of output
control, as well as by connecting and/or disconnecting the energy storage device 200
from power supply line 150 using the disconnect switch 280. As described further

below, charge controller 400 can control the timing of such connections and/or

disconnections based on monitored state of charge parameters.

[0070] Configurations of charge control system 100 (FIG. 1) and power supply

500 (FIG. 2) as described herein may communicate with each other, through exchange
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of control signals, in order to control charging of energy storage devices 200. In addition
to controlling parameters of charging current(s) and/or voltage(s) supplied to energy
storage devices 900, charge control system 100 and power supply 500 may, through
exchange of control signals, implement further aspects of charging operations, such as
handshaking to establish and verify connection(s), and/or use of control or override
signals so as to control the timing and sequence of charging operations, as well as the
detection of battery faults or other conditions in response to which shutdown or other
remedial measures may be taken. Such charging operations are described further
below with reference to FIGS. 4-9, which are process flow diagrams showing

embodiments of various aspects of methods in accordance with the invention.

[0071] Accordingly, FIG. 4 shows an embodiment of an overall charge process or
method 4000 for energy storage device(s) 200 in accordance with the invention. As
described herein, method 4000 may be utilized to charge the onboard storage devices
of an electric transit vehicle, from engagement of an energy storage system 900, such
as might be installed on a transit bus having, e.g., a charge control system 100, to a
power supply 500 as described herein, to disengagement of the transit vehicle or
energy storage system 900 at the end of a charge cycle. Various steps shown in FIG. 4
as discrete blocks are explained and elaborated on in more detail below, with reference

to suitable examples and further explanation of such aspects of the embodiments.

(0072] At 4002 in FIG. 4, an energy storage system 900, such as might be

installed onboard an electric transit bus or other wholly- or partially electric vehicle,
comprising a charge control system 100 and load(s) 800, is engaged with a charge
station. In some embodiments, such charge station may comprise, for example, a power
supply 500, as depicted in FIG. 2 in accordance with the invention. An example of an

engagement process 4002 is shown in FIG. 5 with reference also to FIGS. 10A and
10B.

[0073] Thus, for example, as shown in FIGS. 10A and 10B, a transit bus 1000
comprising an energy storage system 900 is shown in releasable engagement with an
interface 1002 of a power supply 500 (not shown) at a vehicle charge station 1001. To

effect engagement of the transit bus 1000 with the interface 1002, for example, at 5002
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in FIG. 5, the bus 1000 is positioned generally beneath the interface arm 1002, as for
example by being driven there by a driver of the bus, so that an electrical or
electromechanical connection on the bus 1000 is generally aligned with a corresponding
electrical or electromechanical connection on the interface arm 1002. At 5004, the driver
of the bus 1000 can place the vehicle into a neutral gear, such as a park gear and, at
5006, the driver may engage a brake or other parking device to ensure positional
stability of the vehicle 1000 against any form of forward, lateral or reverse movement. In
some cases, the onboard charge control system of the bus 1000 may be configured so
that formation of a mechanical and/or electrical connection to the interface arm 1002 is
disabled until the bus has been verified to have been placed into a neutral gear and with
the parking brake engaged, thus ensurin'g that the vehicle does not inadvertently drive

forward and/or disengage from the interface 1002 while the connection is hot.

[0074] At 5008 switches, contacts, or other electrical connection(s) 154 instaliea
on the bus 1000 may be brought into mechanical contact with the corresponding
connection of the interface arm 1002, e.qg., power supply lines 152 of the power supply
500 (FIG. 2). For example, in some cases, bus 1000 may be equipped with an upwardly
moveable or extendible electrical connection, such as a pantograph 1004 installed on
top of the bus 1000, which may be extended or raised on command. The raising of such
a pantograph may be controllable, as for example through the use of any suitable
oroximity- and/or position-sensing device(s) such as suitably-configured optical, near-
field communications (NFC), navigational satellite, radio-frequency, and/ or other
devices, coupled with suitably-configured control apparatus. While a pantograph may
provide one suitable configuration of electrical connection for bus 1000, other types

and/or configurations of extendible electrical connections may be suitable as well.

[0073] Raising of such a pantograph 1004 into a proper position can have the
effect of placing the power supply 500 into electrical contact with the energy storage
system 900, as shown for example in FIGS. 1 and 2. However, while an external electric
connection to power supply 500 may be effected through closing of connection(s) 154,
550, e.g., by raising of a pantograph, in some embodiments, onboard energy storage

devices 200 may remain electrically isolated from power supply 500 by way of onboard
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connection 156 (FIG. 1) remaining for the time being open until further control signals

responsible for sequencing the closing of such onboard connection are exchanged.

[0076] In some embodiments, pantograph 1004 may be provided with three or
more rail/vehicle contact segments in a single pantograph system, as shown for
example at 1020 in FIGS. 10A and 10B. Thus, three supply-side contact components
1502A, 15028, 1502C may be brought into contact with three corresponding storage-
side connections 1514A, 1514B, 1514C. Each of the three segments on each side of
the connection may be separated from the others by suitably-configured insulators
1520. In some embodiments, any one or more of the three or more contacts 1502-1514
can comprise a connection to a ground 1090 having sufficient capacity to ground an
entire charge current delivered to the transmit bus 1000. Thus, as each individual
connection can maintain the full magnitude of the charge current, such configuration
introduces redundancy that reduces the alignment precision required to make a solid
electrical connection between bus 1000 and interface arm 1002, e.g., because any
single connection may generally suffice. Thus, generally more difficult or complex
alignment between bus 1000 and arm 1002 may not be necessary. As will be
appreciated by those skilled in the relevant arts, provision of such a full- or substantially

full-load ground can result in significant improvements in safety and efficiency.

[0077] It will further be understood that any desired or otherwise advantageous

numbers of contact segments 1502, 1514 can be provided in an interface 1004.

[0078] With contact established and a power supply 500 electrically coupled to
the charge control system 100 and/or other desired portions of the energy storage
system 900, at 4004, any desired pre-charge sequence(s) can be initiated. For
example, such pre-charge sequence(s) may be useful for detecting the existence of
battery and/or other electrical faults on either bus 1000 or power supply 500, and for
verifying that communication between bus 1000 (e.g., charge control system 100) and

power supply 500 is operational and functioning as expected. An example of a suitable

pre-charge sequence 4004 that can be executed is shown in more detail in FIG. 6.

(0079] Thus, for example, at 6002, signal communication between charge

controller 400 installed on bus 1000 and master controller 570 of power supply 500 may
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be established by means of communications subsystems 450, 508 exchanging a
specified message protocol. For example, a heartbeat process comprising an exchange
of messages or pings between controllers 400, 570 can be used to verify the availability

and proper functioning of communications. Other system data’and/or parameters may

also be exchanged as the case may be.

[0080] At 6004, battery and/or other system faults can be checked, and any
appropriate remedial action(s) taken, for example, to prevent short circuits, battery

overheating, efc.

[0081] At 6006, it can be confirmed that the energy storage system 900 is in a
physical condition for charging to occur. For example, in an embodiment comprising a
bus, a suitable circuit may be checked to confirm that the bus is in neutral, park, or other
standby mode, to ensure for example that applying a charge circuit will not cause the

bus to drive forward or backward unintentionally.

[0082] At 6008, upon completion of these and/or any other desired checks, the
power supply 500, the charge station 1002, and/or other responsible or desired
authority may confirm to charge control system 100 that charging is authorized by
sending an appropriate message. Upon receipt of such message, control system 100
may enter into a state whereby it is ready to receive input of a request to initiate a
charge cycle. Additionally, in some embodiments, charge control system 100 may upon
receipt of the charge ready signal from power supply 500 provide corresponding

indication to the driver or other energy storage system operator, for example, by means

of a warning light, display, audio alarm, and/or other means, which indicates to the drive
that the system is ready to begin charging. Optionally, such authorizations and

initiations may be made semi- or fully- automatically by the controllers 400, 570, etc.

[0083] With any required or otherwise desired pre-charge checks and

confirmations complete and charging authorized, at 4006, initiation of a charge cycle

may be requested.

[0084]) For example, as shown in FIG. 7, at 7002, a human vehicle operator
and/or one or more automatic controllers 400, 570, etc., can generate a suitably-

configured instruction signal and thereby request commencement of the Charge cycle.
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For example, by pressing a suitably-configured button, throwing a switch, or entering a
suitable keyboard command, an operator of a bus may cause an initiation command

signal to be sent to an onboard charge controller 400.

[0085] Such a command signal can, for example, cause the charge controller 400
to check the charge and/or other state(s) of one or more of a plurality of batteries or
other energy storage devices 200, as shown in FIG. 1, to generate signals representing
relevant state parameters, and to route them to a power supply master control 570. For
example, the transmitted parameters may include a maximum allowed voltage that the
power supply 500 can reach (different storage devices 200 may have different allowed
maximums depending on size, configuration, etc.), as well as a minimum target voltage

that the power supply 500 must reach before a charging connection attempt may be

permitted.

[0086] At 7006, the controller 400 and/or master control 570 can check to
determine whether any batteries or other energy storage devices 200 are in a fault
condition. If a sufficient number of batteries are in fault and cannot be isolated, then at
7008 a requested charge cycle can be prevented. Power supply 500 may also check to
verify that the minimum target and maximum voltage requirements transmitted by the

charge controller 400 can be met.

[0087] Upon confirmation at 7006 that neither controller 570, 400, etc.,
determines that any fault condition exists based on the state parameters generated at

2004 at 7010 the master controller 570 and/or other authorized controller can confirm

that it is not in a fault condition and provide authorization to the charge system 100 to

commence charging.

[0088] At 7012, the energy storage system 900 / charge controller 400 can
confirm that its circuits are in a proper state for charging, including for example in the

case of a bus or other vehicle, closing onboard connection 156 and/or otherwise
establishing connections to the charge station 1001 and/or power supply 500. With
closing of onboard connection 156, both the plurality of energy storage devices 200 and

charge controller 400 may now be electrically connected to power supply 500.
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[0089] At 7014, with suitable connections established, the charge controller 400
can send a suitably-configured current request, for example a suitable command signal,
to the charge station 1001 and/or power supply 500. As described herein, such current
request may be transmitted to power supply 400 by communication subsystem 450
modulating the charge current on power supply line 150 Iin response to suitable
command signals generated by charge controller 400, and the magnitude of the
requested current may reflect individual currents requested by individual storage

devices 200 aggregated together into a total current request by charge controller 400.

[0090] At 7016, the charge station 1001 / master control 570 can confirm that its
converter(s) 520 and/or other relevant components are in proper state(s), and can close
connection(s) 510, etc., and cause requested charge current(s) to be sent to batteries

and/or other energy storage device(s) 200 through output regulation of converter(s) 520.

[0091] With contact established between power supply 500 and charge system
100, and with a charge cycle initiated through delivery of current to the supply line(s)
150, at 4008 in FIG. 4, a process of monitoring one or more states of the charge
process can be initiated, for example, by one or both of controllers 400, 570
implementing one or more loops to check whether any conditions such as fault,
termination request, or charge-complete exist, and if so terminating the charging cycle.
For example, any fault, disconnect, charge-complete, or other condition or state can
cause any one or more of controller(s) 400, 570, etc., or an operator of a system 900 to
terminate the charge cycle by generating and issuing a suitable instruction command

signal.

[0092] If at 4008 it is determined for any reason that charging should be
terminated, at 4016 the charge cycle can be ended. For example, as shown in FIG. 8, at
8002, the energy storage system 900 and/or charge controller 400 can generate and

issue commands suitable for placing its circuits in a proper state for charge cycle
termination, including for example in the case of a bus or other vehicle, opening any
desired switches or connections 154, 156, 510, 550, etc., and/or otherwise terminating
connections to the charge station 1001 and/or power supply 500. For example, any

suitable switches, contacts, or other onboard electrical connection(s) 156 installed on
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the bus 1000 may be opened, or removed from contact with power supply lines 152,
514 of the power supply 500, as well as any external connections to power supply 500,
as for example may be effected by lowering of a pantograph 1004 installed on top of the
bus 1000. Lowering of such a pantograph may be fully or semi-automatic, as

appropriate or desired.

[0093] In the case of a bus or other transit vehicle, at 8008 the operator of the
vehicle can, for example, disengage the brake and put the vehicle into a drive state, as
for example by placing into a drive gear; and at 8010, subject to any warnings or alerts
from the charge station, etc., the vehicle can move away from the charge station and

resume or begin operations.

[0094] In the embodiment shown in FIG. 4, the process of charge-state
monitoring can begin at 4008 with a determination whether a command signal
representing a request to terminate charging has been received by a responsible
controller 400, 570 from any authorized requestor. For example, an operator of a transit
bus can take any of a wide range of actions indicating that the operator wishes to
resume transit operations. For example, the driver can shift the vehicie out of neutral,
can remove his/her foot from the brake, etc., indicating that the bus is preparing to
move; and/or he/she can activate a switch, button, or other apparatus to generate a
stop charge request. If such a command has been generated, at 4016, end charge-

cycle operations can commence, as for example described above in connection with
FIG. 8.

[0095] If no request to terminate the charge cycle has been received by a
responsible controller, at 4010 a determination can be made as to whether any fault or
error condition has been detected which could prompt termination of the charge cycle.
Such determinations can, for example, be made by any or all controllers 400, 570, etc.,

and can include determinations as to whether any electrical fauit in any battery 200 or
other circuit component, high-temperature indications, voltage or current surge or
fluctuation, battery over-voltage and/or under-voltage conditions, etc. If such a fault has
been determined to exist, at 4016, end charge-cycle operations can commence, as for

example described above in connection with FIG. 8.
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[0096] Optionally, in such case, any suitable warnings may be generated, to a

driver or other operator of a vehicle, and/or to a controller at a remote base station by

telemetric or other means.

[0097] If no fault condition has been detected, as part of the monitoring process,
at 4012, a determination may be made by any or all responsible controliers 400, 570,
etc., as to whether a desired charge state has been reached, e.g., which could indicate
that a desired charge cycle has been completed. If a desired charge state has been
reached, at 4016, end charge-cycle operations can commence, as for example

described above in connection with FIG. 8.

[0098] If no determinations made at 4008, 4010, 4012, indicate that the charge
cycle should be terminated, at 4014, controlled charge processes may be initiated,
continued or otherwise implemented. For example, as shown in FIG. 9, at 9002 either or
both of current/initial voltage(s) and current(s) present in a plurality of batteries or other
energy storage devices 200 of a bus 1000 or other energy storage system 900 can be
measured, and signals representing corresponding state data can be provided to either

or both of controllers 400, 570 via communications subsystems 450, 508, etc., for

continual assessment and control of charging processes.

[0099] Based on voltages and/or currents measured at 9002, at 9004 one or
more batteries 200, or groupings of batteries, of a plurality 220 of batteries 200 may be
connected to power lines 150, which may be electrically coupled to power lines 502 by

means of switches 156, 550. Which battery(ies) 200, or groupings of batteries, to
connect initially, as part of an initial grouping to be charged, may be determined by any

suitable controller(s), including for example a charge controller 400 installed on the bus
1000.

[00100] As described herein, selections of battery(ies) to connect to power lines
502 may be made by, e.g., charge controller 400, in terms of both which battery(ies) to
connect and when to make such connections, based on measured parameters, so that
any given battery is connected to the power line 502 when its terminal voltage Is not
more than a specified maximum difference away from the group voltage of the

battery(ies) currently connected to the power line 150. If no batteries are currently
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connected to the power line 150, such as might occur at the beginning of a charge (or
discharge) cycle, selection of which battery(ies) to connect may depend on the relative
voltages of each unconnected battery, such that only the lowest voltage battery(ies)
having respective voltages within the maximum specified difference are connected at

the same time.

[00101] For example, as shown in FIGS. 1 and 3, when no batteries are currently
connected to a power supply line 150, as might be the case at the beginning of a charge
(or discharge) cycle, a charge controller 400 can connect an initial grouping comprising
one of more of the energy storage devices 200 to a power supply line 150. In some
embodiments, the initial grouping may comprise one or more energy storage devices
200 determined to have respective voltages within a specified maximum difference of
each other. In addition, the initial grouping of connected batteries 200 may also have
minimum voltages among the plurality 220 of batteries 200 to be connected. Thus, for
example, in the initial grouping, each included battery 200 may have a voltage that is
not more than the specified voltage difference away from each other battery 200 in the
initial grouping, and each battery 200 not included in the initial grouping may have a

voltage that is greater than the voltage of each included battery 200 in the initial
grouping.

[00102] In this way, as a charging cycle progresses and the group voitage of the
batteries 200 connected to the poWer supply line 150 increases, at some point during
the charge cycle, the group voltage of the connected batteries 200 will come to within
the specified maximum difference away from the respective voltage of each other
unconnected battery. Each unconnected battery not included in the initial grouping may
thereby be able to be connected also to the power line 150 at a point when its
respective voltage is within the maximum specified difference away from the group
voltage of the batteries that are currently connected to the power line 150 (whether by
inclusion in the initial grouping or subsequent connection thereto). By only connecling

batteries when this condition holds, as described herein, it is possible to minimize or

eliminate the effects of inrush currents to the batteries.
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[00103] Thus, for example, with an initial grouping of energy storage devices 200
connected to the power supply line 150, charge controller 400 may initiate an iterative
process in order to connect each of the remaining energy storage devices 200 to the
power line 150. Such iterative process may include, at 9006, a determination of whether
all batteries are yet connected to the power supply line 150. For example, such
determination may be made using a table of status flags or some equivalent data
structure by which the status (connected, unconnected, faulted, etc.) of each storage

device 200 may be tracked by charge controller 400.

[00104] If at 9006 it is determined that all batteries are connected to the power
supply line 150, at 9008 charging can optionally continue until it is determined by a
controller 400 that all batteries are fully charged, at which point control processing can
continue as shown for example at 4012 in FIG. 4, for example, by charge controller 400
generating and providing to a master control 570 a command signal configured to
terminate charging, as described herein. However, as alternative, the charging current
may aiso be discontinued and the charge cycle terminated once each of the plurality
220 of batteries is connected to the power supply 150. To end the charge cycle, charge
controller 400 may generated and transmit a suitably encoded signal to power supply

500 along power supply line 150 as described herein.

[00105] However, if at 9006 it is determined that not all batteries 200 are yet
connected to power supply lines 150, 502, then while at 9010 the requested charging

current is supplied to the connected batteries 200, at 9012, voltages (and/or currents) in

the connected batteries 200 can be monitored by either or both of controllers 400, 570,
and at 9014 charge controller 400 can determine whether the group voltage of the
currently-connected battery(ies) 200 is within a specified maximum difference from the

voltage of a grouping of unconnected batteries having the next-lowest voltage(s).

[00106] That is, for example, at 9012 — 9016 charge controller 400 can monitor the
group voltage of the one or more energy storage devices 200 currently connected to the
power supply line 150, 502, and determine when to connect each respective next

grouping of the energy storage devices 200 to the power supply line 150, 502 based on
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comparison, e.g., at 9014, of the monitored group voltage and the measured initial

voltage(s) of the energy storage device(s) in the respective next grouping.

[00107] Thus, following such iterative process, charge controller 400 may select
one or more next groupings of the energy storage devices for connection to the power
supply line 150, based on their initiated voltages and by continual or semi-continual
monitoring of the increasing group voltage of the connected batteries 200 during
charging. Each such next grouping may include one or more energy storage devices
200 not yet connected to the power supply line 150 that charge controlier 400
determines to have respective voltages within the specified maximum difference of each
other. For example, to make this determination, charge controller 400 may take voltage
measurements of each unconnected battery and compare the measured values with
one another. This iterative process may be repeated uhtil each of the plurality of energy

storage devices 200 is connected the power supply line 150.

[00108] Determinations of which battery(ies) 200 to connect to power supply
line(s) 150, 502 may be made in accordance with any of a wide variety of suitable
criteria. For example, for charging of an energy storage device 900 which is in
operation, such as an industrial drill, lathe, or other tool, battery(ies) 200 or groupings
thereof may be selected based on highest current output. For an energy storage device
900 such as a battery system on a parked bus 1000, battery(ies) 200 or groupings

thereof may be selected based on having a lowest voltage charge state.

[00109] As will be appreciated by those skilled in the relevant arts, the specified
maximum voltage (and/or current) difference(s) used as reference(s) by the responsible
controller(s) 400 at 9014 may depend upon a number of factors, including for example
the chemical and physical characteristics of the battery(ies) 200 to be charged, and the

voltage and level of the current(s) applied by power supply line(s) 150, 502.

[00110] Thus, In various aspects, embodiments of the invention may provide a
method of charging pluralities of energy storage devices 200, comprising: connecting an
initial grouping of the energy storage devices 200 to a power supply line 150, 502, the
initial grouping comprising one or more energy storage devices 200 determined to have

respective voltages within a specified maximum difference of each other; supplying a
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charging current to the power supply line 150, 502; connecting a remainder of the
energy storage devices 200 not included in the initial grouping to the power supply line
150, 502 by, for each respective energy storage device 200 in the remainder,
connecting the respective energy storage device(s) 200 to the power supply line 150,
502 when a determination 9014 is made that a group voltage of the one or more energy
storage devices 200 currently connected to the power supply line 150, 502 and the
voltage of the respective energy storage device(s) 200 in the remainder are within a
specified maximum difference of each other; and discontinuing supply of the charging
current o the power supply line when it is determined that the plurality of energy

storage devices 200 is charged to a specified full charge voltage.

[00111] Among the many advantages provided by the invention is the modulation,
by either or both of master controller(s) 570 and charge controller(s) 400 of charge
currents provided, for example, in power supply lines 150, 502, in such way that the
modulated charge currents carry command/control signals that can be used by the

controllers 570, 400 in communicating with each other and controlling charge processes

described herein, including described in connection with processes 4000-4014’, etc., of
FIGS. 4-9.

[00112] Thus, for example, embodiments of the invention provide methods of
charging energy storage devices 200 through the use of charge currents comprising
both DC and AC components, where the DC component corresponds to a charging

current applied fo the one or more energy storage devices 200 by a power supply 500 in
response to control signals (e.g., charge current requests) generated by a charge
controller 400; and the AC component corresponds to modulations of the charge current

generated by, or under the control of, a controller 570, 400 and represents control

signals transmitted over the power supply line 150, 502.

[00113] As will be appreciated by those skilled in the relevant arts, once they have
been made familiar with this disclosure, the use of such modulations to carry control

signals can provide significant advantages in the efficiency and effectiveness of

charging processes.
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[00114] As previously noted, and as will be understood by those skilled in the
relevant arts, once they have been made familiar with this disclosure, various processes
and principles described above can be applied to the drawing of power from, as well as
the charging of, groups of batteries or other energy storage device(s) 200. Such
methods of drawing power from energy storage device(s) 200 may be similar, in certain
respects, to methods described herein of charging energy storage device(s) 200, with
the difference that the energy storage device(s) 200 may be connected to a power line
during discharge as opposed to charging. Thus, to control the timing of connections to
the power line, the voltage of the energy storage device(s) 200 may generally be
decreasing as opposed to increasing. However, the timing of connections may still be

controlled so as to mitigate or eliminate the presence of inrush current.

[00115] For example, as described herein, embodiments of the invention provide
methods which include connecting one or more loads 800 to a first grouping of a
plurality of energy storage devices 200, each grouping comprising one or more energy
storage devices 200 currently connected to a power supply ine 150, 152; selecting one
or more energy storage devices 200 for connection to the power supply line 150, 152
from a second grouping of the energy storage devices comprising one or more energy
storage devices 200 not currently connected to the power supply line 150, 152; and
connecting the selected energy storage device(s) to the power supply line when it is
determined that a group voltage of the one or more energy storage devices in the first
grouping and the voltage of the energy storage device selected from the second

grouping are within a specified maximum difference of each other.

[00116] Thus, for example, embodiments of the invention further provide a method
of drawing power from pluralities of energy storage devices 200, comprising: connecting
an initial grouping of the energy storage devices to a power supply line 150, 152
connected to one or more loads 800, the initial grouping comprising one or more energy
storage devices 200 determined to have respective voltages within a specified
maximum difference of each other; until each of the plurality of energy storage devices
is connected to the power supply line, iteratively: drawing power from the initial grouping
of the energy storage devices 200 to provide a power current supplied to the ioad(s)

800; selecting a next grouping of the energy storage devices 200 for connection to the
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power supply line 150, 152 and load 800, the next grouping comprising one or more
energy storage devices 200 not yet connected to the power supply line 150, 152
determined to have respective voltages within the specified maximum difference of each
other; and connecting the next grouping of the energy storage devices to the power
supply line 150, 152 when it is determined that a group volitage of the one or more
energy storage devices 200 in the first grouping currently connected to the power
supply line and the voltage of a respective energy storage device In the next grouping,
for each energy storage device in the next grouping, are within the specified maximum
difference of each other; and optionally discontinuing supply of the power current to the
load(s) when it is determined that the plurality of energy storage devices are drawn

down to a specified minimum charge state.

[00117] As a further example, embodiments of the invention provide methods of
drawing power from pluralities of energy storage devices 200, the methods including
connecting an initial grouping of the energy storage devices 200 to a power supply line
150, 152, the initial grouping comprising one or more energy storage devices 200
determined to have respective voltages within a specified maximum difference of each
other; supplying a load current to the power supply line 150, 152 for one or more loads
800; connecting a remainder of the energy storage devices 200 not included In the initial
grouping to the power supply line 150, 152 by, for each respective energy storage
device in the remainder, connecting the respective energy storage device 200 to the
power supply line 150, 152 when it is determined that a group voltage of the one or
more energy storage devices 200 currently connected to the power supply line 150, 152
and the voltage of the respective energy storage device(s) in the remainder are within a
specified maximum difference of each other; and optionally discontinuing supply of the
power current to the power supply line 150, 152 when it is determined that the plurality

of energy storage devices 200 is depleted to a specified charge state.

[00118] In any or all of such aspects of the invention, the one or more energy
storage devices 200 in one or more of the first and second groupings (and any
subsequent groupings) can be connected in parallel to the power supply line 150, 152;
and subsequently-connected energy storage devices 200 such as those in the second

groupings can be selected on the basis of having a lowest voltage (in the case of
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charging processes) or highest voltage (in the case of power draw processes) among

the one or more energy storage devices 200.

[00119] Thus, such methods can comprise measuring one or more voltages
associated with energy storage device(s) 200 of the second grouping; determining the
lowest voltage energy device 200 in the second grouping based on comparison of the
measured voltages; and optionally determining when to connect the selected energy
storage device(s) 200 from the second grouping to the power supply line 150, 152
based on comparison of the monitored group voltage and the measured voltage of the

selected energy storage device(s) 200.

[00120] Similarly, such methods can comprise measuring one or more voltages
associated with energy storage device(s) 200 of the second grouping; determining the
highest voltage energy device 200 in the second grouping based on comparison of the
measured voltages; and optionally determining when to connect the selected energy
storage device 200 from the second grouping to the power supply line 150, 152 based

on comparison of the monitored group voltage and the measured voltage of the

selected energy storage device.

[00121] While the disclosure has been provided and illustrated in connection with
specific, presently-preferred embodiments, many variations and modifications may be
made without departing from the spirit and scope of the invention(s) disclosed herein.
The disclosure and invention(s) are therefore not to be limited to the exact components
or details of methodology or construction set forth above. Except to the extent
necessary or inherent in the processes themselves, no particular order {0 steps or
stages of methods or processes described in this disclosure, including the Figures, Is
intended or implied. In many cases the order of process steps may be varied without
changing the purpose, effect, or import of the methods described. The scope of the
invention is to be defined solely by the appended claims, giving due consideration 10

applicable doctrines of claim construction, such as purposive construction, the doctrine

of equivalents, and related doctrines.

[00122] As will be appreciated by those skilled in the relevant arts, various

features of the above-described aspects and embodiments may be combined to create
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alternative embodiments not explicitly described, but which are specific instances of
broader or more generic embodiments that have been disclosed. The disclosure herein

is specifically intended to cover and embrace all suitable changes in technology.
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WHAT IS CLAIMED IS:

1.

2.

A charge control system for one or more energy storage devices, comprising:

a power supply line connectable to a power supply to transmit a charge current

for the one or more energy storage devices;

a charge controller configured to monitor one or more parameters indicative of
respective states of charge in the one or more energy storage devices and to
control the charge current for the one or more energy storage devices based on

the one or more monitored parameters; and

a communication subsystem coupled to the power supply line and the charge
controller, the communication subsystem configured to receive control signals
generated by the charge controller for transmission to the power supply and to
modulate the charge current on the power supply line according to the control

signals received from the charge controller.

The system of claim 1, wherein the communication subsystem is further

configured to detect charge current modulations on the power supply line representing

control signals generated by the power supply and to generate control signals for

execution by the charge controller based on the detected charge current modulations.

3.

The system of claim 1, wherein the charge current comprises:

a direct current (DC) component corresponding to a charging current for the one
or more energy storage devices, the DC component supplied by the power

supply in response to the control signals generated by the charge controller; and

an alternating current (AC) component corresponding to modulations of the

charge current representing control signals transmitted over the power supply

line.
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The system of claim 1, wherein the charge control system is instalied on a mobile

transport vehicle, and the power supply comprises a high voltage source situated

externally to the mobile transport.

D.

0.

A method of charging a plurality of energy storage devices, comprising:

supplying a charging current to a first grouping of the energy storage devices

comprising one or more energy storage devices currently connected to a power

supply line;

seiecting an energy storage device for connection to the power supply line from a
second grouping of the energy storage devices comprising one or more energy

storage devices not currently connected to the power supply line; and

connecting the selected energy storage device to the power supply line when it is
determined that a group voltage of the one or more energy storage devices in the
first grouping and the voltage of the energy storage device selected from the

second grouping are within a specified maximum difference of each other.

The method of claim 5, wherein the one or more energy storage devices in the

first grouping are connected in parallel to the power supply line.

/.

The method of claim 6, wherein the selected energy storage device from the

second grouping is connected to the power supply line in parallel with the one or more

energy storage devices in the first grouping.

8.

The method of claim 5, wherein the selected energy storage device has a lowest

voltage among the one or more energy storage devices in the second grouping.

9.

The method of claim 8, further comprising:
measuring a voltage of each energy storage device in the second grouping; ana

determining the lowest voltage energy device in the second grouping based on

comparison of the measured voltages.
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The method of claim 9, further comprising:

monitoring the group voltage of the one or more energy storage devices in the

first grouping connected to the power supply line; and

determining when to connect the selected energy storage device from the

second grouping to the power supply line based on comparison of the monitored

group voltage and the measured voltage of the selected energy storage device.
A method of charging a plurality of energy storage devices, comprising:

connecting an initial grouping of the energy storage devices to a power supply
ine, the initial grouping comprising one or more energy storage devices
determined to have respective voltages within a specified maximum difference of

each other:

until each of the plurality of energy storage devices is connected the power

supply line, iteratively:

charging the energy storage devices currently connected to the power

supply line by supply of a charging current to the power supply line;

selecting a next grouping of the energy storage devices for connection to
the power supply line, the next grouping comprising one or more energy

storage devices not yet connected to the power supply line determined to

have respective voltages within the specified maximum difference of each

other; and

connecting the next grouping of the energy storage devices to the power
supply line when it is determined that a group voltage of the one or more
energy storage devices currently connected to the power supply line and
the voltage of each respective energy storage device in the next grouping

are within the specified maximum difference of each other; and
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discontinuing supply of the charging current to the power supply line when it is
determined that the plurality of energy storage devices are charged to a specified

full charge voltage.

The method of claim 11, wherein the one or more energy storage devices in the

Initial grouping are connected in parallel to the power supply line.

13.

The method of claim 12, wherein the one or more energy storage devices In each

respective next grouping are connected to the power supply line in parallel with the one

or more energy storage devices currently connected to the power supply line.

14.

19.

10.

The method of claim 11, further comprising:

measuring an initial voltage of each of the plurality of energy storage devices;

and

determining the initial grouping of the energy storage devices based on

comparison of the measured initial voltages.

The method of claim 14, further comprising:

monitoring the group voltage of the one or more energy storage devices currently

connected to the power supply line; and

determining when to connect each respective next grouping of the energy
storage devices to the power supply line based on comparison of the monitorea

group voltage and the measured initial voltages of the energy storage devices In

the respective next grouping.
A method of charging a plurality of energy storage devices, comprising:

connecting an initial grouping of the energy storage devices to a power supply
line, the initial grouping comprising one or more energy storage devices

determined to have respective voltages within a specified maximum difference of

each other:
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supplying the Initial grouping of energy storage devices with a charging current

on the power supply line;

connecting a remainder of the energy storage devices not included in the initial
grouping to the power supply line by, for each respective energy storage device
In the remainder, connecting the respective energy storage device to the power
supply line when it is determined that a group voltage of the one or more energy
storage devices currently connected to the power supply line and the voltage of
the respective energy storage device in the remainder are within a specified

maximum difference of each other: and

discontinuing supply of the charging current on the power supply line when it is
determined that the plurality of energy storage devices are charged to a specified

full charge voltage.

The method of claim 16, wherein the one or more energy storage devices In the

initial grouping are connected in parallel to the power supply line.

18.

The method of claim 17, wherein each respective energy storage device in the

remainder is connected to the power supply line in parallel with the one or more energy

storage devices currently connected to the power supply line.

19.

20.

The method of claim 16, further comprising:

measuring an initial voltage of each of the plurality of energy storage devices;

and

determining the initial grouping of the energy storage devices based on

comparison of the measured initial voltages.
The method of claim 19, further comprising:

monitoring the group voltage of the one or more energy storage devices currently

connected to the power supply line; and
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determining when to connect the remainder of the plurality of energy storage
devices to the power supply line, for each respective energy storage device In
the remainder, based on comparison of the monitored group voltage and the

measured initial voltage of the respective energy storage device In the

remainder.

21. A method of drawing power from a plurality of energy storage devices,

comprising:

supplying one or more loads with a current drawn from a first grouping of a

plurality of energy storage devices connected to a power supply line;

selecting one or more energy storage devices for connection to the power supply
line from a second grouping of the energy storage devices comprising one or
more energy storage devices not currently connected to the power supply line;

and

connecting the selected energy storage device(s) to the power supply line when
it is determined that a group voltage of the one or more energy storage devices
in the first grouping and the voltage of the energy storage device selected from

the second grouping are within a specified maximum difference of each other.

22. The method of claim 21, wherein the one or more energy storage devices in the

first grouping are connected in parallel to the power supply line.

23. The method of claim 22, wherein the selected energy storage device from the
second grouping is connected to the power supply line in parailel with the one or more

energy storage devices in the first grouping.

24. The method of claim 21, wherein the selected energy storage device has a

highest voltage among the one or more energy storage devices in the second grouping.
25.  The method of claim 24, further comprising:

measuring a voltage of each energy storage device in the second grouping; and
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determining the highest voltage energy device in the second grouping based on

comparison of the measured voltages.
The method of claim 25, further comprising:

monitoring the group voltage of the one or more energy storage devices in the

first grouping connected to the power supply line; and

determining when to connect the selected energy storage device from the
second grouping to the power supply line based on comparison of the monitored

group voltage and the measured voltage of the selected energy storage device.

A method of drawing power from a plurality of energy storage devices, the

method including:

connecting an initial grouping of the energy storage devices to a power supply
line connected to at least one load, the initial grouping comprising one or more
energy storage devices determined to have respective voltages within a specified

maximum difference of each other;

until each of the plurality of energy storage devices is connected the power

supply line, iteratively:

drawing power from the energy storage devices currently connected to the

power supply line to supply the at least one load with a load current,

selecting a next grouping of the energy storage devices for connection to
the power supply line and load, the next grouping comprising one or more
energy storage devices not yet connected to the power supply line

determined to have respective voltages within the specified maximum

difference of each other; and

connecting the next grouping of the energy storage devices to the power
supply line when it is determined that a group voltage of the one or more

energy storage devices in the first grouping currently connected to the
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power supply line and the voltage of each respective energy storage
device in the next grouping are within the specified maximum difference of

each other: and

discontinuing supply of the load current when it is determined that the plurality of

energy storage devices are drawn down to a specified minimum charge state.

The method of claim 27, wherein the one of more energy storage devices In the

initial grouping are connected in parallel to the power supply line.

29.

The method of claim 28, wherein the one or more energy storage devices in each

respective next grouping are connected to the power supply line in parallel with the one

or more energy storage devices currently connected to the power supply line.

30.

31.

32.

The method of claim 27, further comprising:

measuring an initial voltage of each of the plurality of energy storage devices;

and

determining the initial grouping of the energy storage devices based on

comparison of the measured initial voltages.

The method of claim 30, further comprising:

monitoring the group voltage of the one or more energy storage devices currently

connected to the power supply line; and

determining when to connect each respective next grouping of the energy
storage devices to the power supply line based on comparison of the monitored

group voltage and the measured initial voltages of the energy storage devices In

the respective next grouping.

A method of drawing power from a plurality of energy storage devices, the

method including:
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connecting an initial grouping of the energy storage devices to a power supply
line, the Initial grouping comprising one or more energy storage devices
determined to have respective voltages within a specified maximum difference of

each other;

supplying one or more loads with a load current drawn from the initial grouping of

energy storage devices on the power supply line;

connecting a remainder of the energy storage devices not included In the initial
grouping to the power supply line by, for each respective energy storage device
in the remainder, connecting the respective energy storage device to the power
supply line when it is determined that a group voltage of the one or more energy
storage devices currently connected to the power supply line and the voitage of
the respective energy storage device in the remainder are within a specified

maximum difference of each other; and

discontinuing supply of the load current on the power supply line when it is
determined that the plurality of energy storage devices is depleted to a specified

charge state.

The method of claim 32, wherein the one or more energy storage devices in the

initial grouping are connected in parallel to the power supply line.

34.

The method of claim 33, wherein each respective energy storage device In the

remainder is connected to the power supply line in paralle! with the one or more energy

storage devices currently connected to the power supply line.

39.

The method of claim 32, further comprising:

measuring an initial voltage of each of the plurality of energy storage devices;

and

determining the initial grouping of the energy storage devices based on

comparison of the measured initial voltages.
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The method of claim 35, further comprising:

monitoring the group voltage of the one or more energy storage devices currently

connected to the power supply line; and

determining when to connect the remainder of the plurality of energy storage
devices to the power supply line, for each respective energy storage device in
the remainder, based on comparison of the monitored group voltage and the
measured Initial voltage of the respective energy storage device in the

remainder.
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