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MULTI-MODE HYBRID CONTROL FOR RANGE-EXTENDED
PLUG-IN VEHICLES

BACKGROUND

Technical Field

The present disclosure relates to power management for range-

extended plug-in electric vehicles.

Description of the Related Art

Plug-in hybrid electric vehicles {(PHEV) are an exiension of
existing hybrid electric vehicle (HEV) technology, in which a primary battery
pack is supplemented with a secondary power source {e.g.. an intemal
combustion engine, a fuel cell system) to gain increased mileage and reduced
vehicle emissions. A PHEV adds the capability of recharging the battery pack
from a standard electrical outlet or other external power source. Because the
battery pack has a large capacity, the PHEV can be operated primarily by
electric propulsion for a substantial distance, for example, a battery operation
range of 10-40 miles, after a full ballery recharge. The secondary power
source is only started {o assist vehicle propulsion in limited circumstances such
as high speed and/or high power demand operations due {o system constraints.
After the usable batlery electricity is depleted, the secondary power source
takes over the primary role in vehicle propulsion by consuming fuel energy
{e.qg., gasoline, diesel, hydrogen). By relying on electrical energy from the grid
to charge the battery and then using that energy for a significant fraction of
vehicle travel, the amount of fuel consumed by the PHEV is greatly reduced,
especially when the traveling distance is close {o the baltery operalion range.

While conventional HEVs are operated {o maintain the battery
state of charge (S0OC) at a nearly constant level, a PHEV generally uses as
much pre-saved battery electric {“grid”} energy as possible before the next

battery charge event due to the relatively lower cost of grid-supplied electric
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energy. Afler the hattery’s S80C decreases 1o a desired charge-sustaining level
or & lowest conservative level, the PHEV resumes operation as a conventional
HEY. in order to ensure that the grid-suipplied electric energy is expended, the
base PHEY control mode largely uses up the electric energy first and the
secondary power source takes over the leading role in vehicle propulsion only
when the battery is substantially discharged.

Figure 1 shows a plot 10 of a state of charge 12 fora baltery of a
PHEV in the aforementioned two operation modes, namely a discharging mode
{DM) and a charge-susiaining mode {CSM). In the example shown, a mostly
charged PHEV is driven in the discharging mode for the first part of the irip,
where the battery’'s SOC exhibits a net decrease between points 14 and 16.
Due fo the lower cost of electricily compared to fuel, the available battery
electric energy is used for vehicle usage function betore the next PHEY plug-in
recharge event fo largely displace fuel consumption. Since knowledge of the
occurrence of the next battery recharge event is usually unknown, by default,
the PHEV operation starts in the discharging mode to maximize the likelihood of
battery depletion before the end of the trip.

During the discharging mode, the battery's electric energy is used
primarily to propel the vehicle, thereby maximally or near maximally depleting
the electric energy stored in the batftery. In the discharging mode, the
secondary power source is kept in an off state or at a very low power level. By
primarily utilizing the battery energy {o propel the vehicle early in the trip, the
PHEV fuel consumption is minimized when the trip distance is close to the
battery operation range. Once the battery’s 50C decreases {0 a predetermined
sustaining level {e.g., 20% S0OC]), the vehicle swilches o the charge-susiaining
mode at point 16, where the baltery's SOC is kept within a certain range close
to the desired sustaining SOC level. In the charge-sustaining mode, the vehicle
is mainly powered by the secondary power source {j.e., fuel energy). At
point 18, the trip has ended and the vehicle is proximate an external power
source, such as an electrical outiet. The battery may then be recharged {o the

fully charged condition via the external power source.
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BRIEF SUMMARY

A hybrid vehicle may be summarized as including: an electric
machine coupled to provide propulsion power for the hybrid vehicle; an energy
storage aubsystem electrically coupled to the electric machine to provide at
least one of. a source of electrical energy o the electrical machine, and a sink
of electrical energy from the electrical machine; a fuel cell subsystem
electrically coupled to the energy storage subsystem to charge the energy
storage subsystem; and a control subsystem electrically coupled to the electric
machine, the energy storage subsystem, and the fuel cell subsystem, the
control subsystem receives next charging opportunity information, the next
charging opportunity information at least partially indicative of an anticipated
next opportunity fo charge the energy storage subsysiem via a power source
other than the fuel cell subsystem, the control system monifors a state of
charge of the energy storage subsysiem and causes the fuel celi subsystem to
provide electrical energy o the energy storage subsystem according to a
normal confrol mode or an approaching next charging opportunity control mode
based at ieast on part on the received next charging opportunity information,
wherein in the normal control mode the control subsystem repeatediy: permits
depletion of the energy storage subsystem to a first state of charge; and causes
the fuel cell subsystem to provide electrical energy to the energy storage
subsystem to charge the energy storage subsystem from the first state of
charge to a second state of charge higher than the first state of charge; and in
the approaching next charging opportunity control mode the control subsystem:
permits depletion of the energy storage subsystem to a third state of charge,
the third state of charge lower than the second siate of charge; and causes the
fuel cell subsystem to provide electrical energy to the energy storage
subsystem to maintain the energy storage subsystem proximate the third stale
of charge.

The nexi charging opportunity information may include at least
one of: an anticipated distance until a next opportunily to charge the energy

storage subsystem via a power source other than the fuel cefl subsystem; an
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anticipated time of operation until a next opportunity to charge the energy
storage subsystem via a powsr source other than the fus| cell subsystem; and
an anticipated energy output requirement for the energy storage subsystem
untit a next opportunity to charge the energy storage subsystem via a power
souyce other than the fuel cell subsystem. The anticipated energy output
requirement may be based at least in pant on at least one of route information,
{errain information, speed limit information, traffic information, temperature
information, and vehicle load information. The nexi charging opportunity
information may be based at least in part on an input to the control subsystem
via a human-machine interface. The next charging opportunity information may
be based at least in part on dala collected by the control subsystem concerning
a driving pattern of the hybrid vehicle or a driving pattern of a driver of the
hybrid vehicle. The hybrid vehicle may further include: a global positioning
system (GPS) navigation system coupied o the control subsystem, wherein the
next charging opportunity information is based at least in part on signals from
the GPS navigation subsystem. The enhergy storage subsystem may include at
least one of an electrochemical battery cell and an ultra-capacitor cell, the
hybrid vehicle further comprising: a charger interface coupled to the hybrid
vehicle and to an external power source o charge the energy storage
subsystem. The first state of charge may be less than 25% of full chargs for
the energy storage subsystem and the second state of charge may be greater
than 70% of full charge for the energy storage subsystem. The first state of
charge and the third state of charge may be approximately equal to each other.
The fuel cell subsystem may include a plurality of fuel cells electrically coupled
in series to form a fuel cell stack.

A system {o control the operation of a hybrid machine may be
summarized as including an electric machine, an energy storage subsysiem
electrically coupled to the electric machine, and a fuel cell subsystem
electrically coupled o the energy storage subsystem to charge the energy
storage subsystem, the system comprising: a processor operatively coupled fo

the electric machine, the energy storage subsystem, and the fuel cell
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subsystem, the processor: recaives next charging opportunity information, the
next charging opportunity information at least partially indicative of an
anticipated next opportunity {o charge the energy storage subsystemvia a
power source other than the fuel cell subsystem; monitors 3 state of charge of
the energy storage subsystem; and causes the fuel cell subsystem to provide
electrical energy o the energy storage subsystem according to a normal control
mode or an approaching next charging opportunity control mode based at least
on part on the received next charging opportunity information, wherein: in the
normal control mode the processor permits depletion of the energy storage
subsystem to a first state of charge, and causes the fuel cell subsystem to
provide electrical energy to the energy storage subsystem to charge the energy
storage subsystem from the first state of charge to a second stale of charge
higher than the first state of charge; and in the approaching next charging
opportunity confrol mode the processor permits depletion of the energy storage
subsystem to a third state of charge, the third state of charge lower than the
second state of charge, and causes the fuel cell subsystem to provide electrical
energy o the energy storage subsystem {o maintain the energy storage
stibsystem proximate the third state of charge.

The next charging opportunity information may be based at least
in part on an input via a human-machine interface. The hybrid machine may
nclude a hybrid vehicle, and the next charging opportunity information may be
based at least in part on data collected concerning a driving pattern of the
hybrid vehicle or a driving pattern of a driver of the hybrid vehicle. The
processor may receive the next charging opportunity information from a global
positioning system {GPS) navigation subsystem. The energy storage
subsystem may include at least one of an electrochemical battery cell and an
ulfra-capacitor cell. The first state of charge may be less than 25% of the fully
charged state of charge for the energy storage subsystem and the second slate
of charge may be greater than 70% of the fully charged slate of charge for the
energy storage subsystem. The first state of charge and the third state of

charge may be approximately equal to sach other. The fuel cell subsystem
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may include a plurality of fusi cells electrically coupled in ssries to form a fuel
cell stack.

A method to control a hybrid machine having an eleclric machine,
an ehergy storage subsystem slectrically coupled to the electric machine, and a
secondary electrical power delivery subsystem electrically coupled to the
energy storage subsystem to charge the energy storage subsystem, may be
summarized as including: receiving charging opportunity information in a
processor-readable medium, the next charging opportunity information at least
partially indicative of an anticipated next opportunity to charge the energy
storage subsystem via a power source other than the secondary electrical
power delivery subsystem; monitoring a state of charge for the energy storage
subsystem; autonomousty causing the secondary electrical power delivery
subsystem to provide electrical energy to the enhergy storage subsysiem
according to a normal control mode or an approaching next charging
opporiunity control mode based at least on part on the received next charging
opportunily information, wherein the nhormal control mode comprises: permitting
depletion of the energy storage subsysiem to a first state of charge; and
causing the secondary electrical power delivery subsysiem o operate at full
rated power to provide electrical energy 1o the energy storage subsystem o
charge the energy storage subsystem from the first state of charge to a second
state of charge higher than the first state of charge; and the approaching next
charging opportunity control mode comprises:. causing the secondary electrical
power delivery subsystem to provide electrical energy to the energy storage
subsystem to mainiain the energy storage subsystem at or below a third state
of charge.

Causing the secondary electrical power delivery subsystem {o
provide electrical energy o the energy storage subsystem to maintain the
energy storage subsystem at or below a third state of charge may include
repeatedly. permitting depletion of the energy storage subsystem {o fourth state
of charge, the fourth state of charge lower than the third state of charge; and

causing the secondary electrical power delivery subsystem {o provide electrical
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energy o the energy storage subsystem to charge the energy storage
suhsystem from the fourth state of charge to the third state of charge. Causing
the secondary electrical power delivery subsystem to provide electrical energy
o the energy storage subsystem to maintain the energy storage subsystem at
or below a third state of charge may include causing the secondary electrical
power delivery subsysiem o provide electrical energy 1o the energy storage
subsystem to maintain the energy storage subsystem at a charge-sustaining
state of charge, the charge-suslaining charge at or below the third state of
charge. Receiving next charging opportunity information may include recelving
an input via a human-machine interface. The hybrid machine may include a
hybrid vehicle, and receiving next charging opportunity information may include
receiving data concerning a driving patiern of the hybrid vehicle or a driving
pattern of a driver of the hybrid vehicle. Recelving next charging opportunity
information may include receiving sighals from a global positioning system
{GPS) navigation system. Causing the secondary electrical power delivery
subsystem o operate at full rated power o provide electrical energy fo the
energy storage subsystem {o chargs the energy storage subsystem from the
first state of charge to the second siate of charge higher than the first state of
charge may include causing the secondary electrical power delivery subsystem
{0 charge the energy storage subsystem from a state of charge less than 28%
of the fully charged state of charge for the energy storage subsystem to a state
of charge greater than 70% of the fully charged state of charge for the energy
storage subsystem. Permitting depletion of the energy storage subsystemtio a
first state of charge may include permitling depletion of the enerqgy storage
subsystem to the charge-sustaining state of charge.

A method {o control a hybrid vehicle during a trip, the hybrid
vehicle having an electric machine, an energy storage subsystem electrically
coupled to the electric machine, and a secondary elecirical power delivery
subsystem electrically coupled o the energy storage subsystem to charge the
energy storage subsystem, may be summarized as including: detecting a state

of charge for the energy storage subsystem, operating the secondary slectrical
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power delivery subsystem at full rated power to charge the energy storage
subsystem from a first siate of charge 1o a second state of charge higher than
the first state of charge when the siate of charge for the ensigy storage
suhsaystem is detected to be at or below the first state of charge; receiving an
indication at least partially indicative of an anticipated upcoming end of the trip;
permitting depletion of the energy storage subsystem {o the first state of
charge; and operating the secondary electrical power delivery subsysiem to
provide electrical energy o the energy storage subsystem to maintain the
energy storage subsystem at a charge-sustaining state of charge.

Operating the secondary electrical power delivery subsystem o
provide electrical energy to the energy storage subsystem to maintain the
energy storage subsystem at a charge-sustaining siate of charge may include
operating the secondary electrical power delivery subsystem {0 provide
electrical energy to the energy storage subsystem to maintain the energy
storage subsystem at a state of charge that is less than 50% of the state of
charge of the energy storage subsystem when fully charged.

A method to control a hybrid machine, the hybrid machine having
an electric machine, an energy storage subsystem electrically coupled to the
electric machine, and a secondary electrical power delivery subsystem
electrically coupled to the energy slorage subsystem to charge the energy
storage subsystem, may be summarized as including: for a duration time when
the hybrid machine is electrically decoupled from an external power source:
detecting a state of charge for the energy storage subsystem; repetitively
permitting depletion of the energy storage subsystem to a first state of charge;
and repetitively causing the secondary electrical power delivery subsystem to
operate at full rated power to charge the energy storage subsystem from the
first state of charge o a second siale of charge higher than the first state of
charge when the state of charge for the energy storage subsystem is detected
o be at or below the first state of charge, the second state of charge less than
50% of the stafe of charge of the energy storage subsystem when fully

charged.
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Repetitively causing the secondary electiical power delivery
suhsystem {o charge the energy storage subsystem from the first state of
charge o a second state of charge higher than the first state of charge may
include causing the secondary sleclrical power delivery subsystem to charge
the energy storage subsystem from a state of charge fess than 25% of the state
of charge of the energy storage subsystem when fully charged fo a state of
charge less than 30% of the state of charge of the energy storage subsystem
when fully charged.

A system {o control the operation of a hybrid machine, the hybrid
machine comprising an electric machine, an energy slorage subsystem
electrically coupled to the electric machine, and a secondary electrical power
delivery subsystem electrically coupled to the energy storage subsystem {o
charge the energy storage subsystem, may be summarized as including: a
processaor operatively coupled to the electric machineg, the energy storage
subsystem, and the fuel cell subsystem, wherein for a duration ime when the
hybrid machine is electrically decoupled from an external power source, the
processor. defects a state of charge for the energy siorage subsystem;
repetitively permits depletion of the energy storage subsystem {o a first stale of
charge; and repetitively causes the secondary electrical power delivery
suibsystem to operate at full rated power to charge the energy storage
subsystem from the first state of charge to a second state of charge higher than
the first state of charge when the state of charge for the energy storage
subsystem is detected to be at or below the first stale of charge, the second
state of charge less than 50% of the state of charge of the energy storage
subsystem when fully charged.

The first state of charge may be less than 25% of the state of
charge of the energy storage subsystem when fully charged, and the second
state of charge may be less than 30% of the state of charge of the energy

storage subsystem when fully charged.
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BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

In the drawings, identical reference numbers identify similar
elements or acls. The sizes and relative positions of elements in the drawings
are not necessarily drawn o scale, For exampile, the shapes of various
elements and angles are not drawn to scale, and some of these elements are
arbitrarily enlarged and positioned to imprave drawing legibility. Further, the
particular shapes of the elements as drawn are not intended to convey any
nformation regarding the actual shape of the particular elements, and have
been solely selected for ease of recognition in the drawings.

Figure 1 is an exampie plot of a battery state of charge (SOC}
versus trip distance for a conventional controd strategy for a plug-in hybrid
electric vehicle to complete a trip that is longer than the operation range for a
battery of the vehicle.

Figure 2 is a schematic diagram illustrating a hybrid plug-in
electric vehicle, according to at least one illustrated embodiment.

Figure 3 is a flow diagram depicting a power management
process for a range-extended piug-in electric vehicle, according {o at least one
fiustrated embodiment.

Figure 4 is a plot of a batlery S8OC versus trip distance for a
control strategy for a plug-in hybrid electric vehicle to complete a trip that is
longer than the operation range for a battery of the vehicle, according to at least
one illustrated embodiment.

Figure 5 is a plot of a power level for a secondary power source
versus trip distance for the conirol strategy of Figure 4, according fo at least
one illustrated embodiment.

Figure 6 is a plot of a battery SOC versus trip distance for a
control strategy for a plug-in hybrid electric vehicle {o complete atrip that is
fonger than the operation range for a battery of the vehicle, according to at least

one illustrated embodiment.
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Figure 7 i=s a plot of a power level for a secondary power source
versua trip distance for the control strategy of Figure &, according to at least
one fllustrated smbodiment.

Figure 8 is a plot of 3 battery SQC versus trip distance for a
control sirategy for a plug-in hybrid electric vehicle to complete a trip that is
longer than the operation range for a baltery of the vehicle, according to at least
one illustrated embodiment.

Figure 9 is a plot of a power level for a secondary power source
versus trip distance for the control strategy of Figure 8, according o at least

one illustrated embodiment.

DETAILED DESCRIPTION

in the following description, certain specific details are setforth in
order to provide a thorough understanding of various disclosed embodiments,
However, one skilled in the relevant art will recognize that embodiments may be
practiced without one or more of these specific details, or with other methods,
components, materials, etc. In other instances, well-known structures
associated with power or control systems for electric vehicles have not been
shown or described in detail {0 avoid unnecessarily obscuring descriptions of
the embodiments.

Unless the context requires otherwise, throughout the
specification and claims that follow, the word “comprise” and variations thereot,
such as, “comprises” and “comptising” are {o be construed in an open, inclusive
sense, that is as “including, but not limited to.”

Reference throughout this specification {o “one embaodiment” or
“an embodiment” means that a particular feature, structure or characteristic
described in connection with the embodiment is included in at least one
embodiment. Thus, the appearances of the phrases “in one embodiment” or “in
an embodiment” in various places throughout this specification are not

necessarily ali referring to the same embodiment. Furthermore, the particular
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features, structures, or characteristics may be combined in any suitable manner
in ohe or more embodiments.

As used in this specification and the appended claims, the
singular forms "a,” “an,” and “the” include plural referents unless the content
clearly dictates otherwise. It should aiso be hoted that the term “or” is generally
emploved i is broadest senseg, that i, as meaning "and/or” unless the content
clearly dictates othenvise.

The headings and Abstract of the Disclosure provided herein are
for convenience only and do not interpret the scope or meaning of the
embodiments.

Embodiments of the present disclosure are directed to multi-mode
contral or power management systems and methods for range-extended plug-in
electric vehicles and other electrical machines. The plug-in electiis vehicles
principally utilize a primary energy storage subsystem {e.g., ohe or moje
electrochemical batiery cells and/or super- or ulfra-capacitor cells) as a
rechargeable energy source and employ a secondary power source, such as a
fuel cell subsystem or an internal combustion engine, as a source of energy to
charge the primary energy storage subsystem fo extend the range of the
vehicle. In some operating modes, the secondary power source operates at full
rated power to reduce the required run-time of the secondary power source,
thereby increasing the lifetime of the secondary power source. The secondary
power sgurce may also operate more efficiently at full rated power as compared
o operating in a part power or load-following mode.

Figure 2 shows a range extended plug-in hybrid electrical
machine or vehicle 200, according to one or more embodiments. The vehicle
200 may include a ground-based vehicle {g.g., car, bus), an aircraft, an aguatic
vehicle, or can even take non-vehicle forms. For example, the vehicle or
machine 200 may be implemented as a backup power system for various
power applications, such as cell phone base stations power applications,
building power applications, etc. In the discussion below, examples may be

provided in the context of ground-based vehicles for the purpose of explanation.
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The vehicle 200 includes an ensrgy storage subsystem 202 and
at least one electrical machine such as a motor-generator 204 that converts the
stored energy into motion, such as rotary motion. The energy starage
subaystem 202 may comprise one of more electrochemical battery cells (i e,
balteries). For example, the energy storage subsystem 202 may include ohe or
more hthium fon cells coupled in parallel andior coupled in series. In some
embodiments, the energy storage subsystem 202 is capable of delivering a
peak power of approximately 150-250 kW, delivering an operational power of
approximately 130-180 kW, and providing a DC bus output voltage of 500 —
750. The energy storage subsystem 202 may be capable of delivering more or
less power and may be capable of operating at higher or lower output voltages
as suits the particular application. In some embodiments, the energy storage
subsystem 202 may ulilize one or more lithium ionh hano-iron-phosphate cells,
for exampie.

The vehicle 200 may also include an electrical power converter
206 to convert energy from the energy storage subsystem 202 into energy
usable by the motor-generator 204. In some embodiments, the motor-
generator 204 may generate energy that is transmitted to the power converter
206, which converts the energy into a form that may be stored by the energy
storage subsystem 202, Thus, in addition to converting energy into motion, the
motor-generator 204 can also caplure energy from regenerative processes,
such as braking.

The power converter 206 may include one or more fransistors,
such as metal-oxide semiconductor field effect transistors (MOSFETs]),
nsulated gate bipolar transistors {IGBTs), elc. In some embodiments, the
power converter 206 may include a switch bank or bridge that receives direct
current {DC) from the energy storage subsystem 202 and outputs alternating
current {AC) to the motor-generator 204 {e.¢., altemator). For example, the
alternating cumrent may be three-phase alternating current. In some
embodiments, such as during a regenerative braking process, the power

converter 206 converis {e.g., rectifies) an alternating current signal info direct
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current power o be stored in the energy storage subsystem 202, The power
converter 206 may also convert energy from the energy storage subsystem 202
o energy usable by electrical loads othey than the motor-generator 204, such
as lights, power windows, power seats, windshisld wipers, etc. For example,
the power converter 206 may step a voltage up or down {e.g., a switch-mode
DC-0C vonvertar). The motor-generator 204 may, for example, be a three-
phase alternating current motor-generator. The motor-generator 204 may
nclude a plurality of electrical motors.

The motor-generator 204 may be coupled to wheels 208 of the
vehicle 200 via an optional drive unit 210 {e.g., transmission, gearset, transaxle,
etc.). In some implementations, rotary motion may be transferred from the
drive unit 210 to the wheels 208 via one or more axles (not shown).

The vehicle 200 also includes a secondary power source, which is
iustrated as a fuel cell subsystem 212, electrically coupied to the energy
storage subsystem 202 fo provide energy thereto to charge the energy storage
subsystem 202. The fuel cell subsystem 212 may be a polymer electrolyte
membrane (PEM) fuel cell system, a solid oxide fuel cell system, a molien
carbonate fuel cell system, or any other type of fuel celi system. The fuel cell
subsystem 212 can include a plurality of individual fuel cells arranged in any
configuration known 1o those of skill in the art. For example, the fuel cell
subsystem 212 may include one or more fuel cell stacks 214, one or more fuel
cell columns, etc. The fuel cell subsystem 212 may include a fuel storage 216
that stores a consumabie and replenishabile fuel, such as liguid or gaseous
hydrogen. The fuel cell subsystem 212 may also include one or more power
converiers (not shown). A non-limiting example of a suitable fuel cell
subsystem 212 is the FCvelocity-HD6 fuel cell module offered by Ballard Power
Systems, Inc. of Burnaby, British Columbia, Canada.

The secondary power source may be a power source other than a
fuel cell subsystem 212. Generally, the secondary power source may also be
any fuel-burning engine that consumes or bums any of a variety of fuels, such

as fossil fuels, synthetic fuels, and bio fuels. In some implementations, a power
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converter {(a.g., a8 DC/DC converter, an AG/DC converter, efc.) may be coupled
between the secondary power source and the energy storage subsystem 202
so that energy from the secondary power source may be provided to the energy
storage aubsystem in a form suitable for storage by the snergy storage
subsystem,

The vehicle 200 also includes a contra subsystem 218
operatively coupled {o the energy storage subsystem 202, the fuel cell
subsystem 212, the motor-generator 204, and the transmission 210. As
discussed in further detail below, the control subsystem 218 may also be
coupled to a human-machine interface 220, a global positioning system (GPS)
navigation system 222, and a wired and/or wireless communications interface
224,

The control subsystem 218 may include one or more computing
devices, such as one or more processors, microcontrollers, microprocessors,
digital signal processors (DSPs), graphical processing unils {(GPUs), or
application specific integrated circuits {ASICs), and associated software or
hardware constructs, and/or one or more processor-readable media to camry out
certain functions and methods. The computing devices may be embodied in a
single central processing unit, or may be distributed such that a subsystem or
function has its own dedicated processor. Moreover, some embodiments of
subsystems may be provided as a computer program product including
nontransitory processor-readable medium having stored thereon instructions
that may be used to program a computer (or other elecironic device) to perform
processes or methods described herein. The nontransitory processor-readable
medium may include, but is not fimited to, hard drives, floppy diskettes, optical
disks, CD-ROMs, BVDs, read-only memories {ROMs), random access
memories {RAMs), EPROMs, EEPROMs, flash memory, magnetic or optical
cards, solid-state memory devices, or other types of machine-readable media
suitable for storing electronic instructions.

The control subsystem 218 is operative to control the operation of

the fuel cell subsystem 212 which in turn controls the amount of energy
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provided to charge the energy storage subsystem 202, For exampie, the
control subsystem 218 may command or cause the fuel cell subsystem 212 to
be in an OFF mode wherein substantially no power is delivered to the energy
storage subsystem 202 in a fully ON mode whersin full or near full rated power
{e.g., 75 KW, 150 kW, elc.) is delivered to the energy storage subsystem, or a
“‘part power” of “load following”™ mode wherein a power level less than full rated
power is delivered fo the energy storage subsystem. Specific examples of
control methods are discussed below with reference to Figures 4-9.

The control subsystem 218 is also operative to detect or monitor
the state of charge (SOC) of the energy storage subsystem 202. The control
subsystem 218 may detect coulombs, wall-hours, or other measure indicative
of how much energy is in the energy storage subsystem 202. in some
embodiments, the energy storage subsystem 202 includes components or
circuitry that provides the S8OC information {o the control subsystem 218.

The vehicle 200 also includes an external power interface 226
that facilitates selective coupling with an extemal power source 228. For
exampie, the external power source 228 may be a charging station coupled to a
municipal or other power grid. The extsral power source 228 may be
positioned in any location, such as near a highway, in a parking lot, in a garage,
at a fueling station, etc. In some embodiments, the external power source 228
may convert alternating current power into power storable by the energy
storage subsystem 202, In some embodiments, the external power interface
226 may provide suitable energy conversion circuitry to convert power from the
external power source 228 into a form storable by the energy storage
subsystem 202. Such energy conversion circuitry may be integrated within the
vehicle 200, or may be separate therefrom.

As noted above, the vehicle 200 may include a human-machine
interface (HMI) 220 coupled to the control subsystem 218. The HMI 220 may
receive input regarding operational preferences or trip information {e.g.,
distance or time until the end of a trip or until the vehicle 200 reaches a

charging station), as well as other types of input. The HMI 220 may include one
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or more butfons, keys, touch screens, voice capluring devices, image-capluring
devices, or any other type of device capabie of capturing input from a user,
directly or indirectly. The HMI 220 may also include one or more oufput devices
such as displays, Hlumination sourcss, speakers, elc.

The vehicle 200 may also include the GPS navigation system 222
coupled to the control subsystem 218, The GPS navigation system 222
receives GPS signals to determine the location of the vehicle 200, and provides
positioning data to the conifrol subsystem 218. The positioning dala may
indicate the location of the vehicle 200, the location of a irip destination {e.g.,
home, work, etc.), the location of an external power source 228, or other
positioning information.

The vehicle 200 may also include the wired and/or wireless
communications interface 224 coupled to the control subsystem 218. The
communications interface 224 may allow the control subsystem 218 {o
communicate with one or more external devices. For example, the
communications interface 224 may facilitale communication between the
control subsystem 218 and a computing device of a user, such as a smart
phone. As ancther example, the communications interface 224 may facilitate
communication between the control subsystem 218 and a remotle server over a
network {e.g., the intemet).

Utilizing the BMI 220, the GPS system 222, the communications
interface 224, an efectronic odometer, and/or wireless information from fleet
operations, the control subsystem 218 may be able identify or predict when the
vehicle 200 will arrive at an external power source 228, Such information may
be provided directly by the user or may be derived from various data, such as
previous driving patterns, user inputs, user profiles, GPS data, map data,
odometer data, fleet operations data, third-parly data, etc. As discussed below,
the control subsystem 218 utilizes the identified distance or time {o the next
charging station information to control the operation of the fuel cell subsystem
212 to charge the energy storage subsystem 202. Generally, the control

subsystem 218 may command or cause the fuel cell subsystem 212 {o
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selectively operate at full rated power to reduce the required run-time of the fusi
cell subsystem, thereby allowing the fuel calt subsystem to operate more
efficiently while simultaneously increasing its lifetime. Morsover, ulilizing the
determined or identified distance or time untl the next charging station, the
control subsystem 218 controls the fuel cell subsystem 212 {o allow the vehicle
200 to use as much energy from the energy storage subsysiem 202 as possible
before the next charging event so that use of the fuel cell subsystem is
minimized. This is advaniageous because of the relalively lower cost of grid-
supplied electric energy compared to fuel costs. Thus, since the occurrence of
the next recharge event is known in the embodiments disclosed herein, the
control subsystem 218 is able to maximize the likelthood of depletion of the
energy storage subsystem 202 before the end of the trip, thereby achieving
significant fuel savings.

Figure 3 is a flow diagram of a method 300 of operation for
controliing the power delivered by the fuel cell subsystem 212 to the energy
storage subsystem 202 of the vehicle 200. The method 300 starts at 302 when
a user starts the vehicle 200 and begins a trip, for example, after the energy
storage subsystem 202 has been fully charged at the external power source
228.

At 304, the confrol subsystem 218 detects or monitors the state of
charge Yor the energy storage subsystem 202. The hardware ulilized to
implement detection and monitoring of the state of charge may be associated
with the control subsystem 218, with the energy storage subsystem 202, or with
an independent state of charge monitoring subsystem.

Al 308, the control subsystem 218 commands or causes the fuel
cell subsystem 212 {o charge the energy siorage subsystem 202 according to a
normatl trip operational mode control stralegy. Examples of control stralegies
for the nommal trip operational mode are discussed below with reference to
Figures 4-8.

At 308, the controf subsystem 218 receives distance to next

charge information or other anticipated next charging opportunity information
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{e.g., anticipated fime until the next charging opporiunily, anticipated energy
output requirements until the next charging opportunity). The control
subsystem 218 may receive the anticipated next charging opportunity
information at any time. For example, in some implementations, the anticipated
next charging opportunity information may be received prior to the beginning of
aperation, or the information may be received while the energy storage
subsystem 202 is operaled according to a normal trip operational mode control
strategy. In implementations where the next charging opportunity information
includes anticipated energy requirements until the next charging opporiunity,
the control subsystem 218 may utilize any suitable data that may impact
anticipated energy reguirements, suich as route information, terrain, speed
limits, traffic, temperature, vehicle load, etc. The control subsystem 218 may
utitize a combination of information, such as the energy requirement for the
energy storage subsystem 202 until the next charging opportunity and the time
until the next charging opportunity. The control subsystem 218 may store the
received distance to next charge information in a processor-readable medium.
The distance to next charge information provides an indication of the distance
until the vehicle 200 next reaches a charging station.

For example, a user may input a destination address into the GPS
navigation system 222 of the vehicle 200. The destination address and location
nformation from the GPS navigation system 222 may be used by the control
subsystem 218 to identify the distance to next charge information. As another
example, the user may input into the HMI 220 that he or she plans fo stop at a
charging station that is 20 miles away. As another example, the conirol
subsystem 218 may predict the route of the vehicle 200 based at least in part
on previous driving patterns for the vehicle or the driver of the vehicle. For
nstance, the control subsystem 218 may recognize that the vehicle 200 is
fraveling fo the user's place of work by recognizing a particular route, day, and
time normally traveled by the user.

At 310, the control subsystem 218 determines that the distance to

the next charging event is near {e.g., the vehicle 200 is approaching a charging
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station, a battery swapping station, elc.). For example, utilizing the distance to
next charge nformation and optionally other data {e.g., GPS data, odometer
data, velocity data, elapsed time data}, the control subsystem 218 determines
that the vehicle 200 will arrive at a charging station within a cerlain distance
{e.g., 10-20 miles, etc.). This determination may be made at any time, including
kefore a trip has begun or while the trip is Ih progress. For example, prior {o the
beginning of a trip, the controi subsystem 218 may detect that the vehicle will
follow a predicable route (e.g., a daily commute) during the trip, and the control
subsystem may use this information prior to the beginning of the trip to
determine when the next charging opportunity is expected.

In response {o determining the end of a trip is near, the control
subsystem 218 commands or causes the fuel cell subsystem 212 to charge the
energy storage subsystem 202 according {0 an end-of-trip operational mode or
approaching next charging opportunity operational mode at 312. Generally, the
control subsysiem 218 may control the fuel cell subsystem 212 in a way that
the energy storage subsystem 202 is substantially depleted when the vehicle
200 arrives at the charging station to minimize fuel expended by the fuel cell
stibsystem. More specifically, the control subsystem 218 may minimize or
terminate operation of the fuel cell subsystem 212 to utilize the energy that
remains in the energy sforage subsystem 202 to propel the electric vehicle 200
o the charging destination. Examples of control strategies for the end-of-trip
operational mode are discussed below with reference to Figures 4-Q.

The method 300 ends at 314. For example, the method may end
when the vehicle 200 arrives at a charging station and the energy slorage
subsystem 202 is charged via the external power source 228. The method 300
may begin again onhce the vehicle 200 begins a new trip {e.g., deparis from a
charging station).

Figures 4 and 5 illustrate two control modes for the control
subsystem 218, according to one embodiment. Specifically, Figure 4 shows a
state of charge {SQC) 400 for the energy storage subsystem 202 of Figure 2
during a trip that spans between a beginning point 402 and an end paint 404,
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Figure 5 shows an oulput power level 500 of a secondary power source, suich
as the fuel cell subsystem 212, during the trip, Figures 4 and 5 show the SQC
400 and the oulput power level 800, respactively, during a normal operational
mode (NM) and an end-of-trip operational mode {(EOTM).

In the normal operational mode, the control subsystem 218
permits the SO 400 of the energy storage subsystem 202 to be depleted to a
specified first state of charge at point 406. The controf subsystem 218 then
commands or causes the fuel cell subsystem 212 {o operate at full rated power
or substantially full rated power to charge the energy storage subsystem 202 {o
a higher second state of charge, achieved at point 408. As an example, the
first state of charge may be approximately 20% of the state of charge of the
energy control subsystem 218 when fully charged {i.e., 100% SOC, or “full
charge™), and the second 50C may be approximately 80% SOC. These
percentages are provided as examples, although other percentages or ranges
of percentages are contemplated. In some embodiments, the second state of
charge is less than 100% SOC to allow for charging the energy storage
subsystem 202 through regenerative processes, as discussed above.

Once the fuel cell subsystem 212 has charged the energy storage
subsystem 202 to the second state of charge at point 408, the control
suibsystem 218 may shut off or disengage the fuel cell subsysiem 212 to permit
the SOC 400 of the energy storage subsystem 202 to again be depleted to the
first state of charge at point £10. This cycle may continue while the control
subsystem 218 operates in the normal operational mode during the trip.

As discussed above, the control subsystem 218 receives next
charging opportunity information, which is at least partially indicative of an
anticipated {e.g., predicied, estimated, expected, identified) next opportunity {o
charge the vehicle 200. When the control subsystem 218 determines the
vehicle 200 has reached a specified distance D, to the next charging station,
the control subsystem 218 transitions into the end-of-trip operational mode at
point 412. In the end-of-trip operational mode, the control subsystem 218

permits the SOC 400 of the energy storage subsysiem 202 to be depletedioa



WO 2016/053786 PCT/US2015/052232

o

10

15

25

30

third state of charge at point 414, In some embodiments, the third state of
charge may be the same as the first state of charge {2.g., 20% S0OC}. Once the
energy storage subsystem 202 has reached the third state of charge, the
control subsystem 218 engagss the fuel cell subsyatem 212 at part power or in
a load-following mode o maintain a relatively constant state of charge of the
energy storage subsysterm. This mode may be referred to as a charge-neutral
or a charge-sustaining mode.

The control subsysiem 218 continues o pperate in the end-of-trip
operational mode until the vehicle 200 reaches the charging station at the end
point 404. Noie that since the energy storage subsysiem 202 is maintainad at
a refatively low SOC during the end portion of the trip, use of the fuel ceff
subsystem 212 is minimized so that the extermnal power source 228, rather than
the fuel cell subsystem, can be used 6 charge the energy slorage subsystem
from the low third state of charge once the vehicle 200 has reached the
charging station. A benefit of the end-of-trip operational mode is illustrated by a
dashed line 416, which shows the additional fuel that would he required if the
control subsystem 218 continued fo operate in the normal operational mode
without switching into the end-of-trip operational mode.

it is noted that aithough the illustrated embodiment shows the
control subsystem 218 activating the end-of-trip operational mode at point 412
after receiving the next charging opponrtunity information, it shouid be
appreciated that the control subsystem may activate the end-of-trip operational
mode at any ime. For example, the control subsystem 218 may activate the
end-of-trip operational mode at any time before the end of a discharge cycle
and after the end of a preceding charging cycle. Thus, the determination of the
next charging opportunity information need not be precise to obtain the
advantages disclosed herein {e.g., maximizing fuel economy while minimizing
run time of the fuel cell subsystem).

Figures 6 and 7 illustrate another implementation of a normal
operational mode {NM) and an end-of-trip operational mode (EOTM) for the

control subsystem 218. Figure & shows a state of charge 600 for the energy
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storage subsystem 202 of Figure 2 during a trip that spans bebwvesn a
beginning point 602 and an end point 604, and Figure 7 shows an oulput power
tevel 700 of a secondary power source, stich as the fuel cell subsystem 212,
during the trip.

In the implementation shown in Figures 6 and 7, the normal
aperational mode is substantially the same as the normal operational mode
flustrated in Figures 4 and 5. As with the previous example, when the control
subsystem 218 determines the vehicle 200 has reached a specified distance D>
{0 the next charging station at point 606, the control subsystem 218 transitions
into an end-of-trip operational mode. In this implementation, rather than
engaging the fuel cell subsystem 212 in a part power mode or foad-following
mode to maintain a relatively constant state of charge at the energy slorage
subsystem 202, the conirol subsystem 218 first permits the SOC 600 of the
energy storage subsystem to be depleted io the relatively low third state of
charge {e.g., 20% SOC) at point 608, then cycles the fuel cell subsystem 212
between the full rated power mode and the OFF mode to maintain the S80C
within a relatively low range. For example, the control subsystem 218 may
command or cause the fuel cell subsystem 212 to deliver full rated power fo
charge the energy storage subsystem 202 from the lower third state of charge
{e.g., 15% SOC, 20% SOC) {o a slightly higher fourth state of charge {e.g., 25%
SOC, 30% S0C), then disengage the fuel cell subsystem to permit the SOC to
be depleted back {o the third state of charge. This cycle may be repeated until
the vehicle 200 reaches a charging station at the end point 604.

in the implementation of Figures 6 and 7, the fuel cell subsysiem
212 is operated at full rated power rather than part power, which minimizes ifs
{ime of pperation and improves its efficiency. Further, since in the end-of-trip
operational mode the energy storage subsystem 202 is maintained at a
refatively low SOC 600, the vehicle 200 arrives at the external power source
228 with the energy storage subsystem having a low SOC so that the relatively
low cost external power source may be used o charge the energy storage

stibsystem.
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In addition to monitoring the SOC 600 of the energy storage
subsystem 202, the control subsystem 218 may also utilize other variables o
control the operation of the fuel cell subsysten 212 in the snd-of-trip
operational mode. For example, the confrol subsystem 218 may set a fime
duration to alternatively operate the fuel cell subsystem 212 in the full rated
power mode and the OFF mode {e.g., a 50% duty cycle with a period of 10
minutes, a 70% duty cycle with a pericd of five minutes, efc.).

The range of SOC levels may be chosen to provide a suifable
ON/OFF switching rate for the fuel cell subsystem 212 during the end-of-trip
operational mode. As can be appreciated, if the range is small (e.g., 20-22%
S0C), the fuel cell subsystem 212 will be cycle much more rapidly that if the
range is larger {e.g., 15-30% SOC). The 50C range and/or switching rate may
be selected to provide a desired balance between fuel savings and the wear
imposed on one or more components of the vehicle 200 due {o repeatedly
switching the fuel cell subsystem 212 between the ON state and the OFF state.

Figures 8 and 2 illustrate another example of a control strategy for
the vehicle 200. Figure 8 shows a state of charge 800 for the energy storage
subsystem 202 of Figure 2 during a trip that spans between a beginning point
802 and an end point 804, and Figure 9 shows an oulput power level 900 of a
secondary power source, such as the fuel cell subsystem 212, during the trip.

in this implementation, the control subsystem 218 operates in a
charge depletion operational mode {CDM) and an end-of-trip operational mode
(EQTM). In the charge depietion mode, the conirol subsystem 218 permits the
S0C 800 of the energy storage subsystem 202 to be depleted {o a specified
first state of charge {e.g., 158% SOC, 25% 50C, efc.} at point 806. The control
subsystem 218 then switches into the end-of-trip operational mode, in which the
control subsystiem cycles the fuel cell subsystiem 212 between a full rated
power state and an OFF state {o maintain the SOC of the energy storage
subsystem 202 at a relatively low range of SOC. For example, the control
subsystem 218 may maintain the SOC of the energy storage subsystem 202
between 20-25% SOC, hetween 15-30% SOC, and the like.
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In the implementation of Figures 8 and 9, sincs the distance
andfor time until the next charging station may not be known, the control
subsystem 218 staris in the charge depietion operational mode to maximizea the
likelihood of deplstion of the energy storage subsystem 202 before the end of
the trip. During the charge depletion opsrational mode, the fuel cell subsystem
212 may be kept in the OFF stale or at a very low power level. By primanily
utitizing the energy of the energy storage subsystem 202 to propel the vehicle
200 early in the trip, the fuel consumption of the fuel cell subsystem 212 is
minimized when the trip distance is close to the operating range of the energy
storage subsystem. Once the SOC 800 of the energy storage subsystem 202
decreases to a relatively low state (shown as point 806), the vehicle 200
switches to the end-of-trip operational mode, where the SOC of the energy
storage subsystem is kept within a certain relatively fow range (e.g., close to a
desired charge-sustaining SOC level). In the end-of-trip operational mode, the
fuel cell subsystem 212 is cycled between the full rated power mods and the
OFF mode, which minimizes the run time for the fuel cell subsystem and
improves its efficiency. At the end point 804, the trip has ended and the vehicle
200 is proximate the external power source 228, such as an electrical outlet.
The energy storage subsystem 202 may then be recharged to the fully charged
condition via the external power source 228.

The foregoing detailed description has set forth various
embodiments of the devices and/or processes via the use of block diagrams,
schematics, and examples. Insofar as such block diagrams, schematics, and
examples contain one or more functions and/or operations, it will be understood
by those skilled in the art that each function and/or operation within such block
diagrams, flowcharts, or examples can be implemented, individually and/or
collectively, by a wide range of hardware, software, firmware, or virtually any
combination thereof. in one embodiment, the present subject matter may be
implemented via Application Specific integrated Circuits (ASICs). However,
those skilled in the art will recognize that the embodiments disclosed herein, in

whole or in part, can be equivalently implemented in standard integrated
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circuiits, as one of more computer programs running on ong of more computers
{€e.g.. as one of more programs running on ohe of more computer systems), as
one or More programs runiing o one or maore controllers {e.g.,
microcontrollers) as one or more programs running on ohe of More Processors
{e.g., microprocessors), as firmware, or as virtually any combination thereof,
and that designing the circuitry andfor writing the cade for the soffware and or
firmware would be well within the skill of one of ordinary skill in the art in light of
this disclosure.

Those of skill in the art will recognize that many of the methods or
algorithms set out herein may employ additional acts, may omit some acts,
and/or may execute acts in a different order than specified.

in addition, those skilled in the art will appreciate that the
mechanisms taught herein are capable of being distributed as a program
product in a variety of forms, and that an illustrative embodiment applies equally
regardliess of the particular type of nontransifory signal bearing media used to
actually carry out the distribution. Examples of nontransitory signal bearing
media include, but are not limited to, the following: recordable type media such
as floppy disks, hard disk drives, CD ROMs, digital tape, and computer
memeory.

The various embodiments described above can be combined to
provide further embodiments. Aspects of the embodiments can be moditied, if
necessary, o employ systems, circuits and concepts of the various patents,
applications and publications {o provide yet further embodiments.

These and other changes can be made to the embodiments in
light of the above-detailed description. In general, in the following claims, the
{erms used should not be construed to limit the claims to the specific
embodiments disclosed in the specification and the claims, but should be
construed to include all possible embodiments along with the full scope of
equivalents to which such claims are entitled. Accordingly, the claims are not

limited by the disclosure.
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CLAIMS

1. A hybrid vehicle, comprising:

an electric machine coupled to provide propulsion powsr for the
hybrid vehicle;

an enargy storage subsystem ejectrically coupled to the electric
machine to provide at least one of. a source of electrical energy {o the electrical
machine, and a sink of electrical energy from the electrical machine,;

a fuel cell subsystem electrically coupled o the energy storage
subsystem to charge the energy storage subsystem; and

a control subsystem electrically coupled to the electric machine,
the energy storage subsystem, and the fuel cell subsystem, the control
subsystem receives next charging opportunity information, the next charging
opportunity information at least partially indicative of an anticipated next
opporiunity to charge the energy storage subsystem via a power source other
than the fuel cell subsystem, the control system monitors a state of charge of
the energy storage subsystem and causes the fuel cell subsystem 1o provide
electrical energy to the energy storage subsystem according to a normal control
mode oF an approaching next charging opportunity control mode based at least
on part on the received next charging opportunity information, wherein in the
normal control mode the control subsystem repeatediy:

permits depletion of the energy storage subsystem to a first
state of charge; and
causes the fuel cell subsystem to provide electrical energy

o the energy storage subsystem to charge the energy storage subsystem from
the first state of charge to a second siate of charge higher than the first state of
charge;

and in the approaching next charging opportunity control mode

the control subsysten:
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pertnits depletion of the energy slorage subsystemto a
third state of charge, the third siate of charge lower than the second state of
charge; and

causes the fuel cell subsystem to provide electrical energy
to the energy storage subsystem to maintain the energy storage subsystem

proximate the third state of charge.

2. The hybrid vehicle of claim 1 wherein the next charging
opporiunily information comprises al least one of

an anticipated distance until a next opportunity to charge the
energy storage subsystem via a power source other than the fuel cell
subsystem;

an anticipated time of operation until a next opporiunity to charge
the energy storage subsystem via a powsr source other than the fuel cell
subsystem; and

an anticipated energy output requirement for the energy storage
subsystem until a next opportunity to charge the energy storage subsystem via

a power source other than the fuel cell subsystem.

3. The hybrid vehicle of claim 2 wherein the anticipated
energy output requirement is based at least in part on at least one of route
information, terrain information, speed limit information, fraffic information,

temperature information, and vehicle load information.

4, The hybrid vehicle of claim 1 wherein the next charging
opportunily information is based at least in part on an input to the conirol

subsystem via a human-machine interface.

5. The hybrid vehicle of claim 1 wherein the next charging

opportunity information is based at least in part on data collected by the control
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subsystem concerning a driving pattem of the hybrid vehicle or a driving pattern
of a driver of the hybrid vehicle.

&, The hybrid vehicle of claim 1, further comprising:
a global positioning system {GPS) navigation system coupled to
the control subsystem, wherein the next charging oppodunity information is

based at {east in part on signals from the GPS navigation subsystem.

7. The hybrid vehicle of claim 1 wherein the energy storage
subsystem comprises at {east one of an electrochemical batiery cell and an
uitra-capacitor cell, the hybrid vehicle further comprising:

a charger interface coupled to the hybrid vehicle and to an

external power source 1o charge the energy storage subsystem.

8. The hybrid vehicle of claim 1 whersin the first state of
charge is less than 25% of full charge for the energy storage subsystem and
the second state of charge is greater than 70% of full charge for the energy

storage subsystem.

8. The hybrid vehicle of claim 1 wherein the first state of

charge and the third state of charge are approximately equal to each other.
10.  The hybrid vehicle of claim 1 wherein the fuel cell

subsystem comprises a plurality of fuel cells elecirically coupled in series to

form a fuel cell stack.

3Q
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11, Asystem to control the operation of a hybrid machine, the
hyhrid machine comprising an electric machine, an energy storage subsystem
electrically coupled to the electric machine, and a fuel cell subsystem
electrically coupled to the energy storage stibsystem to charge the energy
storage subsystem, the system comprising.

a processor operatively coupled to the electric machine, the
energy storage subsystem, and the fuel cell subsystem, the processor:

receives next charging opportunity information, the next
charging opportunity information at least partially indicative of an anticipated
next opportunity fo charge the energy storage subsysiem via a power source
other than the fuel cell subsystem;

monitors a state of charge of the energy storage
subsystem; and

causes the fuel cell subsystem to provide eleclrical energy
to the energy storage subsystem according to a normal control mode or an
approaching next charging opportunity contfrol mode based at least on part on
the received next charging opportunity information, wherein:

in the normal control mode the processor permits
depletion of the energy storage subsysiem to a first state of charge, and causes
the fuel cell subsystem to provide electrical energy to the energy storage
subsystem to charge the energy storage subsystem from the first state of
charge to a second state of charge higher than the first state of charge; and
in the approaching next charging opportunity control

mode the processor permits depletion of the energy storage subsystemtoa
third state of charge, the third state of charge lower than the second state of
charge, and causes the fuel cell subsystem {o provide electrical energy o the
energy storage subsystem {o maintain the energy storage subsystem proximate

the third state of charge.

31
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12.  The system of claim 11 wherein the next charging
apporiunity information is based at least in part on an input via a human-
machine interface,

13.  The system of claim 11 wherein the hybrid machine
comprises a hybrid vehicle, and the next charging opportunity information is
based at least in part on data collected concerning a driving pattern of the

hybrid vehicle or a driving pattern of a driver of the hybrid vehicle.

14.  The system of claim 11 wherein the processor receives the
next charging opportunity information from a global positioning system (GPS)

navigation subsystem.

15, The system of claim 11 wherein the energy storage
subsystem comprises at least one of an eleclrochemical battery cell and an

ultra-capacitor cell.

16.  The system of claim 11 wherein the first state of charge is
iess than 25% of the fully charged siate of charge for the energy storage
subsystem and the second state of charge is greater than 70% of the fully

charged state of charge for the energy storage subsystem.

17.  The system of claim 11 wherein the first state of charge

and the third stale of charge are approximately equal to each other.
18, The system of claim 11 wherein the {fuel cell subsysfam
comprises a plurality of fuel cells electrically coupled in series to form a fuel cell

stack.

19. A method to contfrol a hybrid machine having an electric

machine, an energy storage subsystem electrically coupled to the electric
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machine, and a secondary electrical power delivery subsystem elscirically
coupled to the energy storage subsysiem to charge the energy storage
subsystem, the method comprising:
receiving charging opportunity information in a processor-
readable medium, the next charging opporiunity information af least partially
indicative of an anticipated next opportunity to charge the energy storage
subsystem via a power source other than the secondary elecirical power
delivery subsystem,;
moniioring a state of charge for the energy storage subsystem;
autonomously causing the secondary electrical power delivery
subsystem to provide electrical energy to the enhergy storage subsysiem
according to a normal confrol mode or an approaching next charging
opportunity control mode based at least on part on the received next charging
opportunity information,
wherein the normal control mode comprises:
permitting depletion of the energy storage subsystemtca
first siate of charge; and
causing the secondary eleclrical power delivery subsystem
to operate at full rated power to provide eleclrical energy fo the energy storage
subsystem o charge the energy storage subsystem from the first siate of
charge {0 a second state of charge higher than the first state of charge;
and the approaching next charging opportunily control mode
comprises:
causing the secondary electrical power delivery subsystem
o provide electrical energy 1o the energy storage subsysiem to maintain the

energy storage subsystem at or below a third state of charge.
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20.  The method of claim 19 wherein causing the secondary
glectrical power delivery subsystem 1o provide electiical energy o the energy
storage subsystem to maintain the energy storage subsystemn at or below a
third state of charge comprises repeatediy:

permitting depletion of the energy storage subsystem to fourth
state of charge, the fourth stale of charge lower than the third state of charge;
and

causing the secondary eleclrical power delivery subsystem to
provide electrical energy to the energy storage subsystem to charge the energy

storage subsysiem from the fourth state of charge fo the third stale of charge.

21.  The method of claim 19 wherein causing the secondary
electrical power delivery subsystem {o provide glectrical energy 1o the ehergy
storage subsystem to maintain the energy storage subsystem at or below a
third state of charge comprises causing the secondary electrical power delivery
subsystem o provide electrical energy 1o the energy storage subsystem o
maintain the energy storage subsystem at a charge-sustaining state of charge,

the charge-sustaining charge at or below the third state of charge.

22, The method of claim 19 wherein receiving next charging
opportunity information comprises receiving an input via a human-machine

interface.

23.  The method of claim 18 wherein the hybrid machine
comprises a hybrid vehicle, and receiving next charging opportunity information
comprises receiving data concerning a driving patiern of the hybrid vehicle or a

driving pattern of a driver of the hybrid vehicle.
24, The method of claim 12 wherein receiving next charging

opporiunity information comprises receiving signals from a global positioning

system (GPS) navigation system.
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25, The methad of claim 19 wherein causing the secondary
electrical power delivery subsystem to operate at full rated power to provide
electrical energy o the energy storage subsystem to charge the energy storage
suhsystem from the first siate of charge to the second state of charge higher
than the first state of charge comprises causing the secondary eleclrical power
delivery subsystam {o charge the energy storage subsystem from a state of
charge less than 25% of the fully charged slate of charge for the energy storage
subsystem to a state of charge greater than 70% of the fully charged state of

charge for the energy storage subsystem.

26.  The method of claim 18 wherein permitting depletion of the
energy storage subsystem {o a first state of charge comprises permitting
depletion of the energy storage subsystem {o the charge-sustaining state of

charge.

27. A method to control a hybrid vehicle during a trip, the
hybrid vehicle having an electric machine, an energy storage subsystem
electrically coupled to the electric machine, and a secondary electrical power
delivery subsystem electrically coupled to the energy storage subsystem o
charge the energy storage subsystem, the method comprising:

detecting a state of charge for the energy storage subsystens;

pperating the secondary electrical power delivery subsystem at
full rated power to charge the energy storage subsystem from a first state of
charge to a second state of charge higher than the first slate of charge when
the state of charge for the energy storage subsystem is detected to be at or
below the first state of charge;

receiving an indication at teast partially indicative of an anticipated
upcoming end of the trip;

permitting depletion of the energy storage subsystem to the first

state of charge; and
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operating ths secondary electrical power delivery subsyatem {o
provide electrical energy to the energy storage suibsystem o maintain the

energy storage subsystem at a charge-sustaining state of charge.

28. The method of claim 27 wherein operating the secondary
electrical power delivery subsystem {0 provide electrical energy to the energy
storage subsystem to maintain the energy storage subsystem at a charge-
sustaining state of charge comprises operating the secondary electrical power
delivery subsystem {o provide electrical energy to the energy storage
subsystem to maintain the energy storage subsystem at a state of charge that
is less than 50% of the state of charge of the energy storage subsystem when

fully charged.

29. A method to control a hybrid machine, the hybrid machine
having an electric machine, an energy storage subsystem electrically coupled
{o the electric machine, and a secondary electrical power delivery subsystem
electrically coupled o the energy storage subsystem to charge the energy
storage subsystem, the method comprising:

for a duration time when the hybrid machine is eleclrically
decoupled from an exiernal power source:

detecting a state of charge for the energy siorage
subsystem;

repetiively permitting depletion of the energy storage
subsystem o a first state of charge; and

repetitively causing the secondary electrical power delivery
subsystem to operate at full rated power to charge the energy storage
subsystem from the first state of charge to a second state of charge higher than
the first state of charge when the state of charge for the energy storage
subsystem is detected to be at or below the first stale of charge, the second
state of charge less than 50% of the state of charge of the energy storage

suibsystem when fully charged.
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30.  The method of claim 28 wherein repetitively causing the
secondary slectrical power delivery subsystem to charge the snergy storage
suibsystem from the first state of charge o a second siate of charge higher than
the first state of charge comprises causing the secondary electrical power
delivery subsystem to charge the energy siorage subsystem from a state of
charge less than 258% of the stale of charge of the energy storage subsyslem
when fully charged to a state of charge less than 30% of the siate of charge of

the energy storage subsystem when fully charged.

31. A system to control the operation of a hybrid machine, the
hybrid machine comprising an electric machine, an energy storage subsystem
electrically coupled to the electric machine, and a secondary electrical power
delivery subsystem electrically coupled to the energy storage subsysiem {o
charge the energy storage subsystem, the system comprising:

a processor operatively coupled to the electric machine, the
energy storage subsystem, and the fuel cell subsystem, wherein for a duration
time when the hybrid machine is electrically decoupled from an external power
source, the processor:

detects a state of charge for the energy storage
suibsystem;

repetiively permits depletion of the energy storage
subsystem o a first state of charge; and

repetiively causes the secondary electrical power delivery
subsystem to operate at full rated power to charge the energy storage
subsystem from the first state of charge to a second state of charge higher than
the first state of charge when the state of charge for the energy storage
subsystem is detected to be at or below the first stale of charge, the second
state of charge less than 50% of the state of charge of the energy storage

subsystem when fully charged.
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32. The system of claim 31 wherein the first state of charge is
less than 25% of the state of charge of the energy storage subsystem when
fully charged, and the second state of charge is less than 30% of the state of

charge of the energy storage subsystem when fully charged.
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