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METHODS OF OPERATING A SERIES HYBRID VEHICLE
BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates generally to methods for operating a
series hybrid vehicle and, more specifically, to methods for maximizing fuel
efficiency while minimizing disruptions in drivability.

Description of the Related Art

The term “hybrid vehicle,” in the broadest sense, denotes a
vehicle having more than one power source and one or more energy storage
means. The goal of a hybrid vehicle is to combine several similar or dissimilar
types of energy stores and/or energy converters with different drive
components, and operate each power source under varying operating
conditions in @ manner that results in greater overall energy savings than would
otherwise be achieved through the use of a single power source.

The primary power source of a hybrid vehicle is usually an engine
powered by fuel energy (primary energy), and thé:secondary power source is
usually, but not limited to, one or more electric motors/generators powered by
electric energy (a form of “secondary energy”) and/or one or more hydraulic
motors/pumps powered by hydraulic pressure (also a form of “secondary

. ene r,gy”)..‘l

When the drive components of a hybrid vehicle allow the vehicle’s
primary and secondary power sources to both independently transmit power to
the vehicle’s wheels, the vehicle is commonly referred to as a parallel hybrid
vehicle and the wheels of the vehicle can be driven solely by an engine (as is
done with conventional vehicles), or solely by the secondary power source. In
contrast, when the drive components of a hybrid vehicle are configured such
that only the vehicle's secondary power source transmits power to the vehicle’s
wheels, the vehicle is commonly referred to as a series hybrid vehicle. In series
hybrid vehicles, the engine is used to convert energy and provide power with
which to power the secondary power source, but the engine is not mechanically
linked to the vehicle’s wheels.

To date, parallel hybrid vehicles have been more commercially
successful than series hybrid vehicles. For example, the Insight, a hybrid
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vehicle manufactured by Honda Motor Company, and the Prius, a hybrid vehicle
manufactured by Toyota Motor Corporation, represent the first two mass-
marketed hybrids, and both are parallel hybrid vehicles.

The commercial success of parallel hybrid vehicles over series hybrids is, in
large part, due to the state of technology and knowledge that have been
available with respect to energy storage devices used for storing a hybrid
vehicle’'s secondary energy. For example, many of the first generation
secondary energy storage devices, such as early generation batteries, require a
low charge rate in order to preserve the life of the energy storage device. This
low charge rate requirement restricts the design choices available to a hybrid
vehicle designer and, in particular, restricts the choices available for a series
hybrid more than it restricts the choices available for a parallel hybrid. In series
hybrid vehicles, the charge rate is, by definition, provided by an engine. Thus,
design choices affecting the size and calibration of an engine in a series hybrid
vehicle employing previous generation energy storage devices are limited by
the need to have the engine of a series hybrid produce a low enough power
level to generate the required low charge rate, while still achieving greater
overall energy savings from the hybrid design than would otherwise be
achieved through the use of a single power source.

Since engine efficiency is better at high loads than at low loads,
engines in prior art series hybrid vehicles are typically very small, and are
calibrated to operate at high loads. This allows the engine to operate closer to
its maximum efficiency level while still producing a low enough power level to
generate the required low charge rate. However, due to the low charge rate,
the energy stored within previous generation energy storage devices is often
used up more quickly than it can be replenished. Thus, when the energy stored
within the energy storage device of a series hybrid vehicle is depleted, the
driver is unable to complete a trip because the engine alone is too small to |
safely propel the vehicle.

As a result, there is a need for a new and improved method of
operating a series hybrid vehicle.

BRIEF SUMMARY OF THE INVENTION

The invention is directed toward new and improved methods for
operating a series hybrid vehicle In a manner designed to further the vehicle’s
overall energy efficiency gains.
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According to principles of the present invention, when the driver of
a series hybrid vehicle makes a demand for power output, a secondary power
source(s) is supplied with, and thereby powered by, either (1) secondary energy
stored in an energy storage device(s), (2) secondary energy generated by an
engine(s) and used to directly supply power to the secondary power source
("direct input energy”, or (3) both. The determination as to which selection is
made depends on the amount of available secondary energy stored in the
vehicle's secondary energy storage device(s), and in some cases depends also
on the power level being demanded by the driver. If the engine is not
generating secondary energy, the engine is either turned off or at idle.
However, if the engine is generating secondary energy, the power/efficiency
level at which the engine operates depends on either (1) the amount of
available secondary energy stored in the vehicle’s secondary storage device, or
(2) the amount of available secondary energy stored in the vehicle’s secondary
sforage device and the vehicle speed. |

In one embodiment, a series hybrid vehicle is operated by
selectively generating an amount of primary power from a primary power
source, converting a first portion of the amount of primary power from the
primary power source into an amount of direct input energy, and powering the
secondary power source directly with the amount of direct iInput energy.

In another embodiment, a secondary power source in a series
hybrid vehicle is operated by monitoring an amount of available stored energy
within an energy storage device and operating an engine (1) at or near a first
power level when the amount of available stored energy is within a
predetermined upper range of available stored energy, (2) at or near a second
power level when the amount of available stored energy is within a
predetermined lower range of available stored energy, and (3) within a range of
power levels when the amount of available stored energy is within a

predetermined middle range of available stored energy.

In yet another embodiment, a series hybrid vehicle is operated by
monitoring an amount of available stored energy within an energy storage

device and, based on the amount of available stored energy, selectively

powering the secondary power source with-either (1) a portion of the amount of
available stored energy, (2) a portion of an amount of direct input energy, or (3)
a combination of a portion of the amount of available stored energy and a
portion of the amount of direct input energy.
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BRIEF DESCRIPTION OF THE SEVERAL FIGURES

Figure 1 is a schematic diagram of a series hybrid vehicle
provided in accordance with the present invention.

Figure 2 is a graphic representation for controlling the operation of
a series hybrid vehicle according to one embodiment of the present invention.

Figure 3 is a logic flow diagram for controlling the operation of a
series hybrid vehicle used in accordance with the embodiment provided in
Figure 2.

Figure 4 is an exemplary power efficiency map for an engine in a
series hybrid vehicle, showing exemplary target power points at which the
engine is operated when used in accordance with the embodiment provided in
Figure 2. l

| Figure 5 is a logic flow diagram for controlling the operation of an
engine In the series hybrid vehicle used in accordance with the embodiment
provided in Figure 2.
| Figure 6 Is'a graphic representation for controlling the operation of
an engine in a series hybrid vehicle according to another embodiment of the |
present invention.

Figure 7 (collectively shown as Figure 7A and 7B) is a logic flow
diagram for controlling the operation of an.engine in a series hybrid vehicle
according to yet another embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

In the following description, certain speciﬁc details are set forth in
order to provide a thorough understanding of various embodiments of the
iInvention. However, one of ordinary skill in the art will understand that the
iInvention may be practiced without these details. In other instances, well-
known structures associated with hybrid vehicles have not been shown or
described In detfail to avoid unnecessarily obscuring descriptions of the
embodiments of the invention.

The term “primary power source,” as used herein, denotes an
engine such as an internal combustion engine (e.g., a compression ignition
engine, a spark ignition engine, or gas turbine engine) or an external
combustion engine (e.g., a Stirling engine), a fuel cell, or other primary energy
converter.
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The term “variable displacement engine,” as used herein, refers to
a multi-cylinder engine wherein each of the cylinders is selectively operated
(individually or as a group) such that the engine’s total displacement is thereby
selectively increased or decreased.

The term “secondary power source,” as used herein, denotes a
power source having a two-way energy path and thus capable of capturing a
vehicle's kinetic energy during the vehicle’'s braking process. A secondary
power source may include, for example, one or more electric or hydraulic
pump/motors. As is to be understood by one of ordinary skill in the art, other
like systems may also be employed, and the secondary pump/motors described
herein do not limit the scope of the invention.

Depending on the type of secondary power system selected for
use, the energy used to power the secondary power source (‘secondary
energy’) may consist of electric energy, hydraulic energy, or any other form of
energy that can be, at least in part, obtained from the vehicle’s kinetic energy
during the braking process, and reused to power a secondary power source.

| The term “energy storage device,” as used herein, denotes a
system capable of receiving and storing the secondary energy, and allowing for
its reuse to power a secondary power source. 3Such a system may, for
example, consist of ultracapacitors, electric ba’tteries, mechanical flywheels or
hydraulic accumulators. As is to be understood by one of ordinary skill in the
art, other like systems may also be employed, and the systems described
herein do not limit the scdpe of the invention.

| The term “"available stored energy,” as used herein, refers to all of
the energy stored Iin an energy storage device, less any minimal amount which
may be necessary to maintain the functionality of the storage device and/or less
any amount used to supply energy to a device other than a secondary power
source used to propel the vehicle. '

The term “direct input energy,” as used herein, refers to‘secondary
energy generated by a primary power source and used to directly supply
energy to a secondary power source, as opposed to storing the energy for use
at a later time.

The term “storable energy,” as used herein, refers to energy
generated by a primary power source or a regenerative braking system and
capable of being stored within an energy storage device to power a secondary
power source at a later time.
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Nu

Further, the terms “primary power source,

b 4 ¢

secondary power
control processing unit,” and other

3» n

source,” “engine,” “energy storage device,
components of the present invention are, for ease of discussion, often referred
to herein in the singular. However, as will be understood by one of ordinary skill
In the art, the present invention may employ more than one of the components
used to perform the functions of the present invention, and thus components
referred to in the singular are not to be construed as limiting the number of
components employed.

The headings provided herein are for convenience only and do
not define or limit the scope or meaning of the claimed invention.

Applicability and General Overview

According to principles of the present invention, when the driver of
a series hybrid vehicle 10 (Figure 1) makes a demand for power output, a
secondary power source(s) 12 is used to propel the vehicle. The secondary
power source 12 is supplied with, and thereby powered by, either (1) an
amount of available stored energy in an energy storage device(s) 14, (2) direct

- input energy generated by an engine(s) 16, or (3) both. The determination as to

which selection is made depends on the amount of available stored energy
stored within the vehicle's 10 energy storage device 14. When the engine 16 is
used, the efficiency level at which the enginé 16 operates depends on either (1)
the amount of available secondary energy stored in the vehicle’s 10 energy
storage device 14 or (2) the vehicle’s 10 speed and the amount of available
secondary energy stored in the vehicle’s 10 energy storage device 14.

As shown in Figure 1, the secondary power source 12, for
example a pump/motor, is coupled to the primary power source (engine) 16 via
a generator 28, for example a pump/motor. When the engine 16 is operating,
the generator 28 is used to convert the engine’'s 16 power into energy
compatible for input into the secondary power source (e.q., electric current or
pressurized hydraulic fluid). The converted energy Is either supplied directly to
the secondary power source 12 as direct input energy to power the secondary
power source 12 as a motor, and/or supplied to the vehicle’'s energy storage
device 14 and stored for later use (storable energy). As is to be understood by
one of ordinary skill in the art, the type of generator 28 used necessarily
depends on the type of energy required to operate the secondary power source
12. For example, Iif the secondary power source 12 Is an electric
generator/motor, then the generator 28 is an electric generator. Similarly, If the
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secondary power source 12 is a hydraulic pump/motor, then the generator 28 is
a hydraulic pump. Generator 28 may also be used to start the engine 16 by
acting as a motor using energy from energy storage device 14.

Fuel energy stored in a vehicle tank (not shown) is used to power
the engine 16. An engine control device 20, coupled to the engine 16, and in
communication with a CPU 18, controls fuel delivery to the engine 16. A
generator control device 80, coupled to the generator 28, and in communication
with CPU 18, controls the speed of engine 16 by varying load. Based on the
amount of available stored energy and, optionally, the vehicle speed, the CPU
18 Issues a command signal Cgq to the engine control device 20 and a
command signal Cs; to the generator control device 80 to operate the engine 16
at a number of preselected power levels.

As is known to those of ordinary skill in the art, an engine 16 can
be operated at a preselected power level by operating the engine at a
preselected engine speed for a given engine torque value. As is further known
to those of ordinary skill in the art, a desired engine torque can be achieved by
Increasing or decreasing the amount of fuel supplied to an engine 16. Thus,
iIncluded among the many sensors (not all shown) which provide an input signal
Is to the CPU 18 of the present invention, there are sensors which detect and
monitor engine speed and engine torque. Other sensors detect the driver's
command to brake the vehicle 10, the driver's command to power the vehicle
10, and monitor vehicle speed. For example, the driver's demand to power the
vehicle Is represented by throttle sensor 22.

Further, a secondary energy capacity sensor 24 monitors the

amount of available stored energy at any given time and generates a signal Es

representative of the energy detected. The CPU 18 also includes a memory for
storing various lookup tables. Methods of monitoring an amount of available

stored energy and issuing commands in response to detecting a predetermined

amount of available energy in a hybrid vehicle are described in U. S. Patent No.
6,998,727, entitted "METHODS OF OPERATING A PARALLEL HYBRID
VEHICLE HAVING AN INTERNAL COMBUSTION ENGINE AND A

SECONDARY POWER SOURCE".

A secondary power source control device 26 is coupled to the
secondary power source 12 and used to control operation of the secondary
power source 12. Thus, when a driver issues a command to power the vehicle
10, the CPU 18 detects this command and issues a command signal Css
directing the secondary power source control device 26 to operate the
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secondary power source 12 as a motor. When in motor mode, the secondary
power source 12 transmits power through a mechanical linkage 30 to the
vehicle’s 10 wheels 32, and thereby propels the vehicle 10.

As mentioned above and explained in further detail below, when

“the engine 16 is operating, an amount of energy from the engine 16 is

converted into an amount of storable energy and stored within the vehicle’s
energy storage device 14 when certain vehicle 10 operating parameters are
met. However, as is known to those of ordinary skill in the art, storable energy
can also be obtained by capturing the vehicle’s kinetic energy during a braking
event. |

When a driver issues a command to brake the vehicle 10 and the
amount of available energy stored within the energy storage device 14 is either
below full capacity or below a preselected level, the CPU 18 directs the
secondary power source control device 26 to operate the secondary power
source 12 as a generator/pump. The vehicle’s kinetic energy is then directed to
the generator/pump 12, converted into an amount of storable energy, and
stored within the vehicle’s 10 energy storage device 14.

Determining How To Power The Secondary Power Source
Figures 2 and 3 show one embodiment for supplying power to the

secondary power source 12 in response to a demand to power the vehicle. In
this embodiment, an amount of available stored energy within the vehicle’s 10
energy storage device 14 is monitored and if the available stored energy is at or
above a first selected level of available stored energy (depicted as line 37 in
Figure 2, and at step 301 in Figure 3), the primary power source 16 does not
supply energy to the secondary power source 12. Instead, a portion of the
amount of the available stored energy is used to power the secondary power
source 12 (step 302). During this time, the engine is either on and idling, or,
alternatively, off (step 303). Determining whether to idle the engine 16 or to turn
it off Is a design choice, and both options provide certain advantages.

It It Is desired to maximize the vehicle’s 10 drivability, the engine
16 remains on and is at idle. This minimizes the driver’'s perception that the
engine 16 is no longer generating energy and allows the engine 16 to quickly
re-engage when needed. |If it is desired to maximize the vehicle’s 10 fuel
efficiency, the engine 16 is turned -off as soon as the available stored energy
exceeds the first selected level (e.g., enters into range 36). However, if the
engine 16 is turned off too quickly, there is a risk that customers will perceive

8
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that the vehicle is losing power. Thus, to maximize the vehicle’s fuel efficiency
and further minimize drivability disruptions, rather than turning the engine off
when the available stored energy exceeds the first selected level, the engine is
turned off when the available stored energy exceeds the first selected level and
a command to decelerate the vehicle 10 is issued. This provides a more
moderate approach that still results in fuel savings during the time the engine
16 is off, but synchronizes the timing of engine shut down with a driver issued
command. In this way, the driver Is able to logically relate to the sensation that
the engine 16 is no longer generating power with a command that is intended to
slow or coast the vehicle.

However, If the available stored energy is below the first selected
level (depicted as line 37 in Figure 2, and at step 301 in Figure 3), then the

- engine 16 is operated to generate an amount of primary power (step 304), and

the secondary power source is powered with a portion of direct input energy
converted from the primary power source (step 305).
| When primary power Is generated and the amount of direct input
energy is sufficient enough to meet a power demand, then direct input energy
alone is used to power the secondary power source, and there is no need to
use any of the available stored energy to power the secondary power source.
When primary power is generated and the amount of direct input energy is not
sufficient enough to meet a power demand, available stored energy may also
be used, together with the amount of direct input energy, to augment the
shortage.

However, In the event that the amount of available stored energy
within the secondary energy storage device 14 is ever drawn to a level below a
preselected “safety” level selected to indicate that the available stored energy is
at or near depletion, it is preferred to discontinue use of any available stored
energy. This Is to preserve the life of the secondary energy storage device 14
and minimize performance problems that may result if the secondary energy
storage device 14 is operated at too low of an energy level.

How The Primary Power Source Operates When Generating An Amount of

Primary Power
How the engine 16 Is operated when generating an amount of

primary power also depends on the amount of available energy within the
energy storage device 14. The engine’s 16 operation is discussed with
continued reference to the exemplary embodiment shown in Figure 2, reference

9
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to the exemplary power efficiency map shown in Figure 4, and reference to the
logic flow diagram shown in Figure 5. As will be understood by one of ordinary
skill in the art, the curved lines shown Iin Figure 4 represent the percent
efficiency at which a particular engine can be operated.

In accordance with one embodiment of the present invention, the
engine is operated at different power levels depending on whether the available
stored energy Is within a predetermined upper range (see Figure 2, range 38), a
predetermined middle range (see Figure 2, range 40), or a predetermined lower
range (see Figure 2, range 42).

When the engine 16 generates primary power (Figure 5, step 501)
and the amount of available stored energy is within the predetermined upper
range of available energy (e.g., below line 37 and within range 38 in Figure 2,
and at step 502 in Figure 35), the engine is operated at or near a predefined
minimum power level for efficient operation of the engine (Figure 4, point A;
Figure 5, step 503). A first portion of the amount of primary power is converted
iInto an amount of direct input energy and directly supplied to the secondary
power source 12. Directly using the first portion of the amount of primary power,
as opposed to first storing the first portion of the amount of primary power and
then using it, as is done in many conventional series hybrid vehicles, serves to
minimize energy transfer losses. As a result, greater energy efficiencies resulit.

In operating conditions where the direct input energy Is not
sufficient enough to power the secondary power source 12 and meet the driver's
power demand, secondary energy stored within the vehicle's 10 energy storage
device 14 is used to augment the required secondary energy. However, if the
direct input energy is sufficient enough to meet the driver's power demand, the
engine continues to be operated at or near its predefined minimum power level
for efficient operation of the engine (Figure 4, point A) and any additional power
generated by the primary power source 16 is converted into an amount of

storable energy for use at a later time-provided that secondary energy storage
device 14 has sufficient enough capacity with which to store the amount of

storable energy.
By purposefully having the engine 16 operate at or near its

predefined minimum power level for efficient operation of the engine (Figure 4,
point A) during the time the available stored energy is within the predetermined
upper range 38 (Figure 5, step 502), the primary power generated by the engine
16 is not likely to be sufficient enough to power the secondary power source to
meet the driver's power

10
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demand. Therefore, it is more likely that an amount of available stored
secondary energy will also be used. Thus, although the engine is operated at
or near the engine’s 16 predefined minimum power level for efficient operation
of the engine 16 (Figure 4, point A), several advantages result.

First, using the vehicle’'s available stored energy creates an
opportunity to use “free” energy (i.e., stored braking energy). Use of this “free”
energy contributes to the overall energy efficiency of the vehicle. It also creates
more space within the energy storage device 14 with which to capture more of
the vehicle’s 10 kinetic energy during the vehicle’s next braking event. Second,
using the vehicle’s 10 available stored energy minimizes the likelihood that the
available stored energy will, within a short time period, repeatedly operate

~above and below the first selected level of available stored energy for a given

vehicle speed. If this were to happen, it could cause the engine 16 to rapidly

cycle on and off and result in drivability issues. Third, using the vehicle's 10

available stored energy increases the likelihood that the available stored energy
will drop to a level within the predetermined middle range 40 shown in Figure 2.

When the available stored energy is within the predetermined
middle range (e.g., within range 40 in Figure 2; and at step 504 in Figure 5), the
engine 16 is operated at a range that is near a predefined range of power levels
for efficient operation of the engine (e.g., between power levels B and C on
torque/curve line 44 in Figure 4, and at step 505 in Figure 5). In one
embodiment, the engine is operated within the predefined range of power
levels, at a rate that is inversely proportional to the available stored energy
within the predetermined middle range. For example, when the available stored
energy Is at a top most value selected to define the middle range of stored
available energy 40, the engine is operated at a power level that is at or near
the low end of its range of best power efficiency B, and when the available
stored energy is at a bottom most value selected to define the middle range of
stored available energy 40, the engine is operated at a power level that is at or
near the high end of its range of best power efficiency C. Further, when
availlable stored energy is at a value of equal distance between the top most
and the bottom most value of the predetermined second range, the engine is
operated at a power level that is near the midpoint of its range of best power
efficiency. Operation of the engine at a range of power levels near the range of
power levels B and C represents the power level at which the engine is likely to
obtain its best operating efficiéncy. Thus, it is desirable to keep the vehicle
operating within this predefined power range as much as possible.

11
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One strategy for increasing the likelihood that the engine 16 will
be operated within the desired predefined power range discussed above is to
strive to maintain the amount of available energy within the energy storage
device at a level that is within the predetermined middle range 40. Thus, in
cases Where the amount of available energy stored within the energy storage
device 14 drops within the predetermined lower range of available energy (e.g.,
within range 42 in Figure 2, and at step 506 in Figure 5), including at the lower
limit, the engine 16 is operated at or near a predefined maximum power level
for efficient operation of the engine (Figure 4, point D; Figure 5, step 507). This
causes the engine 16 to produce more power, and increases the likelihood that
the amount of power generated by the primary power source and converted into
energy will exceed the amount of direct iInput energy required to power the
secondary power source. When the amount of energy generated by the engine
16 exceeds the amount of energy needed to power the secondary power
source 12, any excess energy is converted into storable energy and stored
within the energy storage device. This serves to replenish the amount of
available stored energy within the energy storage device and thereby increases
the likelihood that the amount of available energjy» IS once again within the
desired predetermined middle range 40.

Under this strategy, even when the vehicle’s power demand is not
large, If the available stored energy level is within the lower range, the engine
will nevertheless continue to be operated at or near its maximum efficient power
level until the available stored energy level is restored to the middle range.

Because the engine must supply the vehicle’s full power demand
in the event the energy storage device has been depleted to the lower limit of
the lower range, the engine is preferably sized to be able to meet such
potentially necessary sustained vehicle power demands. For example, the
engine preferably would be of sufficient size to enable the vehicle to ascend a
long grade at acceptable speed when fully loaded. Although operation of the
vehicle under a condition such as ascending a long grade occurs rarely, the
ability to handle such conditions is nevertheless likely required for a vehicle to
be commercially acceptable to the public. An engine that could provide at least
60% to 70% of the desired peak acceleration power level for the vehicle would
likely be sufficient for this preferred capability. This preferred engine size in the
present invention differs from prior art series hybrid systems, which instead
utilized engines of smaller size.

12
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As discussed previously, many first generation secondary energy
storage devices, such as early generation batteries, required low charge rates
in order to preserve the life of the energy storage device. As a result, in series
hybrid vehicles (i.e. wherein the charge rate is provided by the engine), the

engine would need to produce power levels sufficiently low to generate the

required low charge rates for the energy storage device. However, use of an
energy storage device that can charge at faster rates for sustained periods of
time will allow efficient use of a larger engine in a series hybrid vehicle. It is
therefore also preferable in the present invention to use an energy storage
device that can charge efficiently at faster charge rates, which will therefore
enable efficient use of a larger engine size, allowing the engine to run at a high
rate of power while the secondary energy source rapidly stores energy, such as
would be preferred for conditions where the available stored energy is within
the lower range as set forth above. An example of an energy storage device
with the current capability to sustain such higher charge rates as are preferred
for the present invention is the high pressure hydraulic accumulator.

For additional drivability benefits, another preferred embodiment
of the present invention also considers the power demanded by the vehicle
driver in determining the power level to operate- the engine, with additional
reference to the logic flow diagram shown in Figure /. If the available stored
energy Is within a predetermined middle range (Figure 2, range 40 and Step
504 in Figure 7), the engine is still operated within a predetermined range of
power levels for efficient operation (Figure 4, points within B to C; Step 505 in
Figure 7), but the power level of the engine responds directionally (the rate of
change is a calibration determination) to the power demanded by the vehicle
driver (Step 508 of Figure 7). If the driver power demand is greater than the
instant power level of the engine, the engine power would be increased (Step
509); iIf lower, the engine power would be decreased (Step 510). If the available
stored energy is within a predetermined lower range (Figure 2, range 42, and
Step 506 In Figure 7), a determination is made whether the driver power
demand is greater than the instant power level of the engine (Step 511). If the
answer to Step 511 Is yes, then the engine operates according to Step 507. If
the answer to Step 511 is no, then the engine power level would be reduced
(again the rate of change is a calibration determination) in Step 512, but the
engine will still be constrained to operate within the power range of Step 505.
An energy storage device that could efficiently sustain a charge rate matching
20% to 25% of the engine’s maximum rated horsepower (or approximately point
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A in Figure 4) would likely be sufficient for this preferred embodiment. This
embodiment avoids the undesirable noise and feel to the driver of running the
engine hard unnecessarily and out of synch with driver power demand. [t also
provides for more efficient engine use in the recharging of certain secondary
energy storage devices.

As will be understood by those of ordinary skill in the art, the size
of the secondary energy storage device will vary according to vehicle needs.
Factors influencing the size of an energy storage device include, vehicle size,
vehicle weight, vehicle speed, and the size of the primary and secondary power
sources. Thus, although the present invention monitors available stored energy
and performs certain functions according to the level of available stored energy
within an energy storage device 14, the precise levels and ranges of available
stored energy chosen as trigger points are a design choice determined by these |
factors. For example, larger energy storage devices 14 will allow the designer
of a hybrid vehicle to use more of the vehicle’s 10 available stored energy
before reaching the threshold level of available stored energy which triggers the

- use of primary power, and when primary power is being used more of the

operation (time) will occur within the desired predetermined middle range 40.

Optional Use of Additional Primagf Power Sources
In an alternative embodiment, multiple engines are used. (As

used here, "multiple engines” can also refer to a variable displacement engine
with a first engine being the base displacement of the variable displacement
engine and “additional engines” being the adding of increased displacement of
the variable displacement engine.) For example, when the engine 16 Is
operated at or near the predefined maximum power level and the amount of
primary power generated by the engine 16 and converted into energy does not
exceed the amount of direct input energy required to power the secondary
power source 12, additional engines (e.g., a total of two or more engines) may

be used. Any additional engines may be operated at or near 1) a power level

within a predefined range of power levels that is inversely proportional to the
amount of available stored energy within the predetermined lower range (e.g.,
within range 42 in Figure 2), or 2) a predefined maximum power level for
efficient operation of the second engine.

Further use of additional engines (e.g., a total of two or more
engines) may also be desirable when a first engine 16 is operated within the
predetermined middle range of available stored energy (e.g., within range 40 Iin
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Figure 2) and the power demanded by a user exceeds a predetermined level.
This will lessen the likelihood that the amount of available stored energy will
drop into the predetermined lower range of available stored energy 42, and
increase the likelihood that the first engine 16 will continue to be operated
within the predefined range for efficient operation of the engine 16.

Additional Embodiments For Triggering Use of The Primary Power Source(s)
Each of the embodiments described above for determining when

to use the pfimar‘y power source, and how to operate the primary power source
when it is used, is based on the amount of available stored energy. However, in
another embodiment, similar to each of the embodiments discussed above, and
llustrated in Figure 6, rather than basing the determinations of when and how
to generate primary power solely on the amount of available stored energy,
these determinations are made based on the amount of available stored energy
as a function of vehicle speed. For example, to determine whether or not to
use primary power to power the secondary power source, both available stored
energy and vehicle speed are monitored and, if the amount of available stored
energy for a given vehicle speed is above a first selected level of available
stored energy (depicted by the points comprising line 37a in Figure 6), the
secondary power source 12 iIs powered with a portion of the amount of
avallable stored energy and not the primary power source 16. However, if the
available stored energy for a given vehicle speed is below the first selected
level (again depicted as line 37a In Figure 6), then the engine 16 is used to
generate primary power. |

In this embodiment, how the engine 16 is operated when
generating an amount of primary power also depends on the amount of
avallable stored energy at a given vehicle speed. As with the embodiments
described above, the engine Is operated at either a minimum power level, a
range of power levels, or a maximum power level, but its operation depends on
whether the amount of available stored energy at a given vehicle speed is
within a predetermined upper, middle or lower range, ranges 38a, 40a, and 42a,
respectively. Since it is more likely that a faster moving vehicle will be braked
harder or longer and thus result in a greater opportunity to generate more
storable energy than a slower moving vehicle, this embodiment is designed to
power the secondary power source with more available stored energy at lower
speeds than at higher speeds. Since it is more likely that the vehicle’s 10
braking energy at higher speeds will replenish the greater amount of used
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=nerqy, this strategy (i.e., providing more capacity for storing braking energy at
higher vehicle speeds) furthers the vehicle’s opportunity to use of “free” energy
and provides yet another means of improving the vehicle’s 10 overall energy
efficiency.

As will be understood by one of ordinary skill in the art, many of
the methods may eliminate some steps, include other steps, and/or perform the
steps in a different order than illustrated. For example, a predetermined level of
available stored energy is a calibration design choice for the restarting of an
engine - that was shut off when the available stored energy exceeded a
predetermined upper range. Further, the various embodiments described
above can be combined to provide further embodiments.

From the foregoing it will be appreciated that, although specific
ambodiments of the invention have been described herein for purposes of

illustration, various modifications may be made. The scope of the claims
should not be limited by the preferred embodiments set forth in the

examples, but should be given the broadest interpretation consistent with the
description as a whole.

16
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CLAIMS
What is claimed is:

1. A method of powering a secondary power source in a series hybrid vehicle,
the method comprising:

using only secondary energy to provide motive power to the vehicle;
monitoring an amount of available stored energy;
monitoring vehicle speed; and

based on the amount of available stored energy and vehicle speed,
selectively powering the secondary power source with either stored energy,
direct input energy, or a combination of stored energy and direct input energy,
wherein selectively powering the secondary power source comprises varying
one or more of a plurality of thresholds of the available stored energy based

on a change In vehicle speed.

2. The method of claim 1 wherein selectively powering the secondary power

source comprises.
powering the secondary power source only with stored energy when the

amount of available stored energy is above a first selected threshold; and
reducing the first selected threshold as vehicle speed increases.

3. The method of claim 1 wherein selectively powering the secondary power
source comprises varying a desired minimum available secondary energy storage

capacity in direct relation to a change in vehicle speed.

4. The method of claim 1, comprising:

operating an engine at a first selected power level when the amount of

available stored secondary energy is within an upper range,

operating the engine at a second selected power level when the

amount of available stored energy is within a lower range;

17
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operating the engine at one of a range of selected power levels when
the amount of available stored energy is within a middle range; and

varying the one or more of a plurality of thresholds that define the
upper, the middle, and the lower ranges of available stored energy at least in
part based on vehicle speed.

5. The method of claim 4 wherein the first selected power level is a predefined
minimum power level for efficient operation of the engine, the second selected power
level Is a predefined maximum power level for efficient operation of the engine, and
the power levels of the range of selected power levels are respective predefined
power levels for efficient operation of the engine, each of which is greater than the
first selected power level and lower than the second selected power level.

6. The method of claim 4 wherein each of the first selected power level, the
second selected power level, and the power levels of the range of selected power
levels is a respective preselected power level comprising a preselected engine speed

and a preselected torque value.

7. The method of claim 4 wherein varying the one or more of the plurality of
thresholds that define the upper, the middie, and the lower ranges of available stored

secondary energy comprises varying the one or more thresholds in inverse relation to
changes in vehicle speed while vehicle speed is below a selected value, and varying
the one or more thresholds in direct relation to changes in vehicle speed while

vehicle speed is above the selected value.

8. A method of operating a series hybrid vehicle, comprising:
using only secondary energy to provide motive power to the vehicle;
monitoring an amount of available stored secondary energy;

operating an engine to generate secondary energy when an amount of

available stored secondary energy is below a first selected threshold;

18
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monitoring vehicle speed; and

selecting a value of the first selected threshold based on vehicle speed.

9. The method of claim 8 wherein selecting the value of the first selected
threshold comprises varying the value of the first selected threshold in inverse
relation to changes in vehicle speed.

10. The method of claim 8, comprising controlling an amount of the secondary
energy drawn from the available stored secondary energy to provide motive power to
the vehicle, as compared to an amount of the secondary energy provided as direct
input energy generated by the engine, on the basis of the amount of available stored

secondary energy at a given vehicle speed.

11.  The method of claim 10 wherein controlling the amount comprises controlling
the amount of available stored secondary energy used, relative to direct input energy,

to increase as vehicle speed increases, up to a speed threshold, and to decrease as

vehicle speed increases beyond the speed threshold.

12.  The method of claim 8, comprising controlling a power level at which the
engine is operated based on the amount of available stored secondary energy.

13. The method of claim 12 wherein controlling the power level comprises
selecting the power level based on the amount of available stored secondary energy

at a given vehicle speed.

14. The method of claim 13 wherein controlling the power ievel comprises
operating the engine at one of a plurality of preselected power levels, and selecting
the one of the plurality of preselected power levels according to an inverse

relationship with the amount of available stored secondary energy.
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15. The method of claim 14 wherein each of the plurality of preselected power

levels comprises a preselected engine speed and a preselected torque.

16. The method of claim 14 wherein each of the plurality of preselected power

levels lies on a preselected torque/curve line of the engine.

17. The method of claim 14 wherein:;

each of the plurality of preselected power levels lies within a predefined

range for efficient operation of the engine;

the plurality of preselected power levels includes a predefined

minimum power level for efficient operation of the engine;

the plurality of preselected power levels includes a predefined

maximum power level for efficient operation of the engine; and

the plurality of preselected power levels includes a range of predefined
power levels for efficient operation of the engine that lie between the
oredefined minimum power level and the predefined maximum power level.

18. The method of claim 17 wherein controlling the power level comprises:

operating the engine at the predefined minimum power level when the
amount of available stored secondary energy is below the first selected
threshold and above a second selected threshold;

operating the engine at a power level within the range of predefined

power levels when the amount of available stored secondary energy is below
the second selected threshold and above a third selected threshold; and

operating the engine at the predefined maximum power level when the
amount of available stored secondary energy is below the third selected
threshold:

the method further comprising selecting values of the second and the

third selected thresholds based on vehicle speed.
20
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19. The method of claim 18 wherein selecting the values of the second and the
third selected thresholds comprises decreasing the respective values of the second
and third thresholds as vehicle speed increases while vehicle speed is below a speed
threshold, and increasing the respective values of the second and third thresholds as
vehicle speed increases while vehicle speed is above the speed threshold.
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