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(57) ABSTRACT

A hybrid vehicle comprises an internal combustion engine, a
traction motor, a starter motor, and a battery bank, all con-
trolled by a microprocessor in accordance with the vehicle’s
instantaneous torque demands so that the engine 1s run only
under conditions of high efficiency, typically only when the
load 1s at least equal to 30% of the engine’s maximum torque
output. In some embodiments, a turbocharger may be pro-
vided, activated only when the load exceeds the engine’s
maximum torque output for an extended period; a two-speed
transmission may further be provided, to further broaden the
vehicle’s load range. A hybrid brake system provides regen-
erative braking, with mechanical braking available in the
event the battery bank 1s fully charged, in emergencies, or at
rest; a control mechamism 1s provided to control the brake
system to provide linear brake feel under varying circum-
stances.
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HYBRID VEHICLES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a continuation-in-part of Ser. No.
09/264,817, filed Mar. 9, 1999, now U.S. Pat. No. 6,209,672,

1ssued Apr. 3, 2001, which 1n turn claims priority from pro-
visional application Ser. No. 60/100,095, filed Sep. 14, 1998,

and 1s also a continuation-in-part of Ser. No. 09/392.743, filed

Sep. 9, 1999, which 1n turn claims priority from provisional
application Ser. No. 60/122,296, filed Mar. 1, 1999.

FIELD OF THE INVENTION

[0002] This application relates to improvements 1 hybrid
vehicles, that 1s, vehicles 1n which both an internal combus-
tion engine and one or more electric motors are provided to
supply torque to the driving wheels of the vehicle. More
particularly, this invention relates to a hybrid electric vehicle
that 1s fully competitive with presently conventional vehicles
as regards performance, operating convenience, and cost,
while achieving substantially improved fuel economy and
reduced pollutant emissions.

DISCUSSION OF THE PRIOR ART

[0003] Formany years great attention has been given to the
problem of reduction of fuel consumption of automobiles and
other highway wvehicles. Concomitantly very substantial
attention has been paid to reduction of pollutants emitted by
automobiles and other vehicles. To a degree, etforts to solve
these problems conflict with one another. For example,
increased thermodynamic efliciency and thus reduced fuel
consumption can be realized 1f an engine 1s operated at higher
temperatures. Thus there has been substantial interest in
engines built of ceramic materials withstanding higher com-
bustion temperatures than those now 1n use. However, higher
combustion temperatures 1n gasoline-fueled engines lead to
increase in certain undesirable pollutants, typically NO..
[0004] Another possibility for reducing emissions 1s to
burn mixtures of gasoline and ethanol (*gasohol”), or straight
ethanol. However, to date ethanol has not become economi-
cally competitive with gasoline, and consumers have not
accepted ethanol to any great degree. Moreover, to make an
alternate fuel such as ethanol available to the extent necessary
to achieve appreciable improvements 1n nationwide air qual-
ity and fuel conservation would require immense costs for
infrastructure improvements; not only the entire nation’s
motor fuel production and delivery system, but also the
vehicle manufacture, distribution, and repair system, would
have to be extensively revised or substantially duplicated.
[0005] One proposal for reducing pollution 1n cities 1s to
limit the use of vehicles powered by internal combustion
engines and instead employ electric vehicles powered by
rechargeable batteries. To date, all such “straight electric”
cars have had very limited range, typically no more than 150
miles, have msulficient power for acceleration and hill climb-
ing except when the batteries are substantially fully charged,
and require substantial time for battery recharging. Thus,
while there are many circumstances in which the limited
range and extended recharging time of the batteries would not
be an inconvenience, such cars are not suitable for all the
travel requirements ol most individuals. Accordingly, an elec-
tric car would have to be an additional vehicle for most users,
posing a substantial economic deterrent. Moreover, 1t will be
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appreciated that 1n the United States most electricity 1s gen-
crated 1n coal-fired power plants, so that using electric
vehicles merely moves the source of the pollution, but does
not eliminate 1t. Furthermore, comparing the respective net
costs per mile of driving, electric vehicles are not competitive
with ethanol-fueled vehicles, much less with conventional

gasoline-fueled vehicles. see, generally, Simanaitis, “Electric
Vehicles”, Road & Track, May 1992, pp. 126-136; Reynolds,

“AC Propulsion CRX”, Road & Track, October 1992, pp.
126-129.

[0006] Brooksetal U.S. Pat. No. 5,492,192 shows such an

clectric vehicle; the invention appears to be directed to incor-
poration of antilock braking and traction control technologies
into an otherwise conventional electric vehicle.

[0007] Much attention has also been paid over the years to
development of electric vehicles including internal combus-
tion engines powering generators, thus eliminating the defect
of limited range exhibited by simple electric vehicles. The
simplest such vehicles operate on the same general principle
as diesel-electric locomotives used by most railroads. In such
systems, an internal combustion engine drives a generator
providing electric power to ftraction motors connected
directly to the wheels of the vehicle. This system has the
advantage that no variable gear ratio transmaission 1s required
between the engine and the wheels of the vehicle.

[0008] More particularly, an internal combustion engine
produces zero torque at zero engine speed (RPM) and reaches
its torque peak somewhere 1n the middle of 1ts operating
range. Accordingly, all vehicles driven directly by an internal
combustion engine (other than certain single-speed vehicles
using friction or centrifugal clutches, and not useful for nor-
mal driving) require a variable-ratio transmission between the
engine and the wheels, so that the engine’s torque can be
matched to the road speeds and loads encountered. Further,
some sort of clutch must be provided so that the engine can be
mechanically decoupled from the wheels, allowing the
vehicle to stop while the engine 1s still running, and to allow
some slippage of the engine with respect to the drive train
while starting from a stop. It would not be practical to provide
a diesel locomotive, for example, with a multiple speed trans-
mission, or a clutch. Accordingly, the additional complexity
of the generator and electric traction motors 1s accepted.
Electric traction motors produce full torque at zero RPM and
thus can be connected directly to the wheels; when it 1s
desired that the train should accelerate, the diesel engine 1s
simply throttled to increase the generator output and the train
begins to move.

[0009] The same drive system may be employed 1 a
smaller vehicle such as an automobile or truck, but has several
distinct disadvantages 1n this application. In particular, and as
discussed 1n detail below 1n connection with FIGS. 1 and 2, it
1s well known that a gasoline or other internal combustion
engine 1s most eificient when producing near 1ts maximum
output torque. Typically, the number of diesel locomotives on
a train 1s selected in accordance with the total tonnage to be
moved and the grades to be overcome, so that all the locomo-
tives can be operated at nearly full torque production. More-
over, such locomotives tend to be run at steady speeds for long
periods of time. Reasonably efficient fuel use 1s thus
achieved. However, such a direct drive vehicle would not
achieve good fuel efficiency in typical automotive use,
involving many short trips, frequent stops 1n traific, extended
low-speed operation and the like.
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[0010] So-called *“sernies hybrid” electric vehicles have
been proposed for automotive use, wherein batteries are used
as energy storage devices, so that an internal combustion
engine provided to power a generator can be operated 1n 1ts
most fuel-efficient output power range while still allowing the
electric traction motor(s) powering the vehicle to be operated
as required. Thus the engine may be loaded by supplying
torque to a generator charging the batteries while supplying
clectrical power to the traction motor(s) as required, so as to
operate efficiently. This system overcomes the limitations of
clectric vehicles noted above with respect to limited range
and long recharge times. Thus, as compared to a conventional
vehicle, wherein the internal combustion engine delivers
torque directly to the wheels, in a series hybrid electric
vehicle, torque 1s delivered from the engine to the wheels via
a serially connected generator used as a battery charger, the
battery, and the traction motor. However, energy transier
between those components consumes at least approximately
25% of engine power. Further, such components add substan-
tially to the cost and weight of the vehicle; 1n particular, an
clectric motor capable of providing suificient torque to meet
all expected demand, e.g., to allow reasonable performance
under acceleration, during hill-climbing and the like, 1s rather
heavy and expensive. Thus, series hybrid vehicles have not
been immediately successtul.

[0011] A more promising “‘parallel hybrid” approach 1s
shown 1n U.S. Pat. Nos. 3,566,717 and 3,732,751 to Berman
et al. In Berman et al an internal combustion engine and an
clectric motor are matched through a complex gear train so
that both can provide torque directly to the wheels, the vehicle
being operated 1n several different modes. Where the output
of the internal combustion engine 1s more than necessary to
drive the vehicle (“first mode operation”) the engine 1s run at
constant speed and excess power 1s converted by a first motor/
generator (“speeder”) to electrical energy for storage in a
battery. In “second mode operation”, the internal combustion
engine drives the wheels directly, and 1s throttled. When more
power 1s needed than the engine can provide, a second motor/
generator or “torquer” provides additional torque as needed.

[0012] Berman et al thus show two separate electric motor/
generators separately powered by the internal combustion
engine; the “speeder” charges the batteries, while the
“torquer” propels the vehicle forward 1n traffic. This arrange-
ment 1s a source of additional complexity, cost and difficulty,
as two separate modes of engine control are required. More-
over, the operator. must control the transition between the
several modes of operation. Such a complex vehicle 1s
unsuited for the automotive market. Automobiles 1intended
for mass production can be no more complicated to operate
than conventional vehicles, and must be essentially “fool-
prool”, that 1s, resistant to damage that might be caused by
operator error. Further, the gear train shown by Berman et al
appears to be quite complex and difficult to manufacture
economically. Berman et al also indicate that one or even two
variable-speed transmissions may be required; see, €.g., col.

3, lines 19-22 and 36-38 of U.S. Pat. No. 3,566,717, and col.
2, lines 53-55 of U.S. Pat. No. 3,732,751.

[0013] Lynch et al U.S. Pat. No. 4,163,795 also shows an
carly parallel hybrid drive. Lynch argues that maximum fuel
elficiency can be realized when a relatively small internal
combustion engine 1s provided, such that when the engine 1s
operated at an efficient speed, 1t produces approximately the
average power required over a typical mission. The example
given 1s of an engine producing 25 hp maximum and 17 hp at
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its most efficient speed, about 2500 rpm. This 1s to be com-
bined with an electric motor-generator of about 30 peak hp.
This vehicle requires a variable-ratio transmission to achieve
reasonable performance. It appears that the engine 1s to be run
continuously, at a steady speed, with additional torque pro-
vided by the motor when needed and excess torque produced
by the engine being used to charge the batteries. In a first
embodiment, torque provided by the motor 1s transmitted to
the drive wheels through the engine, while 1n a second
embodiment their respective positions are reversed.

[0014] Nishida U.S. Pat. No. 5,117,931 shows a parallel

hybrid vehicle where torque from an electric motor may be
combined with torque from an internal combustion engine 1n
a “torque transmission unit” comprising paired bevel gears
and means for controlling the relative rates of rotation of the
motor and engine, so that the motor can be used to start the
engine, absorb excess torque from the engine (by charging a
battery), or provide additional propulsive torque. A variable-
speed transmission 1s coupled between the torque transmis-
s1ion unit and the propelling wheels. Both the torque transmis-
sion unit and the variable-speed transmission are complex,
heavy, and expensive components, the use of which would
preferably be avoided.

[0015] Helling U.S. Pat. No. 3,923,115 also shows a hybrid
vehicle having a torque transmission unit for combiming
torque from an electric motor and an internal combustion
engine. However, in Helling the relative rates of rotation of
the motor and engine mnput shaits are fixed; a flywheel 1s
provided to store excess mechanical energy as well as a bat-
tery to store excess electrical energy. Albright, Jr. et al U.S.
Pat. No. 4,588,040 shows another hybrid drive scheme using
a flywheel 1n addition to batteries to store excess energy;
various complicated mechanical connections are provided
between the various components. Capacitors have also been
proposed for energy storage; see Bates et al U.S. Pat. No.

5,318,142,

[0016] Fjallstrom U.S. Pat. No. 5,120,282 shows a parallel
hybrid drive train wherein torque from two electric motors 1s
combined with torque produced by an internal combustion
engine; the combination 1s performed by a complex arrange-
ment of paired planetary gearsets, and unspecified control
means are alleged to be able to allow variation of road speed
without a variable-ratio transmission.

[0017] Hunt U.S. Pat. Nos. 4,405,029 and 4,470,476 also
disclose parallel hybrids requiring complex gearing arrange-
ments, including multiple speed transmissions. More specifi-
cally, the Hunt patents disclose several embodiments of par-
allel hybrid vehicles. Hunt indicates (see col. 4, lines 6-20 of
the *4’76 patent) that an electric motor may drive the vehicle at
low speeds up to 20 mph, and an internal combustion engine
used for speeds above 20 mph, while “in certain speed ranges,
such as from 15-30 mph, both power sources may be ener-
gized . . .. Additionally, both power sources could be utilized
under heavy load conditions.” Hunt also indicates that “the
vehicle could be provided with an automatic changeover
device which automatically shifts from the electrical power
source to the iternal combustion power source, depending

on the speed of the vehicle” (col. 4, lines 12-16).

[0018] However, the Hunt vehicle does notmeet the objects
of the present invention, as discussed 1n detail below. Hunt’s
vehicle 1n each embodiment requires a conventional manual
or automatic transmission. See col. 2, lines 6-7. Moreover, the
internal combustion engine 1s connected to the transier case
(wherein torque from the internal combustion engine and
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clectric motor 1s combined) by a “fluid coupling or torque
converter of conventional construction”. Col. 2, lines 16-17.
Such transmissions and fluid couplings or torque converters
are very inellicient, are heavy, bulky, and costly, and are to be
climinated according to one object of the present invention,
again as discussed 1n detail below.

[0019] Furthermore, the primary means of battery charging
disclosed by Hunt involves a further undesirable complexity,
namely a turbine driving the electric motor 1n generator con-
figuration. The turbine 1s fueled by waste heat from the 1nter-
nal combustion engine. Seecol. 3, lines 10-60. Hunt’s internal
combustion engine 1s also fitted with an alternator, for addi-
tional battery charging capability, adding yet further com-
plexity. Thus1t1s clear that Hunt fails to teach a hybrid vehicle
meeting the objects of the present invention—that is, a hybrid
vehicle competitive with conventional vehicles with respect
to performance, cost and complexity, while achieving sub-
stantially improved fuel efficiency.

[0020] Kawakatsu U.S. Pat. Nos. 4,305,254 and 4,407,132
show a parallel hybrid involving a single internal combustion
engine coupled to the drive wheels through a conventional
variable-ratio transmission, an electric motor, and an alterna-
tor, to allow efficient use of the internal combustion engine.
As 1n the Hunt disclosure, the engine 1s intended to be oper-
ated 1n a relatively efficient range of engine speeds; when 1t
produces more torque than 1s needed to propel the vehicle, the
excess 1s used to charge the batteries; where the engine pro-
vides 1nsuilicient torque, the motor 1s energized as well.

[0021] A further Kawakatsu U.S. Pat. No. 4,335,429,
shows a hybrid vehicle, 1n this case comprising an internal
combustion engine and two motor/generator units. A {first
larger motor/generator, powered by a battery, 1s used to pro-
vide additional torque when that provided by the engine 1s
insuificient; the larger motor-generator also converts excess
torque provided by the engine into electrical energy, to be
stored by the battery, and 1s used 1n a regenerative braking
mode. The second smaller motor/generator 1s similarly used
to provide additional torque and additional regenerative brak-
ing as needed.

[0022] More particularly, the latter Kawakatsu patent
asserts that a single electric motor sized to provide sufficient
torque to propel the vehicle would not be capable of providing
suificient regenerative braking force; see col. 1, line S0—col.
2 lime 8. Accordingly, Kawakatsu provides two separate
motor/generators, as noted; a separate engine starting motor
1s also provided. See col. 6, lines 22-23. In the embodiment
shown, the larger motor/generator 1s connected to the wheel
drive shaft, while the engine and the smaller motor/generator
are connected to the wheels through a complex mechanism
comprising three separately-controllable clutches. See col. 3,

lines 50-62.

[0023] Numerous patents disclose hybrid vehicle drives
tending to fall into one or more of the categories discussed
above. A number of patents disclose systems wherein an
operator 1s required to select between electric and internal
combustion operation; for example, an electric motor 1s pro-
vided for operation inside buildings where exhaust fumes
would be dangerous, and an internal combustion engine pro-
vided for operation outdoors. It 1s also known to propose a
hybrid vehicle comprising an electric motor for use at low
speeds, and an internal combustion engine for use at higher
speed. The art also suggests using both when maximum
torque 1s required. In several cases the electric motor drives
one set of wheels and the internal combustion engine drives a
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different set. See generally Shea (U.S. Pat. No. 4,180,138);
Fields et al (U.S. Pat. No. 4,351,405); Kenyon (U.S. Pat. No.
4,438,342); Krohling (U.S. Pat. No. 4,593,779); and Ellers
(U.S. Pat. No. 4,923,025).

[0024] Many of these patents show hybrid vehicle drives
wherein a variable speed transmission 1s required, as do
numerous additional references. A transmission as noted
above 1s typically required where the internal combustion
engine and/or the electric motor are not capable of supplying
suificient torque at low speeds. See Rosen (U.S. Pat. No.
3,791,4°73); Rosen (U.S. Pat. No. 4,269,280); Fiala (U.S. Pat.
No. 4,400,997); and Wu et al (U.S. Pat. No. 4,697,660).
Kinoshita (U.S. Pat. No. 3,970,163) shows a vehicle of this
general type wherein a gas turbine engine 1s coupled to the
road wheels through a three-speed transmission; an electric
motor 1s provided to supply additional torque at low speeds.

[0025] For further examples of series hybrid vehicles gen-

erally as discussed above, see Bray (U.S. Pat. No. 4,095,664);
Cummings (U.S. Pat. No. 4,148,192); Monaco etal (U.S. Pat.
No. 4,306,156); Park (U.S. Pat. No. 4,313,080); McCarthy
(U.S. Pat. No. 4,354,144); Heidemeyer (U.S. Pat. No. 4,533,
011); Kawamura (U.S. Pat. No. 4,951,769); and Suzuki et al
(U.S. Pat. No. 5,053,632). Various of these address specific
problems arising 1n the manufacture or use of hybrid vehicles,
or specific alleged design improvements. For example, Park
addresses certain specifics of battery charging and discharge
characteristics, while McCarthy shows a complex drive sys-
tem involving an internal combustion engine driving two
clectric motors; the torque generated by the latter 1s combined
in a complex differential providing continuously variable
gear ratios. Heidemeyer shows connecting an internal com-
bustion engine to an electric motor by a first friction clutch,
and connecting the motor to a transmission by a second {iric-
tion clutch.

[0026] Other patents of general relevance to this subject
matter include Toy (U.S. Pat. No. 3,525,874), showing a
series hybrid using a gas turbine as internal combustion
engine; Yardney (U.S. Pat. No. 3,650,343), showing use of a
compressed-air or similar mechanical starter for the internal
combustion engine of a series hybrid, such that batteries of
limited current capacity could be used; and Nakamura (U.S.
Pat. No. 3,837,419), addressing improvements in thyristor
battery-charging and motor drive circuitry. Somewhat further
afield but of general interest are the disclosures of Deane
(U.S. Pat. No. 3,874,472); Horwinski (U.S. Pat. No. 4,042,
056); Yang (U.S. Pat. No. 4,562,894); Keedy (U.S. Pat. No.
4,611,466); and Lexen (U.S. Pat. No. 4,815,334); Mori1 (U.S.
Pat. No. 3,623,568); Grady, Jr. (U.S. Pat. No. 3,454,122);
Papst (U.S. Pat. No. 3,211,249); Nims et al (U.S. Pat. No.
2,666,492); and Matsukata (U.S. Pat. No. 3,502,165). Addi-
tional references showing parallel hybrid vehicle drive sys-
tems include Froelich (U.S. Pat. No. 1,824,014) and Rein-
beck (U.S. Pat. No. 3,888,325). U.S. Pat. No. 4,578,955 to
Medina shows a hybrid system wherein a gas turbine 1s used
to drive a generator as needed to charge batteries. Of particu-
lar 1interest to certain aspects of the present invention is that
Medina discloses that the battery pack should have a voltage
in the range of 144, 168 or 216 volts and the generator should
deliver current 1n the range of 400 to 500 amperes. Those of
skill in the art will recognize that these high currents involve
substantial resistance heating losses, and additionally require
that all electrical connections be made by positive mechanical
means such as bolts and nuts, or by welding. More specifi-
cally, for reasons of safety and in accordance with industry
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practice, currents 1n excess of about 50 amperes cannot be
carried by the conventional plug-in connectors preferred for
reasons ol convenience and economy, but must be carried by
much heavier, more expensive and less convenient fixed con-
nectors (as used on conventional starter and battery cable
connections). Accordingly, 1t would be desirable to operate
the electric motor of a hybrid vehicle at lower currents.
[0027] U.S. Pat. No. 5,765,656 to Weaver also shows a
series hybrid wherein a gas turbine 1s used as the internal
combustion engine; hydrogen 1s the pretferred fuel.

[0028] U.S. Pat. No. 4,439,989 to Yamakawa shows a sys-
tem wherein two different internal combustion engines are
provided, so that only one need be run when the load 1s low.
This arrangement would be complex and expensive to manu-
facture.

[0029] Detailed discussion of various aspects of hybrid
vehicle drives may be found in Kalberlah, “Electric Hybrid
Drive Systems for Passenger Cars and Taxis”, SAE Paper No.
010247 (1991). Kalberlah first compares “straight™ electric,
series hybrid, and parallel hybrnid drive trains, and concludes
that parallel hybrids are preferable, at least when intended for
general use (that 1s, straight electric vehicles may be useful
under certain narrow conditions of low-speed, limited range
urban driving). Kalberlah then compares various forms of
parallel hybrids, with respect to his FIG. 4, and concludes that
the most practical arrangement 1s one 1n which an internal
combustion engine drives a first pair of wheels, and an electric
motor the second; more particularly, Kalberlah indicates that
mechanical combination of the torque from an 1nternal com-
bustion engine and an electric motor 1s impractical.

[0030] Gardner U.S. Pat. Nos. 5,301,764 and 5,346,031
follow Kalberlah’s teachings, in that Gardner shows sepa-
rately driving at least two pairs of wheels; one pair 1s driven by
a first electric motor, and the second by a second electric
motor or alternatively by a small internal combustion engine.
Three different clutches are provided to allow various sources
of drive torque to be connected to the wheels, and to a gen-
erator, depending on the vehicle’s operation mode. The inter-
nal combustion engine 1s run continuously, and provides the
driving torque when the vehicle 1s 1n a cruise mode; at other
times 1t 1s used to charge the batteries powering the electric
motors.

[0031] Bullock, “The Technological Constraints of Mass,
Volume, Dynamic Power Range and Energy Capacity on the
Viability of Hybrid and Electric Vehicles”, SAE Paper No.
891659 (1989) provides a detailed theoretical analysis of
electric vehicles 1n terms of the loads thereon, and a careful
analysis of the various battery types then available. Bullock
concludes that a vehicle having two electric motors of differ-
ing characteristics, driving the wheels through a variable-
speed transmission, would be optimal for automotive use; see
the discussion of FIG. 8. Bullock also suggests the use of an
internal combustion engine to drive battery charging, but does
not address combining the engine’s torque with that from the
motors; see pp. 24-25.

[0032] Further related papers are collected 1n Electric and
Hybrid Vehicle Technology, volume SP-915, published by
SAE 1n February 1992. See also Wouk, “Hybrids: Then and
Now”’; Bates, “On the road with a Ford HEV™, and King et al,
“Transit Bus takes the Hybrid Route™, all in IEEE Spectrum,
Vol. 32,7, (July 1995).

[0033] Urban et al U.S. Pat. No. 35,667,029 shows two
embodiments of parallel hybrids; a first embodiment 1s shown
in FIGS. 1-9 and 11, and a second in FIGS. 12-17. Both
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embodiments have numerous common features, imncluding
similar operating modes. Referring to the first embodiment,
an internal combustion engine provides torque to the road
wheels or to a generator; two electric motors can provide
torque to the road wheels, or charge batteries during regen-
erative braking. Torque from the engine and motors 1s com-
bined at the input shait to a variable-ratio transmission. Over-
running clutches are provided, e.g., to allow the engine’s
torque to be applied to the road wheels without also rotating
the motors.

[0034] Asindicated at col. 6, lines 25-54, certain transitions
between various operating modes are made automatically,
responsive to the position of the accelerator pedal; for
example, 11 the operator does not depress the pedal beyond a
given point, only the internal combustion engine 1s employed
to propel the vehicle; 11 the operator depresses the pedal more
tully, the electric motors are also energized. Other changes 1n
the operational mode must be made by the operator directly;
for example, the vehicle may be operated as a “straight elec-
tric”” vehicle, e.g. for short duration trips, by the operator’s
making an appropriate control action. See col. 7, lines 49-56.

[0035] The Urban et al design appears to suifer from a
number of significant defects. First, the internal combustion
engine 1s stated to provide all torque needed to accelerate the
vehicle to cruising speed under normal circumstances (see
col. 5, lines 3-10), and also to propel the vehicle during
cruising (see col. 6, lines 48-54). The electric motors are to be
used only during rapid acceleration and hill-climbing; col. 5,
lines 10-13. A 20 horsepower engine, operated through a
continuously variable-ratio transmission and a torque con-
verter, 1s stated to be adequate for this purpose. Such compo-
nents are clearly complex and expensive; further, torque con-
verters are notoriously inefficient. Moreover, using the
internal combustion engine as the sole source of power for
low-speed running would require it to be run at low speeds,
¢.g., at traffic lights, which 1s very inelificient and highly
polluting. (Various additional references suggest that excess
torque can be used to charge batteries; 11 this were 1ncorpo-
rated 1n the Urban system, the engine might be run at a
reasonably efficient output level while the vehicle was sta-
tionary, but this would lead to high levels of noise and vibra-
tion. In any event Urban does not appear to consider this
possibility.)

[0036] On the other hand, Urban does suggest that the
vehicle can be operated as a “straight electric” under low-
speed conditions, but this requires the operator to provide an
explicit control mput; this complexity 1s unacceptable 1n a
vehicle mtended to be sold 1n quantity, as would be required
in order to reach Urban’s stated goals of reduction of atmo-
spheric pollution and reduced energy consumption. As noted,
hybrid vehicle operation must be essentially “foolproof™, or
“transparent” to the user, to have any chance of commercial
SUCCESS.

[0037] Urban’s second embodiment 1s mechanically sim-
pler, employing but a single “dynamotor”, through which
torque 1s transmitted from the engine to the variable-ratio
transmission, but suifers from the same operational deficien-
CIEes.

[0038] A second Urban et al U.S. Pat. No. 5,704,440, 1s
directed to the method of operation of the vehicle of the *029
patent and suffers the same inadequacies.

[0039] Various articles describe several generations of
Toyota Motor Company hybrid vehicles, believed to corre-
spond to that available commercially as the “Prius”. See, for
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example, Yamaguchi, “Toyota readies gasoline/electric
hybrid system”, Automotive Engineering, July 1997, pp.
55-58; Wilson, “Not Electric, Not Gasoline, But Both”,
Autoweek, Jun. 2, 1997, pp. 17-18; Bulgin, “The Future
Works, Quietly”, Autoweek Feb. 23, 1998, pp. 12 and 13; and
“Toyota Electric and Hybrid Vehicles”, a Toyota brochure. A
more detailed discussion of the Toyota vehicle’s powertrain 1s

found 1n Nagasaka et al, “Development of the Hybrid/Battery
ECU for the Toyota Hybrid System”, SAE paper 981122

(1998), pp. 19-27.

[0040] According to the Wilson article, Toyota describes
this vehicle as a “series-parallel hybrid”; regardless of the
label applied, 1ts powertrain appears to be similar to that of the
Berman patents described above, that 1s, torque from either or
both of an internal combustion engine and an electric motor
are controllably combined in a “power-split mechanism”™ and
transmitted to the drive wheels through a planetary gearset
providing the functionality of a variable-ratio transmission.
See the Nagasaka article at pp. 19-20.

[0041] Furutani U.S. Pat. No. 5,495,906 describes a vehicle
having an internal combustion engine driving a first set of
wheels through a variable-ratio transmission and an electric
motor driving a second set of wheels. The engine 1s appar-
ently intended to be run continuously; at low speeds, 1t drives
a generator to charge batteries providing energy to the motor,
and at higher speeds the engine or both engine and motor
propel the vehicle. In some circumstances the transmission
may not be required; compare, for example, col. 3, lines 4-8

with col. 5, lines 59-64.

[0042] U.S. Pat. No. 5,842,534 to Frank shows a “‘charge
depletion” control method for hybrid vehicles; in this scheme,
the mternal combustion engine 1s essentially used only when
the state of the batteries 1s such that the vehicle cannot oth-
erwise reach a recharging point. See col. 3, lines 50-53. In
normal operation, the batteries are recharged from an external
power source. Frank also discusses two-mode brake pedal
operation, wherein mechanical brakes are engaged 1n addi-
tion to regenerative braking when the pedal 1s depressed
beyond a preset point.

[0043] U.S. Pat. No. 5,823,280 to Lateur et al shows a

parallel hybrid wherein the shaits of an internal combustion
engine and first and second electric motors are all coaxial; the
engine 1s connected to the first motor by a clutch, and the first
motor to the second by a planetary gearset, allowing the
speeds of the motors to be varied so as to operate them 1n their
most elflicient range. See col. 4, line 57—<col. 3, line 60.

[0044] U.S. Pat. No. 5,826,671 to Nakae et al shows a
parallel hybrid wherein torque from an internal combustion
engine 1s combined with that from a motor 1n a planetary
gearset; a clutch 1s provided therebetween. The specific
invention relates to sensing of engine warmup conditions, so
as to limi1t emission of unburnt fuel and thus lower emissions.

[0045] U.S. Pat. No. 5,846,155 to Taniguchi et al shows a
parallel hybrid wherein torque from an internal combustion
engine and a motor 1s again combined 1n a planetary gearset;
the specific improvement appears to be the use of a continu-
ously-variable transmission.

[0046] It will be appreciated by those of skill 1n the art that
there are significant limitations inherent 1n the use of plan-
ctary gearsets as a means for connecting different sources,
¢.g., an mternal combustion engine and an electric motor, to
the drive wheels of a vehicle, namely, that unless the planetary
gearset 15 effectively locked (anathematic to 1ts use as a con-
tinuously-variable transmission, e.g., in the Toyota vehicle) it
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1s capable of additive combination of shaft speeds, but not of
output torque. Hence, the principal advantage of the parallel
hybrid drivetrain, additive combination of the output torque
ol both the electric motor and the internal combustion engine,
1s only available when the planetary gearset 1s locked. This
fact 1s acknowledged by Lateur, for example, at col. 6, line 27.

[0047] Additional disclosures of possible interest include
U.S. Pat. No. 5,845,731 to Buglione et al; this patent 1ssued
Dec. 8, 1998, and therefore 1s not necessarily available as a
reference against the claims of the present application. The
basic powertrain shown by Buglione et al includes an internal
combustion engine 12, coupled through a first clutch 18 to a
first electric motor 20, coupled to a second electric motor 26
through a second clutch 24; the wheels are (apparently; see
col. 3, line 8) driven by the second motor 26. The overall
hybrid operational scheme provided by Buglione et al 1s
illustrated in FI1G. 4. Atlow speeds one or both motors may be
used to propel the vehicle, with the engine off, 1dling, or
running to drive one motor as a generator. During low-speed
cruising the second motor propels the vehicle, while during
high-speed cruising, the engine propels the vehicle. When
acceleration 1s required at high speed, the engine and both
motors may be used to propel the vehicle. Buglione et al also
indicates that a variable-ratio transmission may be unneces-
sary, col. 3, line 9, and that the first motor can be used to start
the engine, col. 4, lines 8-15.

[0048] U.S. Pat. No. 5,586,613 to Ehsani, showing an
“electrically peaking hybrid” vehicle 1s also of interest.
Ehsani’s vehicle 1s shown 1n several embodiments; 1n each, an
engine 1s apparently to be run continuously, with excess
torque used to charge the batteries, and one or more motors
used to provide additional propulsive torque when the
engine’s output torque 1s madequate. A transmission 1s pro-
vided 1n some embodiments of the Ehsam vehicle.

[0049] An embodiment involving two motors 1s shown 1n
FI1G. 7, and can be modified as discussed 1n the text at col. 9,
lines 4-5. FI1G. 7 itself shows driving a first set of wheels by a
first “electric machine”, 1.e., a motor capable of operation as
a generator. This drive arrangement 1s independent of a sec-
ond drive arrangement, whereby a second set of wheels 1s
driven by an engine connected through a first clutch to a
second electric machine, connected to the second set of
wheels by a second clutch. Ehsani suggests at col. 9, lines 4-5
that the drive shait otherwise coupled to the first electric
machine could also be driven by the engine. Although 1t 1s not
made explicit that the first electric machine 1s to be retained,
this seems likely; otherwise, the modified FIG. 7 embodiment
would be the same as Fhsani’s FIG. 1, modified to have all
four wheels driven by a common driveshatt.

[0050] This application discloses a number of improve-
ments over and enhancements to the hybrid vehicles dis-
closed in U.S. Pat. No. 5,343,970 (the *“’970 patent™), to one
of the present inventors, which 1s incorporated herein by this
reference. Where differences are not mentioned, 1t 1s to be
understood that the specifics of the vehicle design shown in
the 970 patent are applicable to the vehicles shown herein as
well. Discussion of the 970 patent herein 1s not to be con-
strued to limit the scope of its claims.

[0051] Generally speaking, the 970 patent discloses
hybrid vehicles wherein a controllable torque transfer unit 1s
provided capable of transferring torque between an internal
combustion engine, an electric motor, and the drive wheels of
the vehicle. The direction of torque transter 1s controlled by a
microprocessor responsive to the mode of operation of the




US 2009/0177345 Al

vehicle, to provide highly eflicient operation over a wide
variety ol operating conditions, and while providing good
performance. The flow of energy—either electrical energy
stored 1n a substantial battery bank, or chemical energy stored
as combustible fuel-—is similarly controlled by the micropro-
CEeSSOr.

[0052] For example, according to the operating scheme of
the hybrid vehicle disclosed 1n the *970 patent, in low-speed
city driving, the electric motor provides all torque needed
responsive to energy flowing from the battery. In high-speed
highway driving, where the internal-combustion engine can
be operated efficiently, it typically provides all torque; addi-
tional torque may be provided by the electric motor as needed
for acceleration, hill-climbing, or passing. The electric motor
1s also used to start the internal-combustion engine, and can
be operated as a generator by appropriate connection of its
windings by a solid-state, microprocessor-controlled inverter.
For example, when the state of charge of the battery bank 1s
relatively depleted, e.g., after a lengthy period of battery-only
operation 1n city traific, the internal combustion engine 1s
started and drives the motor at between 50 and 100% of 1ts
maximum torque output, for efficient charging of the battery
bank. Similarly, during braking or hill descent, the kinetic
energy of the vehicle can be turned into stored electrical
energy by regenerative braking.

[0053] The hybrid drive train shown in the 970 patent has
many advantages with respect to the prior art which are
retained by the present invention. For example, the electric
drive motor 1s selected to be of relatively high power, specifi-
cally, equal to or greater than that of the internal combustion
engine, and to have high torque output characteristics at low
speeds; this allows the conventional multi-speed vehicle
transmission to be eliminated. As compared to the prior art,
the battery bank, motor/generator, and associated power cir-
cuitry are operated at relatively high voltage and relatively
low current, reducing losses due to resistive heating and sim-
plifying component selection and connection.

[0054] It can thus be seen that while the prior art, including
the *970 patent, clearly discloses the desirability of operating
an internal combustion engine 1n 1ts most eflicient operating
range, and that a battery may be provided to store energy to be
supplied to an electric motor 1n order to even out the load on
the internal combustion engine, there remains substantial
room for improvement.

[0055] In particular, it 1s desired to obtain the operational
flexibility of a parallel hybrid system, while optimizing the
system’s operational parameters and providing a substan-
tially simplified parallel hybrid system as compared to those
shown 1n the prior art, again as including the *970 patent.

[0056] Asnoted above, the present application 1s a continu-
ation-in-part of Ser. No. 09/264,817, filed Mar. 9, 1999 (the
1817 application), which discloses and claims several distinct
improvements over the hybrid vehicles shown in the *970
patent, as discussed in further detail below. similarly, the
present application 1s a continuation-in-part ol Ser. No.
09/392.743, filed Sep. 9, 1999 (the 1743 application), which
discloses and claims several distinct improvements over the
hybrid vehicles shown 1n the 970 patent and the *817 appli-
cation, as discussed in further detail below. The present appli-
cation discloses and claims further improvements over the
vehicles of the 817 and *743 applications.

[0057] As discussed 1n detail below, the 817 and ’743
applications (which are not to be limited by this brief sum-
mary) disclose a new “topology” for a hybnid vehicle,
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wherein an internal combustion engine and a first electric
“starting” motor, which can be operated as a starter, to start
the engine, a generator, to charge the battery bank responsive
to torque from the engine or the wheels (1.e., during regen-
erative braking) or as a source of torque, to propel the vehicle,
are connected to the road wheels of the vehicle through a
clutch, so that the engine can be decoupled from the wheels
during starting and battery charging, but can be connected to
the wheels to propel the vehicle. A second “traction” motor 1s
directly connected to the road wheels to propel the vehicle.
The vehicle operating mode 1s determined by a microproces-
sor responsive to the “road load”, that 1s, the vehicle’s instan-
taneous torque demands. The *743 application further dis-
closes that a turbocharger may be provided, and operated
when needed to increase the torque output of the engine when
torque 1n excess of 1ts normally-aspirated capacity 1s required
for more than a minimum time. The present application builds
turther on these concepts.

[0058] Koide U.S. Pat. No. 5,934,395 and Schmidt-
Brucken U.S. Pat. No. 6,059,059 were addressed during the
prosecution of the 817 application. Tsuzuki U.S. Pat. No.
6,018,198 and Werson U.S. Pat. No. 5,986,376 were also each
applied against one claim. As indicated, the 817 application
discloses a hybrid vehicle comprising a controller, a battery
bank, an internal combustion engine, and two electric motors,
a starting motor and a traction motor. The starting motor and
engine are connected to the road wheels through a clutch,
while the traction motor 1s connected directly and perma-
nently to the road wheels for torque transmission therebe-
tween, 1.e., without a clutch therebetween. Koide does not
show this “topology™ for a hybrid vehicle; although Koide
does show a hybrid vehicle having first and second motors
along with an engine, the components are not connected as
described. Specifically, in Koide, both motors and the engine
are connected to the road wheels by way of a variable-ratio
transmission and a clutch, while, as noted, 1n the 8177 appli-
cation only the combination of the engine and starting motor
1s connected to the wheels through a clutch, while the traction
motor 1s connected directly to the wheels for torque transmis-
sion therebetween, that 1s, without a clutch or variable-ratio
transmission. More specifically, Koide’s entire disclosure 1s
premised on being able to vary the ratios between the torque-
producing components of his system and the road wheels, 1n
order that the engine can be smoothly started when needed.
According to the 817 application, only the starter motor and
engine need to be disconnectible from the wheels for smooth
starting, while the traction motor can be connected to the road
wheels at all times. This represents a substantial simplifica-
tion with respect to the system shown by Koide.

[0059] The Schmidt-Briicken patent also fails to show the

topology shown 1n the 817 application. Schmidt-Briicken
shows an engine 1 in combination with a starting motor 7,
connected to the road wheels through a first clutch 11, and a

traction motor 19 connected to the road wheels through a
second clutch 23.

[0060] The’817 and *743 applications also disclose that the
vehicle operating mode 1s determined by a microprocessor
responsive to the “road load”, that 1s, the vehicle’s instanta-
neous torque demands, 1.¢., that amount of torque required to
propel the vehicle at a desired speed. The operator’s input, by
way ol the accelerator or brake pedals, or a “cruise control”
device, indicates that continuing at steady speed 1s desired, or
that a change 1n vehicle speed 1s called for. For example, the
operator’s depressing the accelerator pedal signifies an
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increase 1n desired speed, 1.e., an increase 1n road load, while
reducing the pressure on the accelerator or depressing the
brake pedal signifies a desired reduction 1n vehicle speed,
indicating that the torque being supplied 1s to be reduced or
should be negative. More particularly, 1t 1s important to note
that the road load can vary between wide limits, independent
of vehicle speed, and can be positive or negative, 1.e., when
decelerating or descending a hill, 1n which case the negative
road load (that 1s, torque available at the wheels 1n excess of
that required to propel the vehicle) 1s usually employed to
charge the battery bank.

[0061] More particularly, 1t 1s important to recognize that
road load 1s not the same thing as vehicle velocity. Indeed, as
noted, road load can be negative while vehicle velocity 1s
positive, as during deceleration or descent. Moreover, widely
differing road loads may be encountered during operation at
the same velocity; for example, operation at 50 mph on a flat
road may 1involve a road load of only 30-40% of the engine’s
maximum output torque (MTO), while accelerating from the

same speed while climbing a hill ma yinvolve a road load of
well over 100% of MTO.

[0062] By the same token, control of the vehicle’s operating
mode 1n response to monitoring of road load 1s not the same
as controlling 1ts operating mode 1n response to vehicle speed.
Numerous prior art references, including the Koide and
Schmidt-Brucken patents, teach. the latter, 1.e., indicate the
vehicle operating mode should be controlled 1n response to
vehicle speed. See Koide at col. 12, lines 45-48, and Schmuidt-
Brucken at col. 5, line 56-col. 6 line 29. Neither Koide nor
Schmidt-Brucken, nor any other reference of which the
inventors are aware, recognizes that the desired vehicle
operational mode should preferably be controlled in response
to the vehicle’s actual torque requirements, 1.e., the road load.
Doing so according to the invention provides superior perior-
mance, 1 terms of both vehicle response to operator com-
mands and fuel etficiency, under the widely-varying condi-
tions encountered 1n “real world” driving situations, than 1s
possible according to the prior art.

[0063] Moreover, as set forth 1n the 8177 and 743 applica-
tions, 1n order to provide maximum efficiency 1n use of fuel,
it 1s essential to operate the internal combustion engine of a
hybrid vehicle only under circumstances where the engine
will be loaded so as to require at least 30% of its maximum
torque output (“MTO”) (1t being understood throughout this
specification and the appended claims that this 30% figure 1s
arbitrary and can be varied). If the vehicle is controlled to shait
into an engine-only mode whenever 1t exceeds some arbitrary
road speed, as in Koide and Schmidt-Brucken, 1t 1s apparent
that the engine will be operated at various times when the road
load 1s less than 30% of M TO, for example, during decelera-
tion or during descents. Moreover, as noted above, the torque
actually required can vary widely irrespective of vehicle
speed. For example, 30% of M'TO may be suflicient to main-
tain steady speed on a flat road, but 150% of MTO may be
required for acceleration from the same speed. If the vehicle’s
operational mode 1s selected based solely on speed, as taught
by Koide and Schmidt-Briicken, 1t will be incapable of
responding to the operator’s commands, and will ultimately
be unsatisfactory.

[0064] By comparison, according to the mvention of the
817 and 743 applications, and as further disclosed and
claimed herein, the vehicle’s operating mode—that 1s, the
selection of the source of torque needed to propel the
vehicle—is determined based on the amount of torque actu-
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ally required. In this way the proper combination of engine,
traction motor, and starting motor 1s always available. This
apparently-simple point has evidently been missed entirely
by the art.

[0065] Moreover, according to this aspect of the invention,
the engine 1s used to propel the vehicle only when it 1s effi-
cient to do so. This 1s in accordance with another aspect of the
invention, wherein the engine 1s operated only at high eifi-
ciency, leading directly to improved fuel economy. For
example, the engine 1s also used as needed to charge the
battery bank, e.g., 1n low-speed city driving, where the battery
bank may become depleted. The starter motor, which 1s oper-
ated as a generator 1n these circumstances, 1s accordingly
s1zed so as be able to accept at least 30% of MTO as 1nput
torque; the battery bank 1s likewise sized so as to be able to
accept a corresponding amount of charging current. There-
fore the engine 1s never operated at less than 30% of MTO,
and 1s thus never operated netficiently. Koide and Schmaidt-
Brucken, because they teach switching the vehicle’s opera-
tional mode based on vehicle speed and not 1ts torque require-

ments, would inherently operate the engine under less
ellicient conditions.

[0066] FurutaniU.S. Pat. No. 5,495,906 discloses selection

of operating mode based on a combination of vehicle speed
and “vehicle load”; see, e¢.g., col. 2, lines 39-47/7: It 1s prefer-
able that the running state detection means detects vehicle
speed and vehicle load . . . [and] that the control means
transfers the driving force generated by the engine to the
power generator and changes the electric power generated by
the power generator [1.e., more of the engine power 1s used to
charge the batteries] 1n accordance with the vehicle load 11 the
vehicle speed 1s the predetermined value or less. Moreover, 1t
1s preferable to change the predetermined value of the vehicle
speed 1n accordance with the vehicle load.” It thus appears
that Furutani determines the vehicle operating state based on
vehicle speed, although the change-over speed can be varied
responsive to the vehicle load. Furutani’s “vehicle load” thus
apparently includes the torque required to charge the battery,
as distinguished from applicants’ “road load”, 1.e., the torque
required to propel the vehicle. Even assuming that Furutani’s
“vehicle load”, which 1s not defined, were suggestive of “road
load” as used by applicants, Furutani clearly does not suggest
determining the operating mode based on road load. More
specifically, although Furutani recognizes a distinction
between differing vehicle loads, and that the vehicle load can
vary independent of vehicle speed, the vehicle operating
mode 1s nonetheless selected based on vehicle speed; see col.
3, line 62-col. 4, line 32. Instead of varying the operating
mode of the vehicle based on road load, Furutani directs more

or less of the engine’s torque to battery charging; see col. 4,
lines 24-32.

[0067] Frank U.S. Pat. No. 6,054,844 shows several

embodiments of hybrid vehicles. In those where an engine 1s
used to provide torque to the vehicle wheels, a continuously-
variable transmission 1s employed, and the ratio R 1s consid-
cred 1n determining the response to be made to operator input,
¢.g., accelerator and brake pedal positions. Frank’s control
strategy 1s to operate the engine along a line of optimal efli-
ciency and use an electric motor to add to or subtract from the
engine’s output torque as appropriate. See col. 6, line 49-col.
7, line 7 and col. 10, line 33——col. 11, line 22. Frank thus does
not suggest control of the vehicle operating mode responsive
to road load.
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[0068] U.S. Pat. No. 6,018,694 to Egami et al shows a
controller for a hybrid vehicle comprising an internal com-
bustion engine and first and second “rotary electric units™.
Although the question 1s not free from doubt, 1t appears from
a detailed review of Egami1’s disclosure that torque from the
engine 1s not supplied directly to the road wheels, but instead
1s used to drive one of the rotary electric units as a generator,
in turn supplying the second with current to provide torque for
propelling the vehicle. Hence Egami does not show selection
ol the operational mode of the vehicle (that 1s, the determi-
nation whether propulsive torque 1s to be provided from the
engine, one or both of the motors, or all three) 1n response to
the road load, since 1t does not appear that propulsive torque
1s ever supplied from the engine to the wheels. Moreover,
despite making reference to a “vehicle driving torque demand
Mv*”, which might be misunderstood to be equivalent to
applicant’s road load, Egami 1n fact does not determine the
road load. More specifically, Mv* 1s determined by consult-
ing a “map”, using “the vehicle speed V, the accelerator it

ACC, the brake state BRK, and the shift position SFT as the

input parameters™. See col. 22, lines 23-26. The same point,
1.e., that the “vehicle driving torque demand Mv*” 1s not
equivalent to applicant’s claimed road load, 1s made through-

out Egamai’s extensive specification; see, for example, col. 10,
lines 28-32 and col. 27, lines 58-65.

[0069] Deguchi U.S. Pat. No. 5,993,351 refers to decision-
making regarding the vehicle mode of operation “based on
the vehicle speed detected value and the required motive force
detected value” (Abstract; see also col. 1, line 41); the latter
might be misunderstood to be equivalent to the road load.
Deguchi also states (col. 2, lines 7-9) that the vehicle “runs on
the motor at times of low load and runs on the internal com-
bustion engine at times of high load”. However, Deguchi
makes 1t clear that in fact the operational-mode decision 1s
made “based on the accelerator aperture detected value O
which represents the required driving force of the vehicle and
the detected vehicle speed” (col. 5, lines 19-21). The accel-
erator position and vehicle speed signals are the only relevant
inputs to the vehicle controller shown 1n FIG. 2. Hence Degu-
chi does not show controlling the vehicle operating mode
responsive to road load as defined by applicants.

[0070] Along generally similar lines, Boll U.S. Pat. No.
5,327,992 teaches a hybrid vehicle comprising a diesel
engine and a motor on a common shaft, and intended to be
operated such that the engine 1s only operated efficiently, 1.e.,
under relatively high load. The torque 1s required to overcome
the “instantaneous tractive resistance” 1s determined respon-
stve to the deflection of the accelerator pedal, 1.e., in response
to operator command (see col. 3, line 13 and line 335); when
this 1s less than the minimum amount of torque that can be
produced elfficiently by the engine, the excess torque 1s used
to power the motor as a generator. Boll also suggests that both
the motor and engine can be used to propel the vehicle when
needed, e.g., during acceleration, and that the vehicle can be
operated 1n four different modes: (a) engine alone powering
the vehicle; (b) motor only powering the vehicle, with the
engine “generally switched ofl””; (¢) engine and motor both
powering the vehicle; and (d) engine powering vehicle, with
excess torque powering motor 1n generator mode. Boll also
teaches that a second motor can be provided, operable as a
generator and then driven either by the engine directly or by
exhaust gas, and that the resulting current can be used to
charge the battery or to power the other motor.
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[0071] Other references of interest are directed to the brak-
ing systems ol hybrid vehicles, see for example German
patent 19 05 641 to Strifler, discussing a method of control of
a braking system providing both regenerative and mechanical
braking, and the powering of ancillary systems, such as power
steering pumps, see U.S. Pat. No. 5,249,637 to Heidl. These
references are discussed in further detail below with reference
to improvements provided in these areas by the present appli-
cation.

OBJECTS OF THE INVENTION

[0072] It 1s an object of the invention to provide an
improved hybrid electric vehicle realizing substantially
increased fuel economy and reduced pollutant emissions as
compared to present day internal combustion and hybnd
vehicles while suffering no significant penalty 1n perfor-
mance, operating convenience, cost, complexity, or weight,
which can be operated efliciently by an operator accustomed
to conventional vehicles without special training, and which
does not require modification of the existing infrastructure
developed over the years to support conventional vehicles.
[0073] More specifically, 1t 1s an object of the invention to
provide such an improved vehicle that operates on fuel now
widely available and uses batteries already well understood
and widely available, so that the operator need not learn new
driving techniques, deal with new fuel supply arrangements,
nor be obliged to be attentive to maintenance of batteries
employing complex new technologies.

[0074] Iti1s a more particular object of the present invention
to provide an improved series-parallel hybrid electric vehicle
wherein an internal combustion engine and two separately-
controlled electric motors can separately or simultaneously
apply torque to the driving wheels of the vehicle, controlled to
realize maximum fuel efficiency at no penalty in conve-
nience, performance, or cost.

[0075] It 1s a further object of the mvention to provide a
series-parallel hybrid electric vehicle comprising two electric
motors together providing output power equal to at least 100
percent of the rated output power of the internal combustion
engine, and more preferably up to about 150-200 percent
thereol, so that the engine operates under substantially opti-
mum conditions 1n order to realize substantial fuel economy
and reduced emission of undesirable pollutants 1n operation.
[0076] More particularly, 1t 1s an object of the invention to
provide a series-parallel hybrid electric vehicle wherein the
internal combustion engine 1s sized to efficiently provide the
average power required for operation at moderate and high-
way speeds, with two) or more) separately-controlled electric
motors together sized to deliver the additional power needed
for acceleration and hill climbing.

[0077] Still another object of the invention 1s to provide a
series-parallel hybrnid electric vehicle wherein the electric
motor and battery charging circuits operate at no more than
about 30-50 amperes continuous current (although signifi-
cantly greater currents may tlow for short periods, under peak
load conditions), whereby resistance heating losses are
greatly reduced, and whereby inexpensive and simple elec-
trical manufacturing and connection techniques can be
employed.

[0078] Itis amore specific object of the present invention to
provide a hybrid drive system for vehicles that does not
require the controllable torque-transier unit shown in the 970
patent, while providing the functional advantages of the
hybrid vehicle shown 1n the “970 patent.
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[0079] Itisamore specific object of the mnvention to employ
the control flexibility provided by the improved hybrid drive
train of the invention to allow starting of the engine at com-
paratively high RPM, while controlling the fuel/air mixture
supplied during starting, throttling the engine, and providing
a preheated catalytic converter, minimizing emission of
unburned fuel and further improving fuel economy.

[0080] Itisamorespecific object of the invention to employ
the control flexibility provided by the improved hybrnd drive
train of the mvention to allow employment of a motor pro-
ducing substantially constant torque up to a base speed, and
substantially constant power thereatfter, as the engine starting
motor, so that torque produced thereby can also be used to
propel the vehicle.

[0081] In addition to the above objects of the invention,
which are similar to those listed 1n the 817 and 743 appli-
cations, the ivention of the present continuation-in-part
application has as objects the broadening of the useful ranges
of loading of vehicles according to the invention, e.g., to
provide highly efficient hybrid operation for a vehicle that
may weigh 7,000 pounds empty but which can be loaded to
weigh 10,000 pounds or more, and may be expected to pull a
trailer also weighing 10,000 pounds or more.

[0082] A further object of the present invention is to pro-
vide further improvements 1n methods of control of internal
combustion engines for hybrid vehicles, to obtain very effi-
cient use of fuel.

[0083] Another object of the present invention is to provide
an optimal HVAC system for hybrid vehicles.

[0084] Still a further object of the invention 1s to provide a
braking system for hybrid vehicles including regenerative
braking that provides optimal operator feedback despite
changes 1n operation responsive to the state of charge of the
battery bank.

[0085] Other aspects and objects of the ivention will
become clear as the discussion below proceeds.

SUMMARY OF THE INVENTION

[0086] As discussed above, the 970 patent discloses hybrid
vehicles wherein a controllable torque transfer unit 1s pro-
vided capable of transierring torque between an internal com-
bustion engine, an electric motor, and the drive wheels of the
vehicle. See FIGS. 3-11 thereot. The direction of torque trans-
ter 1s controlled by a microprocessor responsive to the mode
of operation of the vehicle, to provide highly efficient opera-
tion over a wide variety of operating conditions, and while
providing good performance. The flow of energy—-either
clectrical energy stored in a substantial battery bank, or
chemical energy stored as combustible fuel-—is similarly
controlled by the microprocessor.

[0087] According to one aspect of the invention of the 817
and *743 applications, which 1s also employed according to
the present continuation-in-part application, the controllable
torque-transier unit shown in the 970 patent 1s eliminated by
replacing the single electric motor shown therein by two
separate motors, both operable as generators and as traction
motors when appropriate. See FIGS. 3 and 4 hereof. As in the
"970 patent, an internal combustion engine 1s provided, sized
to provide suilicient torque to be adequate for the range of
cruising speeds desired, and 1s used for battery charging as
needed. The internal combustion engine 1s connected to the
drive wheels by a clutch operated by the to microprocessor
responsive to 1ts selection of the vehicle’s mode of operation
in response to evaluation of the road load, that 1s, the vehicle’s
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instantaneous torque demands and input commands provided
by the operator of the vehicle. A relatively high-powered
“traction” motor 1s connected directly to the output shaft of
the vehicle; the traction motor provides torque to propel the
vehicle 1n low-speed situations, and provides additional
torque when required, e.g., for acceleration, passing, or hill-
climbing during high-speed driving.

[0088] According to the invention of the 817 and 743
applications, a relatively low-powered starting motor 1s also
provided, and can be used to provide torque propelling the
vehicle when needed. This second motor 1s connected
directly to the internal combustion engine for starting the
engine. Unlike a conventional starter motor, which rotates an
internal combustion engine at low speed (e.g., 60-200 rpm)
for starting, necessitating provision of a rich fuel/air mixture
for starting, the starter motor according to the invention spins
the engine at relatively high speeds, e.g., 300-600 rpm, for
starting; this allows starting the engine with a much less
tuel-rich fuel/air mixture than 1s conventional, significantly
reducing undesirable emissions and improving fuel economy
at start-up. A catalytic converter provided to catalytically
combust unburnt fuel 1n the engine exhaust 1s preheated to an
clfective working temperature before starting the engine, fur-
ther reducing emissions.

[0089] In the embodiment discussed 1n detail, the starting
motor 1s connected directly to the engine, and this combina-
tion 1s connected to the traction motor by a clutch for transter
ol torque; the output shatt of the traction motor 1s then con-
nected to the road wheels of the vehicle. In other embodi-
ments, the engine/starting motor combination may be con-
nected to a first set of road wheels through a clutch, with the
traction motor connected to another set of road wheels
directly; in a further embodiment, plural traction motors may
be provided. In each case, the engine 1s controllably discon-
nected from the road wheels by control of the clutch. Engage-
ment of the clutch 1s controlled by the microprocessor, e.g.,
controlling an electrical or hydraulic actuator as part of con-
trolling the state of operation of the vehicle in response to the
road load.

[0090] Forexample, during low-speed operation, the clutch
will be disengaged, so that the engine 1s disconnected from
the wheels; the vehicle 1s then operated as a “straight” electric
car, 1.€., power 1s drawn from the battery bank and supplied to
the traction motor. Should the batteries become relatively
depleted (e.g., become discharged to 50% of full charge), the
starter motor 1s used to start the internal combustion engine,
which then runs at relatively high torque output (e.g., at least
about 30% of 1ts maximum torque), for efficient use of fuel,
and the starting motor 1s operated as a high-output generator
to recharge the battery bank.

[0091] Similarly, when the operator calls for more power
than available from the traction motor alone, e.g., 1n acceler-
ating onto a highway, the starter motor starts the internal
combustion engine; when 1t reaches an engine speed at which
it produces useful torque, the clutch 1s engaged, so that the
engine and starter motor can provide additional torque. As
noted above, the engine 1s rotated at relatively high speed for
starting, so that the engine rapidly reaches a useful speed.

[0092] As in the "970 patent, the engine 1s sized so that 1t
provides sullicient power to maintain the vehicle 1n a range of
suitable highway cruising speeds, while being operated 1n a
torque range providing good fuel efficiency; if additional
power 1s then needed, e.g., for hill-climbing or passing, the
traction and/or starter motors can be engaged as needed. Both
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motors can be operated as generators, e.g., to transform the
vehicle’s kinetic energy into electrical power during descent
or deceleration. Also as 1n the “970 patent, the peak power of
the two motors together at least equals the rated power of the
engine, as 1s necessary to provide good performance without
employment of a variable-speed transmission or the equiva-
lent.

[0093] In each of these aspects of the operation of the
vehicle, and as 1n the 970 patent, the operator of the vehicle
need not consider the hybrid nature of the vehicle during its
operation, but simply provides control inputs by operation of
the accelerator and brake pedals. The microprocessor deter-
mines the appropriate state of operation of the vehicle based
on these and other inputs and controls the various components
of the hybnd drive train accordingly.

[0094] Itis also within the scope of the invention to operate
one or both of the motors at differing rotational speeds than
the engine, so that each can be optlmlzed for the demands
thereon. More specifically, motors can in general be made
smaller 11 they can be operated at relatively high RPM.
Motors operating at up to 9000-18,000 RPM appear appro-
priate for the present application. However, operating the
internal combustion engine at this speed would likely lead to
undesirable levels of noise and vibration, and might constrain
its performance characteristics 1n an undesirable manner.
Accordingly, for example, the starter motor might drive the
engine through a pinion geared to a larger toothed flywheel, as
conventional. Stmilarly, 1t might be desirable to provide the
traction motor as arelatively high-speed unit, driving the road
wheels through a chain, belt, or gear reduction unit. The
starter motor may be configured as a “faceplate” or “pancake”
motor, essentially forming the flywheel of the engine, and
rotating at engine speed, while the traction motor 1s a much
higher speed induction motor connected to the vehicle drive-
shaft by a chain drive reduction unit. It 1s also within the scope
ol the invention, as noted above, to operate the engine and the
two motors at the same speed when the clutch 1s engaged,
avolding intermediate gear trains or like mechanical compo-
nents and the attendant cost, complexity, weight, audible
noise, and frictional losses occasioned by their use.

[0095] Other improvements provided according to the
invention include providing the batteries 1n two series-con-
nected battery banks, with the vehicle chassis connected to
the batteries at a central point, between the banks. This “cen-
ter-point-chassis” connection reduces the voltage between
various circuit components and the vehicle chassis by hallf,
significantly reducing the electrical msulation required and
simplifying such 1ssues as heat-sinking of power semicon-
ductors used 1n the inverter circuitry. Providing dual battery
banks and dual electric motors, as above, also provides a
degree of redundancy, permitting certain component failures
without loss of vehicle function.

[0096] In the preferred embodiment, both the traction and
starting motors are AC induction motors of four or more
phases and the accompanying power circuitry provides cur-
rent of more than three, preferably five, phases, allowing the
vehicle to function even aiter failure of one or more compo-
nents. These motors, and the inverter/chargers driving them,
should be chosen and operated such that the motors have
torque output characteristics varying as a function of rpm as
illustrated 1n FIG. 14 of the *970 patent; that 1s, the motors
should produce substantially constant torque up to a base
speed and should produce substantially constant power at
higher speeds. The ratio of the base. to maximum speed can
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vary between about 3 to 1 and about 6 to 1. By comparison,
the series-wound DC motors conventionally used as engine
starting motors provide very high torque, but only at very low
speeds; their torque output drops precipitously at higher
speeds. Such conventional starter motors would be unsatis-
factory 1n the present system.

[0097] During substantially steady-state operation, e.g.,
during highway cruising, the control system operates the
engine at varying torque output levels, responsive to the
operator’s commands. The range of permissible engine
torque output levels 1s constrained to the range 1n which the
engine provides good fuel elliciency. Where the vehicle’s
torque requirements exceed the engine’s maximum eificient
torque output, e.g., during passing or hill-climbing, one or
both of the electric motors are energized to provide additional
torque; where the vehicle’s torque requirements are less than
the minimum torque eificiently provided by the engine, e.g.,
during coasting, on downhills or during braking, the excess
engine torque 1s used to charge the batteries. Regenerative
charging may be performed simultaneously, as torque from
the engine and the vehicle’s kinetic energy both drive etther or
both motors 1n generator mode. The rate of change of torque
output by the engine may be controlled 1n accordance with the
batteries’ state of charge.

[0098] The vehicle 1s operated in different modes, depend-
ing on its 1nstantaneous torque requirements, and the state of
charge of the battery, and other operating parameters. The
mode of operation 1s selected by the microprocessor in
response to a control strategy discussed 1n detail below; the
values of the sensed parameters 1n response to which the
operating mode 1s selected may vary depending on recent
history, or upon analysis by the microprocessor of trips
repeated daily, and may also exhibit hysteresis, so that the
operating mode 1s not repetitively switched simply because
one of the sensed parameters fluctuates around a defined
setpoint.

[0099] None ofthe implementations of the invention shown
in the 970 patent or the 817 and *743 applications include a
conventional multi-speed transmission between the motors
and engine and the road wheels, and 1t was stated that a
desirable aspect of the mnvention was to avoid such transmis-
s10ms, so that the rotational speeds of the two motors and the
engine were fixed with respect to one another, and to the speed
of the road wheels. However, 1t now appears that 1n some
circumstances a two-speed transmission may be desired 1n
some cases to broaden the range of utility of the vehicles of
the invention (principally to extend their load-carrying capa-
bilities) while still providing highly efficient operation, and to
include such a two-speed transmission 1s accordingly part of
the invention of the present continuation-in-part application.
Such a two-speed transmission could be operated inire-
quently as a two-speed “range selector”, or could be operated
essentially as a conventional automatic transmission, that 1s,
be repetitively shifted during acceleration, upon “kick-down”

and the like.

[0100] More specifically, 1t 1s of great present interest to
optimize the hybrid power train of the imnvention for use with
relatively heavy vehicles, such as vans, pickup trucks and
“sport-utility vehicles” (SUVs). Such vehicles have become
increasingly popular 1n recent years, despite their generally
poor fuel mileage; 1t would be highly desirable to provide
vehicles with generally similar load-carrying abilities and
performance with better fuel economy. Still more particu-
larly, heretofore large classes of such vehicles have not been
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subject to certain emission regulations; however, such regu-
lations are expected to take effect shortly. Accordingly, 1t
would be very desirable to provide such vehicles with hybrid
power trains that will allow their owners to enjoy the load-
carrying and performance abilities of the existing vehicles
with improved fuel economy and reduced emissions.

[0101] One of the aspect of SUV's and similar vehicles that
must be considered in design of a suitable hybrid powertrain
1s that their owners use them to carry and tow widely-varying
loads. That 1s, a conventional SUV might weigh 5,500
pounds, and might typically be used during the week to trans-
port a 140 pound person, up to 300 pounds of children, and 50
pounds of groceries. However, on the weekend the family
might load the vehicle with half a ton of camping gear and the
like and set oif for the mountains towing a 7,500 pound trailer.
The vehicle must. provide adequate acceleration, passing,
and hill-climbing performance 1n both uses. In order to have
suificient power at times of maximum loading, the vehicle 1s
orossly overpowered under all different circumstances; that
1s, only when the vehicle 1s laden to near-maximum capacity
and pulling up a long hill does the engine deliver near maxi-
mum torque for any length of time. Under all other circum-
stances, 1t 1s run very inefliciently, as noted in connection with

FIGS. 1 and 2 (reproduced herein from the *970 patent).

[0102] Animportant aspectof the invention as described by
the present continuation-in-part application as well as the
predecessor applications and the “970 patent lies 1n control-
ling the operation of the internal combustion engine of a
hybrid vehicle so that it 1s only operated at high efliciency,
that 1s, only when 1s 1t loaded to require a substantial fraction
e.g., 30% of 1ts maximum torque output. That 1s, the engine 1s
never run at less than 30% of maximum torque output
(“MTO). As discussed in the 970 patent and the 8177 appli-
cation, this can be accomplished by sizing the engine so that
it can elficiently propel the vehicle unassisted at highway
speeds; 1f additional torque 1s required for passing or hill-
climbing, the traction motor 1s operated. Application Ser. No.
392,743 further adds the 1dea of providing a turbocharger,
controlled by the microprocessor only to operate when torque
in excess of the engine’s rated normally-aspirated maximum
torque output (MTO) 1s needed for an extended period of
time, for example 1n towing a trailer. By employing the tur-
bocharger only when actually needed, many of the drawbacks
inherent 1 conventional turbocharger uses are eliminated.
Typically the turbocharger may be sized such that the engine
provides up to 150% of MTO when turbocharged.

[0103] According to one aspect of the mvention of the
present continuation-in-part application, the range of efficient
use of the hybrid vehicle of the invention 1s further broadened
by providing a two-speed transmission between the engine
and road wheels, so as to allow variation 1n the overall gear
rat1o and therefore vary the amount of torque available at the
wheels. As noted above, this could be a manually- or auto-
matically-operated “range shifting” gearbox akin to those
presently provided on SUVs and the like, to allow shifting
into a “low range”, for example, when a heavy trailer 1s be
towed, or could be operated similarly to a conventional mul-
tispeed transmission, that 1s, to provide a sequence of effec-
tive overall gear ratios each time the vehicle 1s accelerated.

[0104] A {further improvement made according to the
present continuation-in-part application has to do with the
braking system. As noted above, the 970 patent (as well as
numerous other prior art references) disclose regenerative
braking, that 1s, employing the microprocessor to control the
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operation of mverter/chargers connected between the motor
and battery bank so that when the operator desires to slow the
vehicle, 1ts momentum 1s used to drive the motor 1n generator
mode, charging the battery. There are certain limitations on
this as a method of vehicle braking, which must be addressed
by any useful vehicle. In particular, a hydraulic braking sys-
tem of generally conventional design must be provided for
several reasons: first, for safety, in the event that the regen-
erative system fails for any reason; second, to provide braking
in the event the battery bank 1s fully charged and cannot
accept further charge (since overcharging is highly detrimen-
tal to battery life); and to provide braking when regenerative
braking 1s not available, e.g., when at a standstill. The present
application discloses certain improvements in hydraulic
braking systems desired to optimize their design for use with
hybrid vehicles, as well as a mechanism providing optimized
brake “feel” to the driver, regardless whether conventional,
regenerative, or both braking systems are 1n use.

[0105] The present application also discloses certain prob-
lems inherent in application of conventional vehicles” heat-
ing, ventilation and air conditioming systems to hybnd
vehicles, and describes preterred solutions to these problems.
[0106] A further improvement according to the present
invention includes the provision of an auxiliary 12 volt supply
system, allowing the hybrid vehicle of the invention to “yump-
start” another vehicle, or likewise to be jumpstarted as might
be necessary after a long hiatus, and to allow use of conven-
tional 12 volt accessories, such as radios and other electronic
items.

[0107] The present application also discloses further useful
modifications and enhancements to the hybrid vehicles of the
predecessor applications.

[0108] The above and still further objects, features and
advantages of the present mvention will become apparent
upon consideration of the following detailed description of a
specific embodiment thereol, especially when taken 1n con-
junction with the accompanying drawings, wherein like ref-
erence numerals 1n the various figures are utilized to desig-
nate like components.

BRIEF DESCRIPTION OF THE DRAWINGS

[0109] The invention will be better understood 1f reference
1s made to the accompanying drawings, 1n which:

[0110] FIG. 1 1s a plot of output power versus rotational
speed (RPM) for a typical internal combustion engine, 1llus-
trating the relative fuel consumption of the engine as used in
a conventional automobile 1n gallons/horsepower-hour;

[0111] FIG. 2 1s a similar plot describing operation of a
relatively small internal combustion engine used i1n the

present mvention under circumstances similar to those
depicted 1n FIG. 1;

[0112] FIG. 3 shows a schematic diagram of the principal
components of a first embodiment of the hybrid vehicle drive
system according to the ivention;

[0113] FIG. 4 shows a block diagram of the principal com-
ponents of the drive system of the invention in a second
embodiment, differing in certain mechanical arrangements
from that of FIG. 3, and illustrating various control signals
provided in both embodiments;

[0114] FIG. 5 shows a partial schematic diagram of the
battery bank, inverter, and motor circuitry;

[0115] FIG. 6 1s a diagram illustrating differing modes of
vehicle powertrain operation, plotted on a three dimensional
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chart, illustrating that the mode of vehicle operation 1s a
function of the state of charge of the battery bank, the instan-
taneous road load, and time;

[0116] FIG. 7, comprising FIGS. 7 (a)-(c), and extending
over two sheets, 1s a timing diagram showing road load,
engine torque output, the state of charge of the battery bank,
and engine operation as functions of time, thus 1llustrating a
typical control strategy employed during low-speed city driv-
ing, highway cruising, and extended high-load driving;
[0117] FIG. 8, comprising FIGS. 8 (a)-(d), are diagrams
indicating the flow of torque and of energy among the com-
ponents of the hybrid powertrain of the invention, 1n various
modes of operation;

[0118] FIG. 9 1s a simplified flow chart of the algorithm
employed by the microprocessor to implement the control
strategies provided by the vehicle according to the invention;
[0119] FIG. 9(a) 1s a tlow chart of an engine starting sub-
routine employed in the tlowchart of FIG. 9;

[0120] FIG. 9(b) 1s an alternate version of one of the steps
of the flowchart of FIG. 9, implementing a modification to the
vehicle control strategy;

[0121] FIG. 9(c¢) 1s an alternate version of another of the
steps of the flowchart of FIG. 9, similarly implementing a
modification to the vehicle control strategy;

[0122] FIG. 10 illustrates the preferred torque versus speed
characteristics of the electric starting and traction motors, and
of the internal combustion engine;

[0123] FIG. 11 1s a schematic diagram similar to FIG. 3,
illustrating an alternative embodiment of the hybnd vehicle
powertrain according to the invention, wherein the engine 1s
provided with a turbocharger which 1s controllably operable,
so as to be employed only when needed;

[0124] FIG. 12 1s a three-dimensional diagram comparable
to FIG. 6, showing the modes of operation of the turbo-
charged hybrid vehicle of FIG. 11;

[0125] FIG. 13 1s a timing diagram similar to FIG. 7, again
comprising FIGS. 13(a)-(c¢), extending over two sheets, and

illustrating typical operation of the turbocharged hybnd
vehicle of FIG. 11;

[0126] FIG. 14 1s a schematic diagram similar to FIGS. 3
and 11, i1llustrating a further alternative embodiment of the
hybrid vehicle powertrain according to the invention, wherein
a second traction motor 1s connected to a second set of road
wheels, providing a particularly convenient way of providing,
four-wheel drive;

[0127] FIG. 15 1s a schematic diagram of the preferred
brake system of a hybrid vehicle according to the invention;
and

[0128] FIG. 16 1s a1s a schematic diagram of the preferred
heating, ventilation and air conditioning system of a hybrid
vehicle according to the invention.

DESCRIPTION OF THE PR
EMBODIMENTS

L1
M

ERRED

[0129] Referring specifically to FIG. 1, which 1s repro-
duced here from the *970 patent for convenience, curve 10
represents the output power versus engine speed (RPM) of a
typical spark ignition gasoline-fueled internal combustion
engine as used with an automatic transmission in a typical
sedan of 3,300 pounds. As can be seen, the maximum engine
power available 1s about 165 horsepower at about 5,000 RPM.
Also shown 1 FIG. 1 by the curve labeled “Large Car Aver-
age Power Requirements” are the average power require-
ments of such a vehicle. Points C, S, and H on this curve show
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average fuel consumption in city, suburban, and highway
driving, respectively; 1n particular, point C shows that the
average power required 1n typical city driving is less than 5
hp. Point S shows that the average power consumed in sub-
urban driving 1s 10 hp, and point H shows that the power
needed for steady-speed highway driving 1s only about 30 hp.
Thus, the vehicle 1s vastly overpowered at all times except
during acceleration or hill-climbing.

[0130] FIG. 1 also includes dashed-line curves indicating
the relative fuel consumption of the engine. As can be seen,
reasonable tuel efliciency, that 1s, at least about 105 percent
relative fuel consumption (100% being 1deal), 1s reached only
when the engine 1s operated at between about 2,000 and 4,000
RPM, and when producing between about 75 and 150 horse-
power. FIG. 1 thus indicates that the typical internal combus-
tion engine 1s operated with reasonable efliciency only when
producing between about 50 and about 90% of 1ts maximum
output power. The typical automobile only requires such sub-
stantial power under conditions of extreme acceleration or
hill climbing.

[0131] Accordingly, it will be appreciated that the typical
engine 1s operated efliciently only during relatively brief
intervals; more specifically, at lower power outputs, losses
due to friction and pumping consume larger fractions of the
engine’s total torque, so that a lower fraction 1s available to
propel the vehicle. As can be seen, during typical highway
driving, shown by point H, the relative fuel consumption 1s on
the order of 190 percent of that required during the most
eificient operation of the engine. The situation 1s even worse
in suburban driving, where the relative fuel consumption 1s
nearly 300 percent of the most efficient value, and 1n city
driving, where the relative fuel consumption 1s almost 350
percent of that required at most eflicient operation.

[0132] FIG. 1 thus demonstrates that an internal combus-
tion engine having suificient horsepower for adequate accel-
eration and hill climbing capability must be so oversized with
respect to the loads encountered during most normal driving
that the engine 1s grossly ineflicient 1n 1ts consumption of fuel.
Asnoted, FI1G. 1 further shows that only about 30 horsepower
1s needed to cruise on the highway even in a relatively large
car

[0133] FIG. 2 (again reproduced from the 970 patent for
convenience) 1s similar to FIG. 1, and 1llustrates. the opera-
tional characteristics of the same 3,300 pound car 1f driven by
a relatively small engine having a maximum horsepower rat-
ing of about 45 horsepower at 4,000 RPM. The power require-
ment of the vehicle during highway cruising, shown by point
H on the curve marked “Large Car Average Power Require-
ments”, 1s 1n the center of the most efficient region of opera-
tion of the engine. However, even with this small engine thus
optimized for highway cruising, there 1s a substantial gap.
between the “Engine Operating Power” curve and the Aver-
age Power Requirement curve 14. That 1s, even this small
engine produces substantially more power at low RPM than
needed for city driving (point C) or for suburban driving
(point S). Accordingly, even with a small engine sized appro-
priately for highway cruising, substantial mnefficiencies per-
sist at lower speeds. Moreover, of course, such a vehicle
would have unsatisfactory acceleration and hill climbing abil-
ity. Theretfore, the answer 1s not simply to replace large inter-
nal combustion engines with smaller internal combustion
engines.

[0134] The prior art recognizes that there are substantial
advantages to be gained by combining the virtues of a gaso-
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line or other internal combustion engine with those of an
clectric motor running from a battery charged by the internal
combustion engine. However, the prior art has failed to pro-
vide a solution which 1s directly price- and performance-
competitive with vehicles now on the market; moreover, 1n
order that such a vehicle can be commercially successtul, 1t
must also be no more complex to operate than existing
vehicles.

[0135] As indicated above, “straight” electric vehicles, that
1s, vehicles having electric traction motors and batteries
requiring recharge at the end of each day’s use, do not have
suificient range and require too much time to recharge to fully
replace conventional automobiles. Further, the operational
costs of such vehicles are not competitive with internal com-
bustion vehicles operated on fuels derived from renewable
resources such as ethanol, and are even less competitive with
gasoline-fueled automobiles.

[0136] A first type of series hybrid vehicles, mvolving a
gasoline engine driving a generator charging a battery pow-
ering an e¢lectric traction motor, are limited 1n acceleration
and hill climbing ability unless the electric motor 1s made
very large, costly, and bulky. The alternative series hybrid
approach, mvolving a transmission between a relatively
smaller electric motor and the wheels to provide the torque
needed to accelerate quickly, loses the virtue of simplicity
obtained by elimination of a multi-speed transmission. These
vehicles fail to realize the advantages provided by the parallel
hybrid system in which both an internal combustion engine
and an electric motor provide torque to the wheels as appro-
priate.

[0137] However (apart from the “970 patent) the prior art
relating to parallel hybrid vehicles fails to disclose a system
suificiently simple for economical manufacture. The art fur-
ther has failed to teach the optimum method of operation of a
parallel hybrid vehicle.

[0138] Moreover, the art relating to parallel hybrids (again,
apart from the 970 patent) does not teach the appropriate
operational parameters to be employed, relating to the relative
power outputs of the internal combustion engine and the
clectric motor; the type of electric motor to be employed; the
frequency, voltage, and current characteristics of the motor/
battery system; the proper control strategy to be employed
under various conditions of use; and combinations of these.

[0139] As shown inthe 970 patent with reference to FIGS.
1 and 2 thereot, and again above, typical modern automobiles
operate at very low efliciency, due principally to the fact that
internal combustion engines are very ineificient except when
operating at near peak torque output; this condition i1s only
rarely met. (The same 1s true, to greater or lesser degree, of
other road vehicles powered by internal combustion engines.)
According to an important aspect of the invention of the 970
patent, substantially improved efficiency 1s atforded by oper-
ating the internal combustion engine only at relatively high
torque output levels, typically at least 35% and preferably at
least 50% of peak torque. When the vehicle operating condi-
tions require torque of this approximate magnitude, the
engine 1s used to propel the vehicle; when less torque is
required, an electric motor powered by electrical energy
stored 1n a substantial battery bank drives the vehicle; when
more power 1s required than provided by either the engine or
the motor, both are operated simultaneously. The same advan-
tages are provided by the system of the present mvention,
with further improvements and enhancements described in
detail below.
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[0140] According to one aspect of the invention of the 970
patent, the internal combustion engine of a hybrid vehicle 1s
s1zed to supply adequate power for highway cruising, prefer-
ably with some additional power 1n reserve, so that the inter-
nal combustion engine operates only 1n 1ts most efficient
operating range. The electric motor, which 1s substantially
equally efficient at all operating speeds, 1s used to supply
additional power as needed for acceleration and hill climbing,
and 1s used to supply all power at low speeds, where the

internal combustion engine 1s particularly meificient, e.g., 1n
traffic.

[0141] As indicated above, this application discloses cer-
tain modifications, improvements, and enhancements of the
hybrid vehicles shown in U.S. Pat. No. 5,343,970; where not
otherwise stated, the design of the vehicle of the present
invention 1s stmilar to that shown 1n the 970 patent. Compo-
nents commonly numbered 1n this application and the *970
patent are functionally similar, with detail differences as
noted. The advantages of the system shown 1n the *970 patent
with respect to the prior art are provided by that of the present
invention, with further improvements provided by the latter,
as detailed herem.

[0142] Inthe system of the “970 patent, torque from either
or both the engine and motor 1s transterred to the drive wheels
of the vehicle by a controllable torque-transter unit. This unit
also allows torque to be transferred between the motor and
engine, for starting the engine, and between the wheels and
motor, for regenerative battery charging during deceleration
of the vehicle. This unit, while entirely practical, comprises
gears for power transier, which are inevitably a source of
audible noise and frictional losses. According to one aspect of
the present invention, the controllable torque-transier unit 1s
climinated. Instead, two electric motors are provided, each
separately controlled by a microprocessor controller respon-
stve to operator commands and sensed operating conditions.

[0143] In this connection, 1t will be understood that the
terms “microprocessor’” and “microprocessor controller” are
used interchangeably throughout the present application, and
it 15 to be further understood that these terms as used herein
include various types of computerized control devices not
always referred to as “microprocessors’ per se, such as com-
puters themselves incorporating microprocessors, digital sig-
nal processors, fuzzy logic controllers, analog computers,
and combinations of these. In short, any controller capable of
examining input parameters and signals and controlling the
mode of operation of the vehicle according to a stored pro-
gram, as discussed below in detail, 1s considered to be a
“microprocessor’ or “microprocessor controller” as used
herein. Furthermore, the electronic fuel mjection and elec-
tronic engine management devices shown 1n FIGS. 3 and 4 as
separate elements might also be integrated within the “micro-
processor’ or “microprocessor controller” as described
herein.

[0144] FIG. 3 of the present application shows a first
embodiment of the present invention, while FI1G. 4, discussed
below, shows a second embodiment illustrating certain alter-
native mechanical arrangements; overall the two embodi-
ments are very similar, and functionally they are substantially
identical. FI1G. 11, also discussed below, 1llustrates a further
embodiment, and FIG. 14 incorporates still further improve-
ments.

[0145] In the FIG. 3 embodiment, a traction motor 25 1s
connected directly to the vehicle differential 32, and thence to
the road wheels 34. A starting motor 21 1s connected directly
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to the internal combustion engine 40. The motors 21 and 25
are Tunctional as motors or generators by appropriate opera-
tion of corresponding inverter/charger umts 23 and 27,
respectively, connected between the motors and battery bank
22. Atpresent, essentially conventional lead-acid batteries are
preferred for battery bank 22, since these are widely available
and well understood. More advanced batteries may be used 1f
and when they become widely available and economically
competitive.

[0146] Motors 21 and 25 are controllably connected for
torque transier by a clutch 51, mechanically interlocking the
shafts 15 and 16 of motors 21 and 25 respectively. As dis-
cussed further below 1 connection with FIG. 4, micropro-
cessor (“‘uP”) 48 1s provided with signals mndicative of the
rotational speeds of shaits 15 and 16, and controls operation
of engine 40, motor 21, and motor 25 as necessary to ensure
that the shafts are rotating at substantially the same speed
before engaging clutch 51. Accordingly, clutch 51 need not
necessarily be an ordinary automotive friction clutch (as illus-
trated schematically in FIG. 1), as conventionally provided to
allow extensive relative slipping before the shafts are tully
engaged. More particularly, as slipping of clutch 51 1s not
required to propel the vehicle mitially from rest, as 1s the case
in conventional vehicles, clutch 51 need not allow for exten-
stve slipping when being engaged. In some cases 1t may be
satisfactory to provide clutch 51 as a simple self-aligning
mechanical interlock (as shown in FIG. 4), wherein positive
mechanical connection 1s made between the shaits 15 and 16
upon engagement. Such a mechanical interlock 1s much sim-
pler and less expensive than a friction clutch. In either case,
clutch 51 1s operated by microprocessor 48, e.g., through a
known electric or hydraulic actuator 53, together with the
other components of the system, in. accordance with the
operational state of the vehicle and the operator’s input com-
mands.

[0147] The respective positions of motor 21 and engine 40
with respect to clutch 51, motor 25, and wheels 34 could be
reversed as compared to their positions i FIGS. 3 and 4
without affecting the function of the system, although as
engine 40 would then require torque transmitting connection
at both ends of 1ts crankshaft, some additional complexity
would result.

[0148] As shown in FIG. 4, shait encoders 18 and 19 may
be mounted on the shafts 15 and 16 of starting motor 21 and
traction motor 25, respectively, to provide signals to micro-
processor 48 indicative of the relative rotational speeds of the
shafts, and their respective rotational positions. Such shaft
encoders are well-known and commercially available. Alter-
natively, signals indicative of the rotational speeds of the
shafts may be derived from the inverter control signals, 1n
accordance with well-known principles of control of “sensor-
less” motor drives (see, for example, Bose, “Power Electron-
ics and Variable Frequency Drives™, IEEE, 1996). However,
provision of encoders 18 and 19 will allow better low-speed
torque characteristics of motor 21 and 25, and thus reduction
in cost.

[0149] Thus being provided with signals 1indicative of the
rotational speeds of shaits 15 and 16, microprocessor 48
controls operation of engine 40, motor 21, and motor 25 as
necessary to ensure that the shaits are rotating at substantially
the same speed before engaging clutch 31; therefore, clutch
51 need not be an ordinary automotive iriction clutch (as
illustrated schematically in FIG. 3), as conventionally pro-
vided to allow extensive slipping betfore the shafts are fully
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engaged. According to this aspect of the invention, and par-
ticularly 11 microprocessor 48 1s made capable of ensuring
that shaits 15 and 16 bear a desired relative angular relation-
ship, clutch 51 instead may be a simple, relatively mexpen-
stve self-aligning mechanical interlock (as 1llustrated sche-
matically in FIG. 4), wherein positive mechanical connection
1s made between the shafts 15 and 16 upon engagement.

[0150] FIG. 4 also shows additional signals provided to
microprocessor 48 1n both the FIG. 3 and the FIG. 4 embodi-
ments. These include operator mput commands, typically
acceleration, direction, deceleration, and “cruise mode” com-
mands, as shown. The acceleration and deceleration com-
mands may be provided by position-sensing encoders 71 and
72 (F1G. 3) (which could be configured as rheostats, Hall-
clfect sensors, or otherwise) connected to microprocessor 48
by lines 67 and 68, to inform the microprocessor of the
operator’s commands responsive to motion of accelerator and
brake pedals 69 and 70 respectively. The microprocessor
monitors the rate at which the operator depresses pedals 69
and 70 as well as the degree to which pedals 69 and 70 are
depressed. The operator may also provide a “cruise mode”
signal, as indicated, when a desired cruising speed has been
reached. The microprocessor uses this information, and other
signals provided as discussed herein, in accordance with the
operational strategy discussed 1n detail below 1n connection
with FIGS. 6-9, to properly control operation of the vehicle
according to the invention by appropriate control signals pro-
vided to its various components.

[0151] For example, suppose the vehicle has been operated
in city traffic for some time, that 1s, under battery power only.
Typically the operator will only depress the accelerator pedal
69 slightly to drive 1n traffic. I the operator then depresses
accelerator pedal 69 significantly farther than he or she had,
for example, the prior few times acceleration was required,
this may be taken as an indication that an amount of torque
that can efficiently be provided by engine 40 will shortly be
required; microprocessor will then imitiate the sequence
whereby starting motor 21 will be used to start engine 40.

[0152] Upon imitiation of the engine starting sequence, a
heater 63 (FIG. 3) will first be used to preheat a catalytic
converter 64 provided in the engine exhaust system 62, so that
any fuel that 1s not combusted during starting and subsequent
running of the engine 40 will be catalytically combusted,
reducing emission of undesirable pollutants. A temperature
sensor 102 1s preferably provided, so as to ensure the engine
1s not started until the catalytic material 1s heated to effective
working temperature. As noted above, engine starting is pret-
erably performed with the engine turning at a higher speed
than 1s conventional, so that a the fuel/air ratio need only be
slightly (e.g., 20%) richer than stoichiometric. As a result,
only very limited amounts of pollutants are emitted during
engine starting. By comparison, in conventional vehicles, a
very significant fraction of the total pollutants emitted during
any given trip are emitted during the first 30-60 seconds of
operation, due to the extremely rich mixtures normally sup-
plied during starting, and to the ineffectiveness of the catalyst
until 1t has been heated by the exhaust.

[0153] If the operator depresses the pedal 69 rapidly, indi-
cating an immediate need for tull acceleration, the preheating
step may be omitted; however, a preferable alternative may be
to allow the traction and starting motors to be driven at or
slightly beyond their rated power, providing adequate torque,
for a short time suificient to allow the catalyst to be warmed
and the engine started.
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[0154] Similarly, 1f the operator depresses the brake pedal
70 relatively gently, all braking may be provided by regen-
erative charging of the batteries; 1f the operator instead
presses aggressively on brake pedal 70, and/or presses brake
pedal 70 beyond a predetermined point, both mechanical and
regenerative braking will be provided. Mechanical braking 1s
also provided on long downhills when the batteries are fully
charged, and in case of emergency. Further aspects of the
preferred brake system of the hybrid vehicles of the invention
are added by the present continuation-in-part application, and
are discussed below.

[0155] In addition to engine and starting motor speed and
traction motor speed, monitored by shait encoders 18 and 19
as discussed above, battery voltage, battery charge level, and
ambient temperature are also either monitored directly or
derived from monitored variables. In response to these inputs,
and the operator 1inputs, microprocessor controller 48 oper-
ates a control program (see the high-level flowchart of an
exemplary control program provided as FI1G. 9), and provides
output control signals to engine 40, by commands provided to
its electronic fuel injection unit (EFI) 56 and electronic
engine management system (EEM) 55, and to starting motor
21, clutch 51, traction motor 23, inverter/charger units 23 and
277, and other components.

[0156] As indicated in FIG. 4, the control signals provided
to mverter/chargers 23 and 27 by microprocessor 48 allow
control of the current (represented as I), of the direction of
rotation of the motor 25 (represented as +/-), allowing revers-
ing of the vehicle, and of the frequency of switching (repre-
sented as 1), as well as control of operation of the motors 21
and 25 1 motor or generator mode. Inverter/chargers 23 and
277 are separately controlled to allow independent operation of
motors 21 and 235. Inverter/charger operation 1s discussed
turther below 1n connection with FIG. 5.

[0157] As noted above, the FIGS. 3 and 4 embodiments of
the system of the invention differ in certain mechanical
arrangements, intended to illustrate variations within the
scope of the ivention, and FIG. 4 also provides more detail
concerning the specific control signals passing between vari-
ous elements of the system.

[0158] Referring to the differing mechanical arrangements,
it will be observed that in FIG. 3 the shafts of motors 21 and
235 are illustrated as coaxial with that of engine 40; this 1s the
simplest arrangement, of course, but would require the engine
40 and starter motor 21 to rotate at the same speed at all times,
and at the same speed as traction motor 25 when clutch 51 1s
engaged. As noted above, 1t may be preferable to design
motors 21 and 25 to have maximum speeds of 9000-135,000
rpm, so that they could be made smaller, lighter, and less
costly than slower-rotating motors. However, 1t 1s envisioned
that a preferred maximum speed for engine 40 1s 6000 rpm, as
internal combustion. engines running at substantially higher
speeds wear rapidly and tend to have limited torque at low
speed, and because higher frequency engine noise and vibra-
tion can also be difficult to absorb. It 1s within the scope of the
invention to provide the motors coaxial with the engine shaft,
as 1llustrated in FIG. 3, but to provide a planetary gearset(s)
between the shaifts of either or both of traction motor 25 and
starting motor 21 and the output shaft to permit differing
engine and motor speeds. Further alternatives to this aspect of
the mvention are again added by the present continuation-in-
part application, and are discussed below.

[0159] FIG. 4 illustrates an alternative construction, also
permitting differing engine and motor speeds. In this case, the
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output shait of starting motor 21 1s shown connected to that of
engine 40 by spur gears 52, and traction motor 25 1s con-
nected to the output shaft 55 by chain drive indicated at 54.
Numerous other arrangements will occur to those of skill in
the art. However, 1n each case there 1s no variable-ratio trans-
mission between the sources of torque—that 1s, the motors 21
and 25, and the engine 40—and the road wheels 34. Again,
turther alternatives to this aspect of the invention are added by
the present continuation-in-part application, and are dis-
cussed below.

[0160] Itis also within the scope of the invention to connect
the traction motor to one set of wheels, and to connect the
combination of the engine 40 and starting motor 21 to another
set of wheels through clutch 51, thus providing a four-wheel
drive vehicle with differing power sources for the alternate
pairs of wheels. In this embodiment, the torque from the
traction motor 25 1s effectively combined with that from
engine 40 (and from starting motor 21, when used as a source
of propulsive torque) by the road surface, rather than by
mechanical connection, as 1n the FIGS. 3 and 4 embodiment.
A Turther alternative would be to provide a complete system
as 1 FIG. 3 driving one pair of road wheels, and a separate
traction motor driving a second pair of road wheels. Both
embodiments are within the scope of the mnvention, and the
control strategy 1s essentially the same as to both. See FIG. 14
and the related text below for further discussion.

[0161] Other elements of the system as 1llustrated in FIGS.

3 and 4 are generally as discussed in the *970 patent, includ-
ing supply of fuel 36 from tank 38, air filter 60, and throttle 61.

[0162] Control of engine 40 by microprocessor 48 1is
accomplished by way of control signals provided to elec-
tronic fuel injection (EFI) unit 56 and electronic engine man-
agement (EEM) unit 55, responsive to throttle operation;
preferably, the throttle 1n turn 1s operated electronically
responsive to the opertor’s depression of the accelerator
pedal. Control of starting of engine 40, and using either or
both of starting motor 21 and traction motor 25 as motors,
providing propulsive torque, or as generators, providing
recharging current to battery bank 22, 1s accomplished by
microprocessor 48 by way of control signals provided to
inverter/charger units 23 and 27.

[0163] Under deceleration, for example, during descents,
or as needed for braking, or when the engine’s instantaneous
torque output exceeds the vehicle’s current torque require-
ments, either or both of motors 21 and 25 are operated as
generators, providing regenerative recharging of battery bank
22. FIG. 7, discussed below, illustrates this aspect of the
operation of the vehicle of the invention 1n further detail.

[0164] Thus, as indicated above, when microprocessor 48
detects a continued operator requirement for additional
power, such as during transition from slow-speed to highway
operation, or by measuring the rate at which the operator
depresses accelerator pedal 69, engine 40 1s started using
starter motor 21 and brought up to speed before clutch 51 1s
engaged, to ensure a smooth transition. As cruising speed 1s
reached (as determined by monitoring the operator’s com-
mands), power to traction motor 25 (and to starter motor 21,
if also used to accelerate the vehicle) 1s gradually reduced.
Provision of the clutch 51 and separate starter motor 21, as
compared to using the single traction motor to start engine 40
while simultaneously accelerating the vehicle, that 1s, as in
the 970 patent, simplifies the control arrangements some-
what.
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[0165] Inone possibly preferred embodiment, both motors
21 and 25 and clutch 51 may be provided 1n a single sealed
housing, possibly bathed 1n o1l for cooling and protection
from dust and the like. It 1s also known to control auxiliary
motors, such as conventional starter motors, to absorb or add
torque to that provided by an associated internal combustion
engine, to damp out vibration caused by fluctuation of the
torque provided by the engine; doing so herein using either or
both of motors 21 and 25 1s within the scope of the invention,
and 1s simplified by virtue of the direct connection of the
engine 40 to the drive wheels through motors 21 and 25
according to the mvention.

[0166] Provision of the clutch 51 and separate starter motor
21 also allows another important improvement to be provided
according to the present invention, namely starting engine 40
at high speed, e.g., about 300-600 rpm, as compared to the
60-200 rpm starts conventionally provided. As 1s generally
known 1n the art (see Simanaitis, “What goes around comes
around”, Road & Track, November 1998, p. 201) high-rpm
starting allows substantial elimination of the usual necessity
of providing a fuel-rich air/fuel mixture to start engine 40,
reducing emission of unburned fuel and improving fuel
economy at start-up, particularly from cold.

[0167] More particularly, in conventional low-rpm starts, a
rich mixture comprising up to on the order of 6 to 7 times the
stoichiometric amount of fuel 1s provided, to ensure that some
fraction of the fuel 1s 1n the vapor phase, as only fuel in the
vapor phase can be 1gnited by a spark. Most of the excess fuel
condenses as liquid on the cold cylinder walls, and thus does
not burn efficiently, if at all, and 1s 1immediately emitted
unburned. By comparison, at high starting speeds according,
to the invention, turbulence 1n the combustion chamber 1is
suificient to ensure the presence of vapor, so that a near-
stoichiometric mixture, typically including only 1.2 times the
stoichiometric amount of fuel, can be provided to engine 40
during the starting phase. The avoidance of rich mixtures at
starting significantly reduces emission of unburned fuel—
since most of the fuel provided to a conventional engine at
starting 1s 1mmediately exhausted unburnt—and provides
some 1mprovement 1n overall fuel efficiency.

[0168] Furthermore, as noted above, whenever possible—
that 1s, whenever the engine 1s started except when immediate
tull torque 1s required by the operator—a catalytic converter
64 1s preheated to an effective working temperature of at least
about 350° C. before starting the engine, to prevent even this
relatively small emission of unburned fuel.

[0169] Thus, the primary consideration in selecting the
torque of starting motor 21 1s that 1t be capable of rotating the
engine 40 at about 300-600 rpm for starting, and that 1t be
capable of accepting at least about 30% of the engine’s maxi-
mum torque output when operated as a generator, so that the
engine can be efficiently employed when charging the battery
bank during extended low-speed operation; the main consid-
eration 1n specification of the torque of engine 40 1s that 1t
provides sullicient power for highway cruising while being
operated at high efliciency, 1.e., that 1ts maximum power
output be sufficient to cruise 1n a range of desired cruising
speeds; and the principal consideration defining the power
required of the traction motor 25 i1s that 1t be suiliciently
powerlul to provide adequate acceleration 1n combination
with the engine 40 and starting motor 21. Stated differently,
the total power available provided by all of these torque-
producing components should be at least equal to and pret-
erably exceeds the peak power provided by the internal com-
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bustion engines of conventional vehicles of similar intended
use, both as measured at the wheels. Moreover, as set forth 1n
the *970 patent, the total torque provided by motors 21 and 235
should be at least equal to that produced by engine 40, in order
to provide adequate low-speed performance under motor
alone, and without necessity of a variable-ratio transmission.
[0170] At the same time, motors 21 and 25 are also sized to
be capable of recovering almost all of the vehicle’s kinetic
energy when operated as generators 1n the regenerative brak-
ing mode. A particularly high fraction of the vehicle’s kinetic
energy can be recovered during low-speed operation; as com-
pared to high-speed operation, where air resistance and road
friction consume a relatively large fraction of the total energy
required, 1n low speed operation much energy 1s lost by con-
ventional vehicles as heat released during braking.

[0171] Given the above considerations, the following are
typical power specifications for the engine 40, starting motor
21 and traction motor 25 of a 3000 pound vehicle having
performance approximately equivalent to that of a “mid-size”™
sedan of United States manufacture. It should be understood
that 1n these specifications, reference 1s made to the rated
power produced continuously by the engine, not to the rated
peak power of the motors, as 1s generally conventional in the
art. Further, the motors are specified assuming the direct-
drive embodiment of FIG. 3; 1f the motors run at higher
speeds, their ratings would be determined accordingly.

[0172] Engine 40: 40 to 350 horsepower at 6000 rpm

[0173] Starting motor 21: 10-15 horsepower at approxi-
mately 1500 rpm and higher speeds

[0174] Traction motor 25: 50-75 horsepower from 1500 to
6000 rpm.
[0175] The same starting motor would be satisfactory for a

larger, 4000 pound sedan, but the engine would typically
provide 70-90 horsepower at 6000 rpm and the traction motor
75-100 horsepower.

[0176] In both cases, the total power available from the
clectric motors together should equal, and preferably
exceeds, the maximum power available from the engine.

[0177] In the hybnid vehicle of the invention, which as
noted does not require a complex, heavy, and costly variable-
ratio transmission, these components would provide accel-
eration much superior to that of typical similarly-sized auto-
mobiles of United States manufacture, together with far better
fuel economy and substantially reduced emission of pollut-
ants. It will be apparent that these specifications may vary
over relatively wide ranges depending on the intended use of
the vehicle of the invention, and should not be construed to
limit the scope of the invention.

[0178] As indicated above, 1n the preferred embodiment,
both the starting and traction motors are AC induction motors,
although other types may also be employed. These motors,
and the mverter/chargers controlling them in response to con-
trol signals from the microprocessor (as discussed further
below), should be chosen and operated such that the motors
have torque output characteristics varying as a function of
rpm as illustrated by curve A in FIG. 10. That 1s, the motors
are operated by the inverter/chargers, 1n response to control
signals from the microprocessor, so as produce constant
torque up to a base speed C, typically 1500 rpm for a motor
having a top speed of 6000 rpm, as employed in the direct-
drive embodiment of FIG. 3, and should produce constant
power at higher speeds; accordingly, the torque drops oif at
speeds above the base speed C, as shown. Theratio ofthe base
to maximum speed, 4:1 1n this example, can vary between
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about 3 to 1 and about 6 to 1. This torque output characteristic
essentially allows the vehicle of the invention to provide quite
acceptable performance, especially acceleration, without the
welght, complexity and cost of a variable-ratio transmission.

[0179] By comparison, the series-wound DC motors con-
ventionally used as automotive engine starting motors pro-
vide very high torque, but only at very low speeds; their
torque output drops precipitously at higher speeds. Such con-
ventional starter motors would be unsatisfactory in the
present system.

[0180] FIG. 10 also shows the torque curve of a typical
internal combustion engine at B; as noted, the torque 1s zero at
zero rpm, so that a clutch allowing slippage 1s required to
allow the engine to move the vehicle from rest. FIG. 10 shows
at D typical curves for torque as measured at the wheels of a
vehicle propelled by a typical internal combustion engine
driving the vehicle through a four-speed transmission, used to
provide additional torque at low speeds; the vertical spaces
between sections of curve D represent changes 1n gear ratio,
that 1s, the vehicle will be shifted to move between the sec-
tions of curve D. As shown by FIG. 10, the desired torque
characteristics of the starting and traction motors discussed
above allow the vehicle of the invention to provide low-speed
performance comparable to or better than a conventional
vehicle, while eliminating the necessity of a variable-ratio
transmission. However, as discussed further below, 1t 1s
within the mnvention of the present continuation-in-part appli-
cation to extend the load-carrying capabilities of the hybrnid
vehicle of the invention by also providing a variable-ratio,
¢.g., two-speed, transmission, where not excluded by the
appended claims. This should not be necessary with respectto
passenger cars.

[0181] The ratio between the base speed and maximum
speed of the motors as used according to the invention 1s thus
comparable to the ratio between the lowest and highest gears
ol a conventional transmission; for passenger cars, the latter
ratio 1s typically between 3 and 4:1, so that the engine’s torque
1s relatively well matched to the road load over a reasonable
range of road speeds.

[0182] As discussed above, while 1t 1s within the scope of
the invention to operate the motors 21 and 25 and the internal
combustion engine 40 at the same maximum speed, so that no
gearing 1s required to couple these elements, 1t 1s presently
preferred that at least traction motor 25 have a maximum
speed substantially higher than that of the internal combus-
tion engine 40; the output shatt of motor 235 can be connected
to the road wheels by a chain-drive reduction umit, as indi-
cated in FIG. 4. The maximum speed of the internal combus-
tion engine 1s preferably limited to on the order of 6000 rpm
to limit wear, noise and vibration, which increase with higher
operating speeds, and because engines capable of higher-rpm
operation tend to have narrow ranges of rpm within which
they produce substantial torque; the latter characteristic
would be undesirable 1n a vehicle not having a variable-ratio
transmission and intended to cruise powered solely by the
internal combustion engine, according to the mnvention.

[0183] By comparison, operating the motors 21 and 25 at
maximum speeds of 9000-18,000 rpm allows them to be
made smaller, lighter, and less costly; whether this advantage
overcomes the added complexity of chain, gear, or belt drives,
or other mechanical means allowing combination of torque
from the motors with that from the engine, 1s a matter of
engineering choice that may vary from one model of vehicle
to the next. Both are accordingly within the present invention.
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If each of the torque-producing components (that 1s, engine
40 and starting and traction motors 21 and 25) 1s to be oper-
ated at the same speed, a maximum speed of approximately
6000 rpm 1s preferred, as this represents a good compromise
between cost, weight, and size of the key components.

[0184] As discussed above, it 1s preferred that motors 21
and 25 have more than two poles, and be operated by current
applied over more than three phases, so that failure of some
components—such as the power semiconductors used 1n the
inverter/charger units, as discussed below—can be tolerated
without total failure of the vehicle. It 1s also desired that the
battery bank be divided into two, with the vehicle chassis
connected between them, halving the voltage between given
components and the vehicle chassis, and thus simplifying
the1ir construction, insulation, and connection. FIG. 5 shows a
partial schematic diagram of a circuit providing these
attributes.

[0185] The functions of the mnverter/chargers 23 and 27
(separate inverter/chargers being required to allow indepen-
dent operation of motors 21 and 235) include control of motors
21 and 25 to operate as motors or as generators; operation of
traction motor 25 in the opposite direction for reversing the
vehicle; conversion ol DC stored by the battery bank to AC for
motor operation; and conversion of AC induced 1n the motors
when operated as generators to DC for battery charging.
Essentially similar functions were provided by the solid-state
switching AC/DC converter 44 1n the 970 patent; where not
specified to the contrary, the discussion thereof 1s applicable
to the 1inverter design shown 1n FIG. 5 hereof.

[0186] Asillustrated in FIG. 5, traction motor 25 1s embod-
ied as a five-phase AC induction. motor; starting motor 21,
which 1s not fully illustrated, as indicated, can be but 1s not
necessarily generally similar. Other motor types, such as per-
manent magnet brushless DC motors or synchronous motors,
might also be employed. The motors are operated as mul-
tiphase devices, having three phases or more, permitting

employment of smaller and overall less costly semiconduc-
tors, and allowing operation even 1f some of the semiconduc-
tors fail. Use of motors operated at relatively high frequency,
¢.g., more than 60 Hz, also permits motors of a given power
output to be smaller. As shown in FIG. 5, 1t 1s currently
preferred that at least traction motor 25 be wired 1n the “wye”
arrangement shown, rather than the known “delta” arrange-
ment; 1t 1s found that certain undesirable harmonics are
reduced by the “wye” arrangement. Both are well known 1n
the art, and within the scope of the mvention.

[0187] As illustrated in FIG. 5, each of the windings 78 of
motor 25 1s connected to a pair of semiconductor switching
clements 80 collectively making up inverter/charger 27.
Inverter/charger 27 1s correspondingly configured as a set of
ten power semiconductors 80 controlled by switching signals
A through J provided by a pulse generator 88 responsive to
frequency, polarity and current signals received from micro-
processor 48 (FIGS. 3 and 4). Typical operating frequencies
can be up to 200, 400 or 600 Hz; the transier of power between
the battery bank 22 and motors 21 and 25 1s then controlled by
pulse-width modulation, that 1s, by controlling the semicon-
ductors 80 to conduct during portions of the power wavetorm,
the duration of the conducting portions varying 1in accordance
with the power required. Semiconductors 80 may be any type
suitable for handling relatively high voltages and currents;
satisfactory insulated-gate bipolar transistors (IGBTs) are
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currently available and are presently preferred. As conven-
tional, each of the semiconductors 80 is paralleled by a free-
wheeling rectifier diode 82.

[0188] Design of the inverter/chargers 23 and 27 and of
pulse generator 88 to provide. suitable control signals A
through T so that the inverter/chargers perform the functions
listed above 1s within the skill of the art; again, see, for
example, Bose, “Power Electronics and Variable Frequency

Drives”, IEEE, 1996.

[0189] The current drawn from the battery bank 22 during

long-term operation of the traction and starting motor(s) to
propel the vehicle should be limited to 30-50 amperes, to
reduce the size of the conductors and other components
required, as discussed 1n the “970 patent; these components
are satisfactory to carry currents of up to 200 amperes, as may
be encountered during full-power acceleration, as this condi-
tion will not persist for more than about 30 seconds.

[0190] As indicated, the battery bank 22 comprises two
substantially similar battery assemblies 84; in one embodi-
ment, each battery assembly will comprise eight 48-volt bat-
teries, such that 384 volts 1s provided by each. The battery
assemblies 84 are connected 1n series, so that 768 volts are
provided across the circuit “rails” 86, 88. However, the
vehicle chassis connection 1s taken from between the series-
connected battery assemblies, so that only 384 volts 1s present
between any given circuit component and the vehicle chassis;
this “center-point-chassis” connection significantly reduces
various 1nsulation and heat-sinking requirements. More spe-
cifically, the conductors, connectors, relays, switches and like
clements can be as approved by the National Electrical Manu-
facturers’ Association (NEMA) for 600 volt service; such
clements are widely available, and are much more easily
employed and much less expensive than those needed for

continuously carrying current at, for example, 300 volts and
300 amperes.

[0191] Preferably, as indicated by FIG. 5(a), 1llustrating a

detail of a portion of one of the battery assemblies 84, the
48-volt batteries 85 are connected by normally-open relays
87, so that the batteries 85 are 1solated from one another under
tail-sate conditions; for example, 11 the vehicle 1s mnvolved 1n
an accident, power to the relays 1s cut off, so that the maxi-
mum open voltage anywhere 1n the vehicle 1s 48 volts, reduc-
ing the danger of fire. Similarly, the relays open when the

2 14

vehicle’s “i1gnition” 1s shut off by the operator.

[0192] The present continuation-in-part application adds to
the above from the *817 application that an auxiliary 12-volt
system may also be provided, as shown at 223 1n FIG. 14,
discussed further below. This would be a DC-to-DC con-
verter, allowing the vehicle to provide “jumping” current to
start other vehicles having conventional 12-volt electrical
systems, and would also allow the vehicle of the invention to
be jumpstarted similarly, 1 necessary. Provision of a 12-volt
system also allows convenient employment of conventional
automotive accessories, such as radios and the like. The
12-volt system could perhaps most conveniently be imple-
mented by a separate semiconductor-implemented voltage
conversion circuit, transtforming the 48 volts from one of the
batteries to 12 volts for jumping others, and providing the
inverse 12 to 48 volt transformation as needed. It should also
be understood that the individual batteries could be 42 volt
units, conforming to the apparent trend toward 42 volt sys-
tems for new vehicles. Further preferably, the entire battery
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bank assembly, including the relays, 1s enclosed 1n a rugged
container, significantly reducing the danger of electrical

shock and the like.

[0193] Turning now to detailed discussion of the inventive
control strategy according to which the hybrid vehicles of the
invention are operated: as in the case of the hybrid vehicle
system shown 1n the 970 patent, and as discussed in further
detail below, the vehicle of the invention 1s operated in dii-
ferent modes depending on the torque required, the state of
charge of the batteries, and other variables. Throughout, the
object 1s to operate the internal combustion engine only under
circumstances providing a significant load, thus ensuring eifi-
cient operation. In the following, the relationships between
these modes are illustrated using several different techniques,
to ensure the reader’s full understanding of various aspects of
the vehicle control strategy; some of these are seen more
clearly in one form of illustration than another.

[0194] FIG. 61llustrates the several modes of vehicle opera-
tion with respect to the relationship between the vehicle’s
instantaneous torque requirements or “road load”, the state of
charge of the battery bank 22, and time, while FIG. 7 shows
variation 1n, and the relationship between, road load, engine
torque output, and the state of charge of the battery bank over
time, that 1s, during an exemplary trip. FIGS. 8(a)-(d) show
simplified schematic diagrams of the vehicle of the invention
in 1ts principal modes of operation, showing the flow of
energy, 1n the form of electricity or combustible fuel, by
dot-dash lines, and the flow of torque by dashed lines. Finally,
FIG. 9 provides a high-level tlowchart, showing the principal
decision points in the algorithm according to which the
microprocessor operates the various components of the

hybrid vehicle drivetrain according to the imvention, and
FIGS. 9 (a)-(c) show details and modifications thereof.

[0195] Asnoted, the preferred control strategy of the mnven-
tion 1s 1llustrated 1n several different ways by FIGS. 6-9. The
same specific numerical examples for various significant con-
trol vaniables, data items, and the like are used throughout for
clanty. It will be understood that these examples would nor-
mally be expressed as ranges; although ranges are not used 1n
the following, to simplily the discussion, 1t should be under-
stood throughout that these numerical examples are exem-
plary only, and that the invention 1s not to be limited to the
exact values of the control variables mentioned herein.

[0196] Further, 1t should be realized that certain of these
control variables need not be restricted to specific numbers; 1n
some cases, the decision points may be “fuzzy”, 1.¢., so-called
“fuzzy logic” may be employed, so that while the operating
scheme retains 1ts overall characteristics, the specific values
against which the control variables and data items are tested
in 1mplementation of the control strategy according to the
invention may vary from time to time. Examples of this prac-
tice—amounting in many circumstances to modifying certain
specific values depending on other data 1tems not discussed 1n
detail, or by monitoring the vehicle’s actual usage patterns

over time—are given below.

[0197] Given these several different explanations of the
relationship between the various operating modes of the
vehicle of the invention, and specifically these different 1llus-
trations of the combinations of conditions in response to
which the microprocessor controls mode selection, one of
ordinary skill 1in the art would have no difficulty 1n 1mple-
menting the mvention.

[0198] As noted, during low-speed operation, such as in
city traffic, the vehicle 1s operated as a simple electric car,
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where all torque 1s provided to road wheels 34 by traction
motor 25 operating on electrical energy supplied from battery
bank 22. This 1s referred to as “mode I”” operation (see F1G. 6),
and 1s 1llustrated 1n FIG. 8(a). The same paths of energy and
torque may also be employed under emergency circum-
stances, referred to as mode II1 operation, as discussed below.

[0199] While operating at low speeds, e.g., when the vehi-
cle’s torque requirements (“road load”, or “RL"’) are less than
30% of the engine’s maximum torque output (“MTO”),
engine 40 1s run only as needed to charge battery bank 22.
starting motor 21 1s first used to start engine 40, and 1s then
operated as a generator by appropriate operation of inverter/
charger 23, so that charging current flows to battery bank 22.
Accordingly, clutch 51 1s disengaged, so that the road speed
of the vehicle1s independent of the speed of engine 40; engine
40 can thus be operated at relatively high output torque level,
for tuel efliciency. This “mode II”” operation 1s 1llustrated 1n
FIG. 8(b); as indicated, clutch 51 1s disengaged, so that engine
operation to charge battery bank 22 through starting motor
21, and propulsion of the vehicle by traction motor 25, are
completely independent of one another.

[0200] As in the “970 patent, engine 40 1s sized so that 1ts
maximum torque 1s suilicient to drive the vehicle in a range of
desired cruising speeds; this requirement ensures that the
engine 1s operated at high efficiency during normal highway
cruising. Therefore, when a sensed increase 1n the road load
(e.g., by a continued operator request for more power) 1ndi-
cates that the preferred operating mode 1s changing from
low-speed to highway cruising operation, the microprocessor
controls starting motor 21 by way of inverter/charger 23 to
start engine 40. When engine 40 1s essentially up to speed,
clutch 51 1s engaged, so that engine 40 drives road wheels 34
through the shafts of motors 21 and 25. When the operator
releases pressure on the accelerator pedal, indicating that a
desired cruising speed has been reached, traction motor 25 1s
accordingly depowered. The highway cruising mode 1s
referred to as “mode IV” operation, and the flow of energy
and torque are as illustrated in FIG. 8(c¢).

[0201] If extra torque 1s needed during highway cruising,
¢.g., for acceleration or hill-climbing, either or both of motors
21 and 25 can be powered. This “mode V” operation 1s 1llus-
trated 1n F1G. 8(d); energy tlows from tank 38 to engine 40,
and from battery bank 22 to traction motor 25, and possibly
also to starting motor 21; torque flows from either or both
motors and engine to wheels 34.

[0202] The flow of energy during battery charging 1s not
illustrated per se in F1G. 8, but will be understood by those of
skill 1n the art, and 1s further described below. For example,
when the engine’s 1stantaneous output torque exceeds the
road load, the starter motor 21 1s operated as a charger, sup-
plying recharging current to the battery bank. Similarly, when
the road load 1s trending downwardly or 1s negative, either the
traction motor or the starter motor, or both, can be operated as
a regenerative battery charger, supplying recharging current
to the battery bank; braking can be accomplished similarly in
response to an appropriate operator command.

[0203] FIG. 6, as indicated above, 1s a diagram 1llustrating
differing modes of operation of the hybrid vehicle powertrain
ol the invention; the modes of operation, indicated by numer-
als 1-V, are plotted on a three dimensional chart, 1llustrating
that the mode of vehicle operation as controlled by micropro-
cessor 48 1s a function of the state of charge of the battery
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bank, the instantaneous road load, and time. FIG. 7, discussed
below, further illustrates the inventive mode of vehicle opera-
tion.

[0204] FIG. 6 shows on one axis the state of battery charge
extending from 70% at the origin outwardly to a minimum
value shown o1 30%. Normally the batteries are maintained at
least 30% of full charge. Preferably, the battery bank 1s not
charged to more than 70% of 1ts theoretical full capacity; if a
number ol series-connected batteries were all charged to
100% of their nominal full charge, some would likely be
overcharged due to manufacturing variation, local tempera-
ture variation and the like, which would significantly shorten
their service life. Moreover, frequently recharging any indi-
vidual battery to 100% of 1ts theoretical capacity 1s deleteri-
ous to battery life as well.

[0205] Theroad load 1s shown in FIG. 6 on a second axis as
varying from O at the origin to 200% of the engine’s maxi-
mum torque output. (Negative road load, occurring during
descents or under braking, 1s not shown in FIG. 6 due to the
difficulty of illustration. This circumstance 1s discussed 1n
connection with FIG. 7, below.) Time 1s shown on the third
axis extending from an arbitrary point at the origin; that 1s,
FIG. 6 shows the mode of the vehicle’s operation over the next
short period of time (on the order of 30-60 seconds) from a
present istant at the onigin. Stated differently, according to
one aspect of the mvention, the microprocessor 48 controls
the vehicle’s mode of operation at any given time 1n depen-
dence on “recent history,” as well as on the instantaneous road
load and battery charge state.

[0206] More specifically, FIG. 6 shows that during city
driving (mode I), defined 1n this example as driving where the
vehicle’s instantaneous torque requirements, or “road load”,
1s up to 30% of the engine’s maximum torque, the vehicle 1s
operated as a “straight electric” car, the clutch being disen-
gaged and energy from the battery bank 22 being used to
power traction motor 25 to propel the vehicle, as long as the
battery remains charged to between 50 and 70% of its full
charge. If the charge falls to below a given value, which may
vary over time as indicated by the curved line defining the
extent ol mode II, mode II 1s entered as 1indicated, the engine
1s started, and the starter motor 21 1s operated as a generator
to charge the battery to substantially full charge. As indicated
in mode III, operation of the vehicle as an electric car may
also be permitted when the battery falls to below 40% of full
charge, for example, 11 there 1s a fault 1n the engine or charg-
ing system, but only on an emergency basis; such deep dis-
charge 1s harmiul to battery life.

[0207] During highway cruising, region IV, where the road
load 1s between about 30% and 100% of the engine’s maxi-
mum torque output, the engine alone 1s used to propel the
vehicle. Accordingly, when the microprocessor detects that
transition between regions 1 and IV 1s required (e.g., the
microprocessor can elfectively determine the road load by
monitoring the response of the vehicle to the operator’s com-
mand for more power), 1t causes the starting motor 21 to spin
the engine 40 to relatively high speed; when a desired starting
speed, typically 300 rpm, 1s reached, the electronic engine
management unit 35 and electronic fuel injection unit 56 are
controlled to fire the spark plugs and supply fuel, respectively,
starting the engine. Thus starting the engine at relatively high
rpm allows a near-stoichiometric fuel/air mixture to be used,
as compared to the much richer mixtures normally used for
starting. Emissions of unburned hydrocarbons are thus sub-
stantially reduced, and fuel economy improved.
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[0208] When the speed of the engine output shaft substan-
tially matches that of traction motor 25, clutch 31 1s engaged;
the power produced by motor 25 is reduced as that produced
by engine 40 1s increased, so that the transition between
modes I and IV 1s smooth and essentially undetected by the
operator. When the operator reduces pressure on the accel-
erator pedal 69, indicating that the desired cruising speed has
been reached, power to motor 25 1s reduced to zero.

[0209] If the operator then calls for additional power, e.g.
for acceleration or passing, region V 1s entered; that 1s, when
the microprocessor detects that the road load exceeds 100%
of the engine’s maximum torque output, 1t controls inverter/
charger 27 so that energy flows from battery bank 22 to
traction motor 25, providing torque propelling the vehicle in
addition to that provided by engine 40. Starting motor 21 can
similarly be controlled to provide propulsive torque.

[0210] Asindicated above, during highway cruising, where
the torque required to propel the vehicle varies as indicated by
the operator’s commands, the control system operates the
engine at correspondingly varying torque output levels. The
range of permissible engine torque output levels 1s con-
strained to the range 1n which the engine provides good fuel
elficiency. Where the vehicle’s instantaneous torque require-
ment exceeds the engine’s maximum efficient torque output,
¢.g., during passing or hill-climbing, one or both of the elec-
tric motors are energized to provide additional torque; where
the vehicle’s torque requirements are less than the torque then
being produced by the engine, ¢.g., during coasting, on down-
hills or during braking, the excess engine torque 1s used to
charge the batteries. Regenerative charging may occur simul-
taneously, as torque from the engine and recovery of the
vehicle’s kinetic energy both drive one or both motors oper-
ated 1n generator mode. The rate of change of torque output by
the engine may be controlled to reduce emissions, and in
accordance with the state of charge of the battery bank. FIG.
7 1llustrates these relationships.

[0211] As mentioned above, FIG. 7, comprising FIGS.
7(a)-(c), and extending over two sheets, 1s a timing diagram
showing the relationship between road load, engine torque
output, the state of charge of the battery bank, and operation
of the engine as these vary over time, during low-speed city
driving, highway cruising, and extended high-load driving,
thus further illustrating the control strategy employed accord-
ing to the mvention.

[0212] FIG. 7(a) shows the vehicle’s instantaneous torque
requirement, that is, the “road load”, by a solid line, and the
engine’s 1nstantaneous output torque by a dashed line, as
these vary over time. (The engine’s instantaneous output
torque 1s repeated in FIG. 7(c), for clarity, and in order to
clearly show certain additional aspects of the inventive con-
trol strategy.) The road load 1s expressed as a function of the
engine’s maximum torque output. Where the road load
exceeds the engine’s instantaneous output torque, the cross-
hatched areas between these two lines represent torque pro-
vided by the traction and or starting motor(s); where the road
load 1s less than the engine’s instantaneous output torque, the
cross-hatched areas represent charging of the batteries.

[0213] It will be appreciated that positive vehicle torque
demands correspond to steady-state cruising, acceleration,
hill-climbing, or the like, while negative vehicle torque
requirements correspond to deceleration or descent. The
engine’s output torque 1s constrained to the range of efficient
operation; as illustrated 1n FIGS. 7 (a) and (c), this range 1s
controlled to be between 30% and 100% of the engine’s
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maximum torque output (“MTO”). As mentioned above, 1t
will be appreciated that the 30% figure, as well as similar
figures mentioned herein, may vary without departure from
the scope of the invention.

[0214] Inthe example of vehicle operation shown in FI1G. 7,
initially the vehicle 1s operated only at road loads below 30%
of MTO, that 1s, 1n traific, as indicated at A. Accordingly, all
the torque required 1s prowded by the traction motor 25, and
the state of charge of the battery bank 22 (*BS(C”), as 111115-
trated by FIG. 7(b), corresponds dlrectly to the road load;
when the road load 1s negative, BSC increases as the battery
bank 1s charged by regenerative braking. (Changes in BSC are
significantly exaggerated in order to clearly explain the
events shown. )

[0215] At point B, the road load exceeds 30% of MTO {for
the first time on this particular trip. When this 1s detected by
microprocessor 48, starting motor 21 spins the engine 40 at
relatively high speed, and the catalytic converter 64 1s pre-
heated, causing a short drain on BSC, as shown at C. When the
engine reaches the desired starting speed, e.g. 300 RPM, and
the catalyst reaches a minimum effective operating tempera-
ture, e.g. atleast about 350° C., the engine 1s started by supply
of fuel and firing of 1ts spark plugs, and the clutch 1s then
engaged. As the engine 1s already rotating at relatively high
speed, and will have been warmed by compression of air in 1ts
cylinders during the starting process, it begins to produce
uselul torque almost immediately, as indicated at D.

[0216] Thereafter, when the vehicle’s torque requirement
exceeds the mstantaneous engine output torque, as at points
E-G and P, one or both of the traction and starting motors 25
and 21 are powered to provide additional torque to the road
wheels, that 1s, the vehicle 1s operated 1n mode V. While the
road load RL remains within the engine’s efficient operating
range, e.g., while 30% MTO>RL>100% of MTO, the vehicle
1s operated 1n mode IV. During mode IV operation, 1 the
engine’s instantaneous torque output exceeds the vehicle’s
torque requirement, but the battery 1s relatively fully charged,
as at point H, the engine’s torque output 1s reduced to match
the road load; when MTO exceeds the road load, and BSC
falls below a predetermined level (see FI1G. 7(b)), as at I and
I, the excess torque available from engine 40 1s used to charge
the batteries, as indicated at K and L (FIG. 7(c)). When the
vehicle’s torque requirement 1s less than the minimum per-
missible engine torque output, as at M, the engine 1s again
used to charge the batteries, and regenerative braking 1s also
performed, further charging the batteries. IT the batteries
become substantially fully charged, e. 2. during a long
descent, as at N, the engine may be shut oif entirely, as seen at
Q 1n FIG. 7(c¢).

[0217] More particularly, during deceleration or “coast-
down”, the engine may be “motored™, that 1s, driven by torque
from the wheels, Wlth the clutch engaged but with at least the
tuel supply shut ofl. In addition to using no fuel, this has the
advantage that when the operator next requires torque, e.g.,
when reaching the point at the bottom of a hill, the engine 1s
rotating and can be immediately restarted by supply of fuel.
The exhaust valves might be opened during the motoring of
the engine to reduce pumping losses.

[0218] The rate of change of the engine’s torque output 1s
limited, e.g., to 2% or less per revolution, as indicated by
noting that the dashed line 1n FI1G. 7(a), indicating the 1instan-
taneous engine output torque, lags the solid line indicating the
vehicle’s instantaneous torque requirement. Thus limiting the
rate of change of engine output torque 1s preferred to limit
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undesirable emissions and improve fuel economy; that is, as
the stoichiometric fuel/air ratio varies somewhat as the load
changes, simply opening the throttle and causing additional
tuel to be 1mjected (as 1s typically practiced) upon the opera-
tor’s depressing the accelerator pedal would result 1n non-
stoichiometric, inefficient combustion. According to this
aspect of the invention, the rate of change of engine torque 1s
limited; this provides suilicient time for the essentially con-
ventional electronic engine management and electronic fuel
injection systems, which comprise a “lambda sensor” 47
(FIG. 3) for monitoring the oxygen content of the exhaust gas
stream as an indication of stoichiometric combustion, to
respond as the load changes, preserving stoichiometric com-
bustion and reducing emission of unburned fuel.

[0219] The maximum permissible rate of change of engine
output torque also may be varied 1n accordance with the state
of charge of the batteries; more specifically, 11 the batteries are
relatively discharged, 1t may be preferable to allow the
engine’s output torque to ramp-up more quickly than other-
wise, 1n order to limit the amount of electrical power drawn
from the batteries 1n response to an acceleration command.
More generally, 1t 1s preferred to operate the engine so as to
limit the amount of power drawn from the batteries, as there
are unavoldable losses attendant on conversion of energy
stored 1n the batteries to motor output torque, and during the
corresponding recharging period.

[0220] As mentioned above, FIG. 9 1s a high-level tlow-
chart of the principal decision points in the control program
used to control the mode of vehicle operation. Broadly speak-
ing, the microprocessor tests sensed and calculated values for
system variables, such as the vehicle’s istantaneous torque
requirement, 1.¢., the “road load” RL, the engine’s instanta-
neous torque output I'TO, both being expressed as a percent-
age ol the engine’s maximum torque output MTO, and the
state of charge of the battery bank BSC, expressed as a per-
centage of 1ts full charge, against setpoints, and uses the
results of the comparisons to control the mode of vehicle
operation.

[0221] As noted above, certain control decisions mvolved
in the iventive control strategy illustrated i FIG. 9, and
described therein as being determined 1n response to precise
criteria (1n order to clearly present the main features of the
inventive operating strategy), may instead be usefully some-
what “fuzzy”’; 1n the present application, this term 1s intended
to indicate that the value of a setpoint (for example) may vary
somewhat 1n response to recent history, or in response to
monitored variables not discussed above. As mentioned
above, 1t 1s also to be understood that the values given above
for various numerical quantities may vary somewhat without
departing from the invention. Specific alternatives are pro-
vided below for steps set forth in FIG. 9 that implement
certain of these alternatives.

[0222] Forexample, in the example of the inventive control
strategy discussed above, 1t 1s repeatedly stated that the tran-
sition from low-speed operation to highway cruising occurs
when road load 1s equal to 30% of MTO. This setpoint,
referred to 1n the appended claims as “SP”, and sometimes
hereinafter as the transition point (1.¢., between operation in

modes I and I1V) 1s obviously arbitrary and can vary substan-
tially, e.g., between 30-50% of MTO, within the scope of the

invention.

[0223] It 1s also within the scope of the invention for the
microprocessor to monitor the vehicle’s operation over a
period of days or weeks and reset this important setpoint in
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response to a repetitive driving pattern. For example, suppose
the operator drives the same route from a congested suburban
development to a workplace about the same time every mom-
ing; typically the road load might remain under 20% of MTO
for the first few minutes of each day, then vary between 0 and
50% of MTO for another few minutes as the operator passes
through a few traffic lights, and then suddenly increase to
150% of MTO as the operator accelerates onto a highway. It
1s within the skill of the art to program a microprocessor to
record and analyze such daily patterns, and to adapt the con-
trol strategy accordingly. For example, 1n response to recog-
nition of a regular pattern as above, the transition point might
be adjusted to 60% of MTO; this would prevent repetitive
engine starts as the road load exceeded 30% of M'TO for a few
hundred vyards at a time, as might often occur in. suburban
traffic. similarly, the engine starting routine might be initiated
alter the same total distance had been covered each day.

[0224] It 1s also within the scope of the invention to make
the setpoint SP to which the road load 1s compared to control
the transition from mode I to mode IV somewhat “fuzzy”, so
that SP may vary from one comparison of road load to MTO
to the next depending on other variables. For example, as
discussed above, i during low-speed operation the operator
depresses the accelerator pedal rapidly, this can be treated as
an 1indication that tull power will shortly be required, and the
engine-starting operation begun before the road load reaches
any particular setpoint SP.

[0225] The value of the transition point may also vary in
dependence on the mode of operation in effect when the road
load equals a given setpoint SP. For example, suppose the
setpoint at which the mode of operation i1s controlled to
change from the low-speed mode to the highway cruising
mode 1s normally set to 30% of MTO, as in the examples
discussed above. If traific conditions were such that the road
load fluctuated around this value, and engine operation were
controlled solely 1n response to road load, the engine would
be repeatedly started and shut off as the road load exceeded
30% of M'TO for a few hundred yards at a time, and then fell
back below 30% of MTO, as might often occur 1n suburban
traffic. Repeated restarts might also occur 1f the road load
averaged over 30% of MTO but occasionally dropped below
this value, as might occur in moderate-speed, tlat-road cruis-
ng.

[0226] By monitoring the road load over time, and compar-
ing 1t to different setpoints accordingly, much of this unde-
sirable repetitive sequence of engine starting and shut-off can
be eliminated. It might be preferable to commence mode IV
operation upon the occurrence of differing conditions; for
example, mode IV might be entered from mode I only after
the road load exceeded a first, lower setpoint SP for an
extended period of time, so that the engine would be run for
extended low-speed cruising, but to start the engine immedi-
ately 1t the road load exceeded a higher setpoint SP2, e.g. 50%
of MTO, as during acceleration to highway speed. Similarly,
the engine might preferably be shut down only 11 the road load
was less than a mimimum setpoint for mode IV operation for
an extended period of time. Thus providing “hysteresis™ in the
mode-switching determination would limit repetitive engine
starts 1n certain types of driving. These limits could be further
adjusted as the driving pattern became clear, 1.¢., as discerned
by the microprocessor.

[0227] In a further refinement, the setpoint at which the
engine 1s shut off as the road load dropped below the usual
minimum value for mode IV operation could vary dependent
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on BSC; 11 the batteries were substantially fully charged, the
engine might be shut off as road load dropped below 30% of
MTO, but 1t their charge was lower the engine might be
controlled to continue to run, even at a stop, 1.e., zero road
load, to charge the batteries. Of course, the clutch would still
have to be disengaged at when the road load fell below
20-30% of MTO, 1 order that the engine could run at an
elficient speed for production of torque.

[0228] FIG. 9 thus shows the main decision points of the
control program run by the microprocessor, with the transi-
tion point between mode I, low-speed operation, and mode IV
highway cruising, set at a road load equal to 30% of MTO.
Examples are then given for some of the various options
discussed above, by substituting various of the decision
points with alternatives indicated below. Other optional
points not specifically shown but discussed herein are within
the scope of the invention.

[0229] The control program 1s entered at step 100, where
the microprocessor determines whether the road load RL 1s
less than 30% of MTO. If the answer 1s yes (Y ™), the clutch
1s disengaged 11 necessary as indicated at steps 103 and 105.
The state of Charge of the battery bank BSC 1s then tested at
step 110; 1f BSC 1s between 50 and 70% of full charge, the
vehicle can operate for some time as a straight electric
vehicle, and mode I 1s accordingly entered as 1ndicated at
115. A “mode I”” loop 1s then established, including steps 100,
103, and 110; as long as all conditions tested in these steps
remain stadle,, the vehicle continues to be operated 1n mode 1.

[0230] However, if at step 110 1t was determined that BSC
was less than 50% of its maximum value (“N”°), the engine
should be run, 11 possible, to charge the battery bank, up to, for
example, 75% of its maximum charge, as tested at step 120. If
the engine 1s already running, as tested at step 123, the battery
1s charged as indicated at 130, and a stable “mode II”” loop, as

noted at 135, 1s established including steps 100, 103, 110,
120, 125, and 130. (Normal operation of step 110 would be
bypassed or disabled 1n this mode to prevent battery charging,
from being stopped when BSC reaches 70%). If the engine 1s
not running, an engine starting subroutine (shown separately,
by FIG. 9(a), 1s entered, as indicated at step 140.

[0231] Intheengine starting subroutine, beginning with the
‘enter’ block 141, the clutch 1s disengaged 11 necessary at
steps 142-143, and the catalyst temperature 1s tested at 145, to
determine whether 1t 1s at least about 350° C.; the catalyst 1s
heated as necessary, as indicated at 150. When the catalyst 1s
heated suitably, the engine 1s then spun by the starter motor
until a desired starting speed 1s reached, as indicated by the
loop including blocks 155 and 160. When the engine reaches
its desired starting speed, 1t 1s started at step 1635, by supply of
tuel and firing of 1ts spark plugs, concluding the engine start-
ing subroutine as indicated by ‘return’block 170. If the engine
starting subroutine was entered from the mode II loop, as

above, the battery bank may then be charged as indicated at
130.

[0232] If in performance of step 120 1t appeared that BSC
was less than 40%, which would only occur upon failure of
the engine or charging system, step 175 may be performed;

thus, 11 30%<BSC<40%, the vehicle may be operated in mode
I1I as an electric car, to previde emergency operation. How-
ever, this should be strictly limited to avoid deep discharge of
the battery bank, tending to shorten 1ts useful life. As 1ndi-
cated at 177, the vehicle 1s completely disabled 11 BSC {falls
below 30%.
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[0233] If RL is determined to exceed 30% of MTO 1n step
100, the program goes to step 180, where the term
30%>RL>100% 1s evaluated; that 1s, the microprocessor
determines whether the road load 1s appropriate for highway
cruising 1 mode IV. If so, and if the engine 1s runmng, as
tested at step 190, a stable loop including steps 180 and 190 15
established; the system remains 1n mode 1V, as indicated at
185, until the state of one of these tests changes.

[0234] Ifin step 190 it 1s determined that the engine 1s not
running, the engine start subroutine, starting with step 140 as
discussed above, 1s entered as indicated at 195; upon return, at
200, the clutch 1s engaged at 210, and the loop including steps

180 and 190 1s entered.

[0235] Asnoted, in step 180 1t 1s determined whether RL 1s
between 30 and 100% of MTO; 11 not, 1t 1s determined 1n step
220 whether RL 1s greater than 100% of MTO. If so, mode V
1s entered, and the traction motor (and optionally the starting
motor) 1s powered to provide additional torque propelling the
vehicle, as indicated at 230. A loop including steps 220 and
230 1s thus established, so that mode V remains stable until
the state of the test performed in step 220 changes.

[0236] When in performance of step 220, 1t appears that RL
1s now less than 100% of MTO, 1t 1s then determined 1n step
215 whether RL 1s less than 30% of MTO. If so, the engine 1s
shut off, as indicated at 240, and the program returns to step
100; if not, the program 1s returned to step 180.

[0237] It will be appreciated that according to the FIG. 9
flowchart, 1t 1s possible for the system to proceed directly
from mode I to mode V, that is, from step 100 to step 220, 1f
the road load rapidly increases from less than 30% of MTO to
more than 100% of MTO. Permitting the operator to thus
operate the system 1s an important safety feature, for example
when fast acceleration from a stop 1s required to merge nto
highway traffic. In these circumstances the engine would not
be running during 1nitial operation in mode V, necessitating a
significant drain on the battery bank and overdriving the
traction motor. Accordingly, steps equivalent to steps 190,
195, and 210 (including the engine starting subroutine) are to
be understood to follow step 220 and precede step 230. That
1s, 1n the event mode IV was effectively omitted 1n passing
directly from mode I to mode V, the engine 1s started and the
clutch engaged as soon as possible; these duplicate steps are
not shown, for clarity.

[0238] In the above discussion of FIG. 9, 1t was assumed
that the transition point between low-speed and highway
operation 1s set so that the transition occurs when the road
load 1s equal to 30% of MTO under all circumstances. How-
ever, as discussed above, 1t may be desirable to operate the
system so that the vehicle goes from the low-speed mode I to
the highway-cruising mode IV at a ugherroadload, e.g., 50%
of MTO, than the road load at which the low-speed mode 1s
reentered, e.g., when road load 1n mode 1V {falls to below
20%. This “hysteresis” of the mode switching point—ior
example, allowing the vehicle to accelerate in mode I up to
road loads of up to 50% of MTO, but not shutting the engine
off, ending mode IV operation, until road load falls below
20% of MTO—avoids excessive mode-switching during
periods of fluctuating road load.

[0239] For example, 1n typical. suburban traflic, one might
commonly accelerate past 30% of MTO, to what might oth-
erwise be a normal cruising speed, but stop again shortly
thereaiter; 1t would be 1neificient to thus repetitively stop and
restart the engine as the load fluctuates around 30%. Hyster-
esis might similarly be useful 1n avoiding needless mode
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switching 1n moderate-speed, flat road cruising 1n mode 1V,
when the road load might well occasionally drop below 30%;
again, 1t would be neificient to repeatedly shut off and restart
the engine.

[0240] Thus providing differing mode switching points
depending on the direction of the change 1n road load can be
accomplished readily by monitoring the road load RL as a
function of time, and taking appropriate control action. For
example, 1 the system 1s maintained in mode I until RL
exceeds the “normal” 30% of MTO mode switching point for
a period of, for example, 30 seconds, and without exceeding
50% of MTO, the excessive mode switching otherwise likely
to be encountered 1n suburban tratfic can be largely avoided.
FIG. 9(b) shows a step 100' replacing step 100 1n FIG. 9 and
implementing this “low-speed hysteresis™. As indicated, the
system remains in the low-speed mode I as long as RL 1s less
than 30% of MTQO, or unless RLL exceeds 30% of MTO for
more than 30 seconds, or exceeds 50% of MTO: 1f either of
the latter conditions occurs, the program goes to step 180,
initiating mode IV operation.

[0241] Similarly, hysteresis inmode IV cruising, in order to
implement excessive mode shifting that might otherwise
occur 1f the road load fluctuates around a fixed mode switch-
ing point, can be implemented by simply providing that the
system remains in mode IV as long as RL remains between 30
and 100% of MTO, unless RL 1s less than RL. for more than 30
seconds, or exceeds 100% of MTO. This can be implemented
as shown 1n FIG. 9(c); a revised step 215' replaces step 215 of
FIG. 9, and provides that, 1f the system 1s 1n mode IV, unless
RL 1s less than 30% of MTO for more than 30 seconds, step
180 1s re-entered, thus preserving the “mode IV loop™; when
RL 1s less than 30% of MTO for more than 30 seconds, the
engine 1s shut down, at step 240, control 1s passed to step 100,
and mode I re-entered.

[0242] Numerous further modifications to the detailed con-
trol strategy of the invention as illustrated in FIGS. 6-9 will
occur to those of skill 1n the art, and are within the scope of the
invention. For example, 1t may be desirable to vary the opera-
tion of the system insofar as responsive to BSC 1n accordance
with monitored variables indicative of battery temperature,
ambient temperature, and the like; €.g., on a hot day it may be
advisable to avoid charging the battery bank to more. than
60% of 1ull charge, as this may cause overheating. Further, as
noted above the transition points between modes I, IV, and V
in particular may vary 1n accordance with the operator’s com-
mands, so as to provide maximum vehicle responsiveness for
safety and ease of consumer acceptance, and over periods of
days or weeks, as the microprocessor builds up a detailed
historical record of the vehicle’s usage pattern, from which an
optimized control strategy may be dertved.

[0243] It may also be possible to provide the microproces-
sor with useful control information from the operator, without
requiring the operator to understand the workings of the sys-
tem 1n detail. For example, operators are now well-accus-
tomed to set a “cruise control” when a desired cruising speed
1s reached; therealter, existing engine management systems
control the instantaneous engine torque output with respectto
variation 1n the road load to maintain vehicle speed substan-
tially constant. It would be a to simple matter for the micro-
processor to accept a desired cruising speed thus mput by the
operator, as indicated in FIG. 4. The operator would then be
relieved of continuous throttle control, and the microproces-
sor would similarly control the instantaneous engine torque
output with respect to variation in the road load to maintain

[l

Jul. 9, 2009

vehicle speed substantially constant, both as conventional;
however, according to the invention, the microprocessor
would also reset the transition point so that the system would
remain in cruising mode I'V until the operator had indicated to
the contrary, 1.e., by exiting cruise mode.

[0244] As discussed above, according to a further embodi-
ment of the invention, additional flexibility 1s provided to the
hybrid vehicle as described above by providing a turbo-
charger 100, also controlled by the microprocessor 48, so as
to be operated when usetul 1n turther improving vehicle effi-
ciency and drivability and not at other times. Providing the
“turbocharger-on-demand™ allows the engine to function eifi-
ciently i different torque output ranges, as needed. Essen-
tially, the turbocharger 100 1s employed only when the vehi-
cle’s torque requirements, the “road load” as above, exceeds
the engine’s normally-aspirated maximum torque capacity
for arelatively extended period T of time, for example, during
extended high-speed driving, towing a trailer, or driving up a
long hill. Where the road load exceeds the engine’s maximum
torque for a relatively short period less than T, the traction
motor (and possibly also the starting motor) are used to pro-
vide additional torque, as in the *970 patent and above.
According to a further aspect of the invention, the period T 1s
controlled in response to the state of charge of the battery
bank; when the battery bank 1s relatively depleted, the turbo-
charger 1s activated sooner than otherwise, so as to preserve
the battery bank.

[0245] As 1s well known to those of skill in the art, a tur-
bocharger 100 (see FIG. 11) typically comprises two turbine
wheels 102 and 104 on a common shaft 106, referred to herein
as the exhaust-side and air-side wheels respectively. The flow
of exhaust gas from engine 40 causes exhaust-side wheel 102
to spin; air-side wheel 104 1s driven by shatt 106, drawing air
into the body of turbocharger 100 through air filter 110. Waste
heat 1n the exhaust stream 1s thus effectively recovered by
compressing the intake air, which is then ducted to the intake
manifold 122 of engine 40. Additional fuel can be burned in
the additional air thus provided, so that additional torque 1s
produced. The compressed air may be cooled adiabatically by
heat exchange with ambient air 1n intercooler 117 1f desired,
further improving thermal efficiency of engine 40.

[0246] Intypical turbocharger operation, a “wastegate” 114
1s provided to limit the exhaust pressure incident on exhaust-
side wheel 102, thus limiting the speed of air-side wheel 104
and regulating the “boost” provided by the turbocharger. The
waste gate may be spring-loaded to open at a fixed boost
pressure (as typically provided to regulate the output of tur-
bocharged racing engines) or may be controlled in a feedback

loop using the pressure 1n the engine intake manifold as the
control variable. See Automotive Handbook, 2nd Ed., Robert
Bosch GmbH (1986), p. 356.

[0247] Further, 1n conventional practice, the turbocharger 1s
used at all times, and the engine’s design 1s optimized accord-
ingly. For example, turbocharged gasoline engines typically
have compression ratios ol 7 or 8 to 1, as compared to 9-11 to
1 for normally-aspirated engines. Neither practice 1is
employed according to the present invention; the turbo-
charger 1s controlled by the microprocessor to operate only
when needed, and the engine’s compression ratio, and other
design parameters, are selected based on design criteria rel-
evant when operated 1n the normally-aspirated mode.

[0248] According to the present invention, the waste gate
114 1s controlled by the microprocessor 48; except under
circumstances when the extra power provided by turbocharg-
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ing 1s needed, the waste gate 114 1s open (as shown 1n FIG. 1),
so that the engine exhaust essentially bypasses the turbo-
charger 100. A valve 120, also controlled by microprocessor
48, may also be provided in the duct connecting the air side of
the turbocharger 100 and the intake manifold 122 of the
engine, so that the engine 40 draws air through the turbo-
charger only when 1n use; a second air filter 124 1s then also
provided.

[0249] Commonly, turbocharging for automotive use 1is
employed in order that relatively small-displacement engines
will produce high horsepower at the upper end of their oper-
ating range; the other design parameters of such engines (e.g.,
camshailt profiles) are chosen similarly. Engines thus opti-
mized for high-rpm horsepower produce reduced low-speed
torque, that 1s, are “peaky” compared to normally-aspirated
engines. A variable-ratio transmission 1s essential to obtain
reasonable acceleration from low speeds. Stated differently,
turbocharging as usually implemented for automotive use
provides relatively high torque at the upper end of the
engine’s speed range, but relatively poor torque at lower
speeds; such an engine would be unsuitable 1n practice of the
present invention. Moreover, turbocharged engines typically
sulfer “turbo lag™”, that is, slow response to sudden increase 1n
torque required. As discussed further below, this particular
problem 1s overcome by use of the turbocharger in a hybrid
vehicle according to the invention.

[0250] Those of skill in the art will recognize that turbo-
charged engines are also used in heavy-load road vehicle
applications, such as trucks and the like, but these vehicles
demand transmissions having 12, 16, or more ratios, so that
the engine’s narrow power peak can be matched to the load,
and exhibit extremely poor acceleration, as well as excessive
gear-changing and cost, all of which would be unacceptable
to the ordinary motorist. Thus, normally-turbocharged
engines, ol both the low-speed truck type, or the high-speed
automotive type, are not satisfactory in implementation of the
present invention.

[0251] As also noted above, as conventionally employed, a
turbocharger 1s used at all times. By comparison, according to
the present ivention, the turbocharger 1s controlled by the
microprocessor 48 to be used only under specified driving
conditions, allowing the engine to be operated efficiently 1n
other modes.

[0252] FIG. 12, as indicated above, 1s a diagram compa-
rable to FIG. 6. The differing modes of operation of the hybrid
vehicle powertrain of the mnvention shown thereon are 1den-
tical to those of the FIGS. 3 and 4 vehicle 1llustrated 1n FIG.
6, with the addition of turbocharged mode VI. Similarly, FIG.
13 1s stmilar to FIG. 7, butillustrates the operation of a vehicle
including a ““turbocharger-on-demand” according to this
aspect of the mvention.

[0253] Asshown in FIG. 12, according to this aspect of the
present invention, a further region VI1s provided, wherein the
turbocharger 100 1s activated by the microprocessor 48 when
it detects that the road load has exceeded the engine’s maxi-
mum output for more than a period of time T. Typically these
events will occur when the vehicle 1s towing a trailer or 1s
otherwise heavily laden, 1s climbing a long hill, or 1s operated
at high speed for a long period of time.

[0254] More specifically, when the road load only exceeds
the engine’s maximum power for a short time, less than T, as
during acceleration onto a highway or during passing, the
traction motor 1s employed to provide the additional torque
required, as described above. When the road load exceeds the
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engine’s maximum power for a time greater than T, the tur-
bocharger 1s energized by closing waste gate 114, and oper-
ating valve 120, 11 provided, to open the duct between the
air-side of turbocharger 100 and the intake manifold 122 of
engine 40. As the turbocharger “spools up” to 1ts operating
speed range, the maximum torque produced by engine 40
increases, and the torque produced. by traction motor 25 1s
gradually reduced. This sequence of events 1s discussed fur-
ther below 1n connection with FIG. 13.

[0255] FIG. 12 also shows, by the angle of the line separat-
ing regions V and VI with respect to the t=0 plane, that T can
vary with the state of charge of the battery bank 22; when the
battery bank 1s fully charged, T 1s longer—that is, energy
from the battery bank 1s used to satisiy road load 1n excess of
the engine’s maximum torque output for a longer period—
than when the battery bank 1s relatively less fully charged.
The turbocharger can also be operated to provide additional
engine power when full acceleration 1s needed, e.g., upon
detection of the operator’s aggressively pressing the accelera-
tor pedal down completely.

[0256] As mentioned above, FIG. 13, comprising FIGS.

13(a)-(c), and extending over two sheets, 1s a timing diagram
showing the relationship between road load, engine torque
output, the state of charge of the battery bank, and operation
of the engine 1n electric car, normally-aspirated and turbo-
charged modes as these vary over time, during low-speed city
driving, highway cruising, and extended high-load driving,
thus further 1llustrating the control strategy employed accord-
ing to the mvention. FIG. 13 1s essentially identical to FIG. 7,
with the addition of illustration of the operation of turbo-
charger 100 when the road load exceeds 100% of MTO {for

more than a period of time T.

[0257] Thus, as shown 1n FIG. 13(a) att,, t,, t,, and t, the
microprocessor monitors the length of time t during which
road load exceeds 100% of MTO, and compares t continually
to a value T preferably varied 1n accordance with BSC; this 1s
shown by the relative lengths of the arrows marked T on FIG.
13(b). While t<T, as at E, F, and G 1n FIG. 13(a), the excess
torque required by the road load 1s provided by either or both
of the traction and starting motors, drawing power from the
battery bank. Note that the motors together are rated to be
capable of continuously providing torque up to at least 100%
of MTO, 1n accordance with the 970 patent; this allows the
motors to provide adequate torque for good vehicle perfor-
mance without a variable-ratio transmission. The motors may
also be overdriven to provide more than their rated torque,
well over 100% of MTO, for short periods of time, t<T, as at
F; as noted, according to an important aspect of the invention,
where torque 1n excess of MTO 1s needed for a longer period
of time, t>T, the turbocharger 1s activated.

[0258] Thus, when t,=7T, as at P, the microprocessor acti-
vates the turbocharger essentially as discussed above, that 1s,
by closing waste gate 114 and valve 120 (if provided). As the
turbocharger “spools up”, which may take some seconds, and
the boost 1t provides increases, as indicated at ), the torque
provided by the traction motor (and possibly also by the
starting motor) 1s decreased accordingly, as indicated at R.
The operator need not be aware of or take any action to 1initiate
the turbocharger’s activation; this 1s controlled by the micro-
processor 1n response to momtoring the road load over time
and the state of charge of the battery bank.

[0259] As discussed in connection with both FIGS. 12 and
13, T 1s preterably varied in accordance with BSC, so that the
turbocharger 1s activated relatively sooner when BSC 1s rela-
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tively low; this limits the amount of energy drained from the
battery during operation of the engine and the traction motor

(or both motors) when the road load exceeds 100% of MTO,
so that BSC does not fall to an undesirably low value.

[0260] Those ofskill in the art will recognize that provision
of a microprocessor-controlled turbocharger in a hybnd
vehicle according to the ivention permits operation 1n an
additional mode, providing increased flexibility 1n the opera-
tional scheme provided; essentially the turbocharger provides
a larger engine only when needed, at no cost in efficiency at
other times. This 1s particularly significant in meeting the
goals of the hybrid vehicle of the invention. More specifically,
in addition to the operational advantages noted, provision of
a “turbocharger-on-demand” 1n the hybrid vehicle according
to the mvention allows the engine to be smaller than other-
wise, that 1s, to provide adequate highway performance in a
vehicle of a given weight. As the starting motor/generator
must be sized such that when 1t 1s operated to charge the
batteries (e.g., in extended city driving) 1t loads the engine
adequately that the engine 1s operated efliciently, employ-
ment of a smaller engine allows use of a smaller generator
motor. For similar reasons, provision of a smaller engine
allows 1t to be used to efficiently propel the vehicle 1n high-
way driving commencing at lower average speeds, resulting
in turn in better fuel economy. By providing the “turbo-
charger-on-demand” according to the invention, all these
advantages can be realized without sacrifice in the ultimate
performance of the vehicle.

[0261] As noted above, one convemient implementation of
the “turbocharger-on-demand”™ according to the mvention 1s
to operate the wastegate by a solenoid or the like controlled by
the microprocessor, that 1s, to employ the wastegate as a
bypass valve except when turbocharged operations are
desired. A separate bypass valve might also or alternatively be
provided. The wastegate 1s still preferably implemented as a
spring-loaded relief valve, as 1llustrated 1n FIG. 11, and as
generally conventional, to limit the “boost” provided. It 1s
also within the imvention to operate the waste gate to take
intermediate positions, that 1s, between fully-open and closed
positions, so as to limit the torque to limit wheelspin as
detected, and to keep the turbocharger wheels spinning at an
intermediate speed, to reduce the time necessary to “spool
up” to full speed. It 1s also within the ivention to adjust the
wastegate responsive to an atmospheric-pressure signal pro-
vided by a suitable sensor 107 (FIG. 11) to ensure that
adequate boost 1s provided at higher altitudes to ensure
vehicle performance.

[0262] It will also be appreciated that a supercharger, that
1s, a positive-displacement air pump driven by the engine,
could be used to implement the differing modes of vehicle
operation illustrated in FIGS. 12 and 13; for example, the
supercharger’s operation could be controlled by the micro-
processor by driving it through an electrically-controlled
clutch, and this 1s accordingly within the invention. However,
this would be less ellicient than turbocharger operation, as
turbocharging effectively recovers some of the waste heat in
the engine exhaust by compressing the air reaching the nlet
manifold, while supercharging consumes engine torque. Tur-
bocharging, as discussed in detail, 1s accordingly preferred.

[0263] Itwill therefore be appreciated that by providing the
internal-combustion engine of a hybrid vehicle with a turbo-
charger controlled by the vehicle’s controller to operate only
during extended periods of high torque requirements, a num-
ber of important advantages are realized, both as compared to
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a conventional system wherein the turbocharger 1s continu-
ally activated, or as compared to a large engine having the
same maximum torque as the smaller turbocharged engine.
As to the latter, as explained above all internal combustion
engines are extremely inefficient, except when operated at
near peak torque output; the larger the engine, the less fre-
quently this will occur. As to the former, employing a con-
ventionally-turbocharged engine, having the typical “peaky™
torque curve, would not allow the engine to be used to propel
the vehicle during highway driving without a variable-speed
transmission. Instead, by providing a “turbocharger-on-de-
mand”, that 1s, which 1s only employed when 1t 1s actually
needed, the vehicle of the mmvention can employ a small
engine optimized for its main function of propelling the
vehicle efficiently during highway cruising, and which 1s
operable as a much larger engine when needed.

[0264] Other advantages provided by the invention include
the fact that as the wastegate 1s. normally open, the exhaust
temperature will stay high, optimizing catalytic converter
performance; as conventionally implemented, cooling of the
exhaust gases as their energy 1s removed in spinning the
turbocharger rotor can prevent good catalytic converter per-
formance, especially at low speeds. Further, because the trac-
tion motor provides additional torque when needed, the
“turbo lag” experienced in conventional turbocharged
vehicles as the turbocharger “spools up” when the operator
calls for more power 1s eliminated.

[0265] When constructed and operated according to the
invention, that 1s, as a hybrid vehicle having an internal-
combustion engine with a turbocharger controlled by the
vehicle’s controller to operate only during extended periods
of high torque requirements, even a heavy vehicle having
poor aerodynamic characteristics, such as a sport-utility
vehicle or van, can offer good acceleration and hill-climbing
and towing ability, while still providing extremely good fuel
cconomy and extremely low emissions.

[0266] Another aspect of the invention concerns the
method of sizing the various components of the system.
Examples were given above of component selection for a
vehicle not including a turbocharger according to this aspect
of the present invention. Using as a further example a 5,500
pound “sport-utility vehicle” (“SUV™) required to have rea-
sonable acceleration and passing performance even while
towing a 6,000 pound trailer, sizing of the components of the
hybrid drive system of the present invention 1s preferably
accomplished as follows:

[0267] 1. An internal combustion engine 1s selected which
has suilicient torque to drive the SUV without trailer at
medium to high speed along a moderate grade. More specifi-
cally, a typical specification will require that the engine be
suificiently powertul to proceed up a 6% grade of unlimited
extent at 50 mph. An engine of 100 hp at 6,000 maximum
RPM 1is appropriate to meet this requirement for the SUV
described above.

[0268] 2. Ifatrailer1s to be towed, a turbocharger, operated
as above, 1s added. The turbocharger 1s s1zed so that when 1t 1s
operated the engine provides up to 140 hp.

[0269] 3. The charger motor 1s sized so as to provide an
engine load equal to approximately 70% of the engine’s
maximum torque at a suitable engine speed. In this way fuel
1s used efliciently during battery charging, as discussed
above. In the example, the charger motor 1s preferably an
induction motor of 135-30 hp capacity, possibly configured as
a “faceplate” or “pancake” type, essentially forming the fly-
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wheel of the engine. Such a motor can be operated as a
generator requiring 20-22 hp, which 1s 70% of the maximum
torque produced by the engine specified above when operated
at 1200-1500 rpm; battery charging can thus be accomplished
in a very fuel-eflicient manner. This 1s essentially equivalent
to specilying the starter/generator based on its ability to
accept at least about 30% of the engine’s maximum torque
output (MTQO, as above); 1n this way the engine 1s operated at
a Tuel-etlicient power level during charging.

[0270] 4. The traction motor 1s sized to provide adequate
torque at zero speed to overcome the maximum grade speci-
fied from rest, with the starter motor assisting as needed. In
the example the traction motor may be an induction motor of
100 hp, with a maximum speed of 16,000 rpm, and be con-
nected to the drive wheels through a chain drive providing the
appropriate reduction ratio. It will be appreciated that 1n this
example the total torque available from the starting and trac-
tion motors combined exceeds that provided by the engine, in
accordance with an aspect of the invention of the 970 patent.
[0271] 5. The torque vs. speed profile of the traction motor
1s selected to allow city driving, in particular, to provide
acceleration suificient to conform to the Federal urban driv-
ing fuel mileage test (“FUDS”), without use of torque from
the engine.

[0272] 6. The battery capacity 1s then selected to provide
suificient cycle life, 1.e., so as not to be overstressed by deep
discharge over many repetitive driving cycles. Inthe example,
an 800 v, 8.5 KAH battery pack 1s provided. The battery bank
should be sized and arranged so that the maximum current to
be absorbed with the starter/generator being driven at 30% of
MTO 1s no more than 50 amperes.

[0273] 7. Finally, the controller 1s provided with software to
implement the control scheme described 1n detail above, that
1s, 1o use the traction motor as the only source of drive torque
at low speed, to start the engine when the road load increases
beyond a setpoint, to operate the turbocharger when the road
load exceeds the engine’s maximum torque for more than a
prescribed time T, which may be varied 1n accordance with
the state of charge of the batteries, and otherwise as described
above. Essentially, the controller 1s operated so that the
engine 1s only operated 1 a fuel-efficient range, e.g., driving
a load at least equal to 30% of MTO.

[0274] Simulations show that vehicles configured as above
will generally be capable of 80-100% 1mprovement 1n fuel
economy with respect to conventional vehicles of similar
s1ze, weight and performance characteristics.

[0275] Further Improvements According to the Continua-
tion-in-Part Component Specification

[0276] Inaddition to the methods of sizing the components
of the powertrain and ancillary components set forth above,
another method of doing so i1s generally as follows. As set
torth above, 1t 1s desirable for a number of reasons to operate
the system of the invention at relatively high voltages, e.g.,
800V or above, 1n the case of larger vehicles; this reduces the
current tlowing throughout the system, which allows use of
plug-in rather than bolted connectors, allows use of mnexpen-
stve automatic disconnects, and reduces resistance heating
losses.

[0277] More particularly, suppose that the “average maxi-
mum’” current (e.g., defined as the maximum current flowing,
for more than, for example, thirty seconds; under. most cir-
cumstances, the average current would be much less) 1s con-
trolled to be 50 A. This allows use of mmexpensive mass-
produced plug-in connectors, and can be controlled by
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inexpensive mass-produced power electronic components, as
needed to construct the inverter/charger units. These compo-
nents can be designed to conduct up to approximately 200 A
for up to thirty seconds, so that full acceleration can be pro-
vided for a time suificient for the vehicle to reach essentially
its maximum speed; according to this aspect of the invention,
the peak current can accordingly be set at, for example, 150 A,
and the power electronics components then sized based on
this value.

[0278] More particularly, it appears usetul to size the com-
ponents with respect to one another, 1n particular, the battery
bank with respect to the traction motor(s), so that the peak
current 1s no more than about 150 A, and so that under peak
clectrical loading (usually under acceleration) a ratio of at
least 2.5:1 of the battery voltage to the peak current is
exceeded.

[0279] For example, suppose 1t 1s desired to implement the
invention with respect to a relatively heavy, e.g., 6000 pound.,
vehicle having target acceleration capabilities such thata 120
HP electric traction motor, typically drawing 100 kW, will be
required. The battery bank for such a vehicle 1s sized to
provide a nominal voltage of 830 V (1.e., when not under
load); this will drop to approximately 650 V under load. The
battery bank will thus be required to produce 153 A (=100
kW/650V) during full acceleration, and the ratio of voltage to
peak current 1s 3.92 (=650 V/153 A).

[0280] In another example, of a much lighter 3000 Ib
vehicle, a 80 HP, 60 kW motor might be suilicient. To keep the
peak current to 115 A, a battery bank of 600 V nominal, 500
V under load would be required. The ratio 1s then 4.3 (=500V/
115 A).

[0281] By comparison, isofar as known to the inventors,
the Toyota “Prius” hybrid car now being marketed uses a 30
kW motor, and its battery bank provides approximately 230V

under load; the current required 1s thus approximately 120 A
(=30 kW/230 V) and the ratio between the voltage under load

and the peak current 1s only about 2 (=230V/120 A). The
motor 1n the Prius 1s incapable of providing adequate accel-
eration without assistance; this 1n turn requires that an inter-
nal combustion engine (ICE) be provided, and be connected
to the wheels by way of a variable-ratio plantary gearset.
Operation of the ICE 1n the Prius 1s thus constrained by the
vehicle’s torque requirements, which unacceptably compli-
cates 1ts operation and renders it incapable of maximally
eificient operation.

[0282] Applicants assert, therefore, that according to the
invention the components of the hybrid vehicles of the mven-
tion are to be sized so that the ratio between battery voltage
under load to peak current 1s at least about 2.5, and preferably
1s at least 3.5 to 4:1; thus allows adequate acceleration from
low speeds without use of torque from the ICE, which in turn
allows elimination of any multiple-speed or variable-ratio
transmission, and allows the ICE to be declutched from the
wheels except when the ICE can be employed efficiently to
propel the vehicle (or the ICE 1s being motored during decel-
eration or coast-down, as above). In turn this requirement
leads to operation at higher voltages than typical, to keep both
average maximum and peak currents low, which provides the
very significant advantages mentioned above.

[0283] Range-Broadening Transmission

[0284] As mentioned above, 1n some embodiments of the
invention as disclosed by the present continuation-in-part
application, a two-speed transmission may be provided to
broaden the range of utility of the vehicle. An exemplary
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hybrid vehicle powertrain providing this and further addi-
tional features 1s shown in FIG. 14; where not otherwise
described, this embodiment of the invention includes features
in common with those discussed above in connection with the
"970 patent and the 817 and *743 applications.

[0285] More specifically, according to one embodiment of
this aspect of the invention of the present continuation-in-part
application, the range of efficient use of the hybrid vehicle of
the invention 1s further broadened by providing a two-speed
“range shifting” transmission, akin to those presently pro-
vided on SUVs and the like to allow shifting into a “low
range’”, so that when the load 1s expected to be heavy for
extended period of time, for example, when a heavy trailer 1s
to be towed, the transmission can be operated to select the low
range. As indicated, such a transmission would normally only
be operated once per trip, and 1s accordingly not equivalent to
a conventional multiple-speed transmission which 1s oper-
ated to provide a sequence of effective overall gear ratios each
time the vehicle 1s accelerated, as suggested in numerous
prior art references dealing with hybrid vehicles. However, in
another embodiment, the two-speed transmission thus pro-
vided could be operated conventionally, 1.e., shifted automati-
cally during acceleration, or in “kick-down” mode responsive
to the operator’s demand for acceleration.

[0286] In one implementation of this aspect of the mven-
tion, as shown 1n FIG. 14, a planetary gearbox 33 1s disposed
between the output shafts from the traction motor 25 and the
combination of engine 40 and starting motor 21. Gearbox 33
may be controlled directly by the operator, as conventional, or
by the microprocessor 48, in response to an operator com-
mand or responsive to sensing that the road load has exceeded
some predetermined value, e.g. 125% of MTO, for an
extended time, e.g. several minutes, or conventionally, 1.e.,
shifted under ordinary acceleration. Typically the gearbox 33
will be locked, providing a direct drive, under ordinary cir-
cumstances; when a lower ratio 1s needed, for example, when

towing a heavy trailer, the gearbox 33 may be controlled to
yield a reduction of 0.5-0.8:1.

[0287] FIG. 14 also shows a second traction motor 222
driving a second set of road wheels 210 through a second
differential 211. This 1s a convenient way of providing a
“four-wheel drive’” hybrid vehicle, which avoids the fore-and-
alt driveshaft and third differential needed by conventional
four-wheel drive vehicles. In this embodiment, road wheels
210 are configured as the steering wheels of the vehicle;
accordingly halfshaft assemblies 212 incorporating universal
joints are employed allowing wheels 210 to pivot, as illus-
trated. Traction motor 222 1s connected to battery bank (“BB”
in FIGS. 14 and 15) via a further inverter/charger 224, con-
trolled by microprocessor 48 essentially similarly to traction
motor 25. As noted above, a DC-to-DC converter 223 may be
provided to allow the vehicle of the invention to be connected
to vehicles having conventional 12 volt electrical systems for
emergency starting purposes, and to provide 12 VDC for
operation of conventional accessories.

[0288] Provision of separate traction motors 222 and 235
with respect to the corresponding pairs of road wheels 210
and 34 has several advantages with respect to conventional
vehicles; as noted above, the fore-and-aft driveshatt and third
differential normally required are eliminated, freeing sub-
stantial space normally required by these components. Fur-
ther, “traction control”—that 1s, control of the amount of
torque directed to each pair of wheels responsive to the trac-
tion conditions, which 1s useful in driving 1n snow or mud, or
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on wet or 1cy pavement—is conveniently accomplished by
the microprocessor, simply by monitoring the wheels’
response to given amounts of current and reducing the current
to spinning wheels.

[0289] As shown by FIG. 14, vehicles according to the
invention provided with two traction motors and having a
planetary gearbox 33 between one traction motor and its
corresponding road wheels may have a similar gearbox 213
between the second traction motor 222 and 1ts wheels; how-
ever, this second gearbox 213 1s not expected to be commonly
required. Similarly, second traction motor 222 can be config-
ured as a high-RPM unit, with 1ts output shait connected to
the road wheels through reduction gears 214. In this imple-
mentation starter motor/generator 21 1s also shown connected
to the road wheels through a reduction device 34, 1llustrated
as a chain drive; as indicated above, providing a mechanical
reduction between the various motors 21, 25, and 222 and the
respective road wheels 1s desirable 1n order that the motors
can be selected and optimized to operate at higher speeds than
engine 40.

[0290] Another possibility not shown specifically by FIG.
14, but within the scope of the nvention, 1s to provide a
“torque converter” of essentially conventional design, pret-
erably fitted with a “lock-up” clutch, between the traction
motor(s) and the corresponding wheels. As 1s well known,
torque converters are commonly employed as part of auto-
matic transmissions for passenger cars; the torque converter
multiplies the input torque at low speeds. Such a torque con-
verter would provide increased acceleration from rest. How-
ever, a similar effect can be obtained more simply by over-
driving the traction motor(s) beyond their rated power for the
first few seconds of acceleration.

[0291] Braking System

[0292] Numerous patents, including the 970 patent dis-
cussed above, recognize that one advantage of hybnd
vehicles 1s that by appropriate control of electric motor/gen-
erators connected to the road wheels, a substantial fraction of
the energy lost by conventional vehicles to friction can be
recovered through regenerative braking, that s, by converting
the vehicle’s kinetic energy to stored battery power by using
torque available at the road wheels to drive the motor(s) in
generator mode, and storing the resulting electrical energy 1n
the battery bank for use later. It 1s commonly estimated that
most ol the energy expended in accelerating the vehicle in city
driving can be recovered in this way, since irrecoverable
losses due to air resistance and rolling resistance contribute
relatively little to the vehicle’s energy demands at low speeds;
by comparison, less of the energy expended to drive the
vehicle at highway speeds can thus be recovered, although
regenerative braking 1s nonetheless desirable.

[0293] More particularly, 1t 1s known to operate the motor/
generator and cooperating inverter/charger electronics of
hybrid vehicles so that electrical power 1s generated and
stored 1n the battery bank when the operator desires to slow
the vehicle. Accordingly “regenerative braking” per se 1s
known. It 1s generally also apparent to those of skill 1n the art
that a conventional mechanical braking system must also be
provided, both for safety in the event of a failure in the
regenerative braking system and to provide braking in the
event the battery bank 1s fully charged; that 1s, i1t 1s important

to avoid overcharging the battery bank 1n order to maximize
its useful life. See Boll U.S. Pat. No. 5,788,597 and Frank
U.S. Pat. No. 35,842,534, Similarly, mechanical braking i1s

also needed when regenerative braking 1s not possible, e.g., at
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a stop. However, the art known to the mventors does not
address all the concerns relevant to provision of a braking
system of a hybrid vehicle, and to do so 1s another object of
the present invention. See, e.g., Mikami et al U.S. Pat. No.
5,839,533, which suggests employment of engine braking
(1.e., retardation of the vehicle using torque due to compres-
sion of air in the engine, and friction therein) as well as
regenerative braking. The choice between the two 1s appar-
ently to be made by the operator, at least 1n part responsive to
the battery’s state of charge. This would be far too complex
for general acceptance.

[0294] The disclosure of the Boll patent itself 1s directed to
optimizing the use of regenerative, engine, and mechanical
braking. Boll also recognizes the desirability of maintaining a
consistent brake pedal “feel” 1n the various brake modes.

[0295] German patent application DT 19 05 641 B2 to
Strifler discloses a combined regenerative and mechanical
braking system for an electric vehicle, wherein regenerative
braking 1s effected upon the operator’s first operating a brake
lever, and mechanical braking 1s further effected upon reach-
ing the maximum regenerative braking eifect. If the battery
cannot accept further charge, the mechanical braking 1s trig-
gered relatively earlier, so that the operator experiences sub-
stantially the same pedal “feel” regardless whether regenera-
tive or mechanical braking 1s being implemented.

[0296] The presentinvention also recognizes that providing
proper brake “feel” to the operator 1s important to provision of
a satisfactory vehicle, but differs substantially from the teach-
ings of the art, and the Boll and Strifler references 1n particu-
lar, 1n the type of pedal feel pretferred.

[0297] More particularly, it will be appreciated that typical
vehicle mechanical brake systems provide a relatively linear
relationship between the force exerted on the brake pedal and
the retarding force exerted on the wheels by the brakes. It 1s
essential that this relatively linear relationship be provided by
the brake system of any hybrid vehicle, so that the operator
can smoothly and controllably brake the vehicle as desired.

[0298] Providing a relatively linear relationship between
the force exerted on the brake pedal and the retarding force
exerted on the tires by the brakes 1s substantially straightior-
ward 1n the case of conventional mechanical braking systems.
It 1s much more complicated 1n the case of a brake system
incorporating regenerative braking as described above, since
such a system must provide a linear relationship between the
force exerted on the brake pedal and the retarding force
exerted on the tires by the brakes and motor/generator(s)
under all circumstances. The problem 1s particularly compli-
cated during transitions from one braking regime to another.
For example, 1f regenerative braking 1s used to commence
deceleration but hydraulic braking must take over, e.g., if the
battery bank’s state ol charge becomes full during a long
descent, or 1 a leisurely stop suddenly becomes abrupt, the
braking regime must change smoothly and controllably.
Regenerative braking is also not available when the vehicle 1s
moving very slowly or 1s at rest, and mechanical brakes must
be available under these circumstances.

[0299] Inaddition to maintenance of the linear relationship,
it 1s deemed preferable by the present inventors that the opera-
tor be made aware by a change 1n the “feel” of the brake pedal
that regenerative braking is not available, typically due to the
battery bank’s state of charge becoming full. As noted, this 1s
contrary to the teachings of the Boll patent and the Strifler
German application. More specifically, 1t 1s considered desir-
able by the iventors that the brake pedal resist depression by
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the operator to a degree proportional to the amount of regen-
crative braking actually being effected at all times.

[0300] Finally, 1t will be appreciated that the engine mani-
fold vacuum as conventionally used to produce “power brak-
ng”’, 1.€., servo assistance, 1s not available to a hybrid vehicle
il the engine 1s not runming; some other source of power for
servo assistance 1s required 1n order that brake effort 1s not
unacceptably high.

[0301] FIG. 15 shows schematically the principal compo-
nents of a brake system for a hybrid vehicle that addresses the
concerns above. Where common reference numerals are
employed, the components are common with those shown 1n
other Figures, while components not important to under-
standing of the braking system are omitted for simplicity.
Thus, FIG. 15 shows traction motors 222 and 25 connected
directly to the respective road wheels 210 and 34 respectively,
omitting the other components discussed above. (In vehicles
where a single traction motor drives a single pair of wheels,
the improvements described herein would be provided as to
these, while a four-wheel hydraulic braking system would
also be provided.) As also discussed above, motors 222 and
25 are connected to battery bank 22 through respective
inverter/chargers 224 and 27. Inverter/chargers 224 and 27
are conftrolled by microprocessor 48 to operate so that the
motors can draw power from battery bank 22 and impart
torque to the respective wheels to propel the vehicle 1n the
appropriate modes of vehicle operation; during regenerative
braking, inverter/chargers 224 and 27 are controlled so that
the motors absorb torque from the wheels, slowing the

vehicle, and storing the power thus generated in the battery
bank 22.

[0302] Control of the inverter/chargers and motors to
absorb a desired amount of torque from the wheels 1n
response to a braking command from microprocessor 48 1s
considered to be within the skill of the art. The command
itself may be determined by microprocessor 48 responsive to
the degree to which brake pedal 70 1s depressed, as measured
by a potentiometer or stmilar device, indicated at 71. How-
ever, according to the invention, as above, a device 1s provided
which varies the “feel” of the pedal (essentially 1ts resistance
to being depressed by the driver) responsive to the degree
regenerative braking 1s 1n fact being implemented, thereby
providing tactile feedback to the driver enabling smooth
deceleration and, when appropriate, also providing an 1ndi-
cation that regenerative braking 1s not available.

[0303] Inthe implementation of the invention shown, con-
trollable resistance to the movement of brake pedal 70 1s
provided by connecting it to a microprocessor-controlled
pneumatic cylinder assembly 230. A piston 232 fitting within
a pneumatic cylinder 238 1s driven by a connecting rod 234
attached to pedal 70 by aclevis 236. Asthe pedal 1s depressed.,
moving from right to left in FIG. 15, 1.e., from the position
shown 1n full to that shown 1n dotted lines, piston 232 expels
air from the 1nterior of cylinder 238 via vent 240. The rate at
which air 1s expelled 1n response to any given pedal pressure
1s controlled by the spacing of a needle valve 242 from a seat
244 the needle valve 242 1s moved closer to its seat 244 to
increase the resistance to airtlow, or moved away from seat
244 to reduce the resistance. The spacing 1s controlled by
microprocessor 48 1n order to vary the feel of the brake pedal
70; 1n the implementation shown, the needle valve 242 1is
threaded 1nto the body 1n which valve seat 244 1s formed, and
the spacing 1s controlled by the microprocessor 48 by com-
mands sent to a motor 248 rotating the needle valve 242
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through a pair of gears 250. A spring 252 may be provided to
return the pedal to 1ts iitial position. Thus, for example, 1T
regenerative braking 1s not available, needle valve 242 1s
opened, so that the cylinder provides little resistance to the
pedal, effectively informing the driver that only hydraulic
braking 1s available. When regenerative braking 1s initiated,
responsive to the microprocessor’s detecting a signal from
potentiometer 71, the needle valve 1s closed responsive to the
degree of braking provided, resisting motion of the pedal 70,
and so that the pedal feel provided to the operator 1s respon-
stve to the degree of regenerative braking actually being
eifected. Obviously, numerous other arrangements to thus
controllably vary the feel of the brake pedal will occur to
those of skill in the art.

[0304] Themechanical design of the hydraulic braking sys-
tem of the hybrid vehicle according to the invention 1s gen-
erally conventional, with two principal exceptions as follows:
First, as the engine 1s not always running during movement of
the hybrid vehicle, there 1s no consistent source of manifold
vacuum as conventionally employed to provide servo assis-
tance to braking. Therefore, a motor 254 powered directly by
the battery bank BB 1s provided, and drives a vacuum pump
256, providing vacuum to a conventional servo booster 258,
in turn operating conventional wheel brakes 260. The same
motor 254 can be used to power other “ancillary” systems that
in conventional vehicles are powered by the engine, such as
the power steering pump and the air conditioning compressor.
(The art does recognize that hybrid vehicles require different
sources of power for ancillary devices, such as power steering
pumps or power brake pumps. See Heidl U.S. Pat. No. 35,249,
6377, at col. 1, lines 7-45.) Second, 1n order that the initial
movement of the brake pedal 70 activates only the regenera-
tive braking process (1in order to obtain the maximum benefit
therefrom), a mechanism 1s provided so that the rod 262
actuating the piston within master cylinder 264 and thence the
wheel brakes 260 moves a distance X before the master cyl-
inder 1tself 1s actuated. In the implementation shown, this
mechanism simply involves provision of a cross-pin 266 fixed
to rod 262 and sliding within a slot 268 formed 1n the piston
rod 270 of master cylinder 264; accordingly, the master cyl-
inder piston(s) do not begin to move until the cross-pin 266
reaches the left end of slot 268. If the overall pedal travel Y 1s
s1x inches, the distance X defined by slot 268 may be such as
to allow pedal 70 to move freely through 1% inches before the
piston(s) of the master cylinder 264 begins to move.

[0305] Thus, according to this aspect of the invention,
potentiometer 71 provides a signal to the microprocessor 48
when the brake pedal 70 1s depressed by the driver. The
microprocessor 48 evaluates the battery bank state of charge
(SOC) as indicated at 66; unless this 1s such that further
charging 1s undesirable, the inverter/chargers 224 and 27 are
operated such that motors 222 and 25 are operated as genera-
tors, so that torque provided to the wheels by the road 1s
converted into electrical power, retarding the vehicle and
charging the battery bank. The degree of retardation thus
provided depends on the degree to which pedal 70 1s
depressed. The driver feels resistance to depressing the pedal
from air resistance controlled by the opening of needle valve
242; microprocessor 48 controls the opening of valve 242 so
that the pedal feel corresponds to the degree of regenerative
braking that 1s provided. In the event regenerative braking 1s
not available for some reason, perhaps because the battery
bank 1s fully charged, because of some flaw 1n the charging
circuits, or because the vehicle 1s stopped, valve 242 is
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opened, so that the driver feels little resistance to 1nitial pedal
travel, until the hydraulic brake system 1s activated.

[0306] It will be apparent that other types of devices for
controlling the resistance to pedal travel to correspond to the
amount ol regenerative braking being provided, and thus to
provide the desired linear relationship between pedal resis-
tance and vehicle retardation, could be substituted for the
pneumatic cylinder with microprocessor-controlled vent
device shown. For example, a device controllably varying the
friction between the pedal pivot and its mounting structure
could be provided; a hydraulic system, similarly controlling
the resistance to flow of a fluid through an orifice, might be
provided; or a device varying the preload of a return spring
might be provided. Other equivalent devices for achieving the
same goals will occur to those of skill 1n the art.

[0307] HVAC System

[0308] The essential components of the heating, ventilation
and air conditioning (HVAC) systems of conventional
vehicles are a heater core, connected to the engine cooling
system, an air conditioning system including an evaporator,
and a fan to blow air over the heater core and evaporator and
into the passenger cabin. There are several 1ssues to be
addressed 1n adapting the conventional automotive HVAC
system (o use in a hybrid vehicle. One 1s that Conventlonally
the air conditioning compressor 1s driven by the engine
through an electrically-controlled clutch; in a hybrid vehicle
this 1s unacceptable, as the engine 1s not run constantly.
Theretfore the air conditioning compressor must be powered
differently. Similarly, again as the engine 1s not run con-
stantly, the heater core cannot be relied upon to heat the cabin.

[0309] The art does recognize that hybrid vehicles require
different sources of power for ancillary devices, such as
power steering pumps or power brake pumps. See Heidl U.S.
Pat. No. 5,249,637, at col. 1, lines 7-45. Heidl’s disclosure 1s
to the effect that a motor/generator used to drive the ancillar-
1es during electric operation can be used as a generator when
the vehicle 1s propelled by an 1nternal combustion engine.

[0310] FIG. 16 shows the principal components of an
HVAC system for a hybrid vehicle according to the invention.
The complex ducting that 1s typically provided to supply
conditioned air throughout the vehicle cabin 1s represented by
a single duct 300. A fan 302 forces air through the duct 300,
and 1n succession past an evaporator 304, a heater core 306,
and an electric heater 308. The evaporator 304 1s connected to
an air conditioning compressor 310 driven by an electric
motor 312 powered from the battery bank, so that the air
conditioning system can be operated independent of the
engine 40.

[0311] Motor 312 could be the same motor used to power
other ancillaries, such as the vacuum pump 256 (FIG. 15)
used to provide servo assistance to the brake system, or could
be a separate motor dedicated to powering the compressor
310. The latter may be preferred, as this would allow elimi-
nation of the clutch otherwise needed to permit operation of
the compressor only when needed; elimination of the clutch
would also allow elimination of seals that are a source of
leaks. Another advantage of driving the compressor from the
battery bank according to the imnvention 1s as follows. Con-
ventionally, in order to be useful under all circumstances, the
COMPpressor must be sized to prowde tull cooling with the
engine at 1dle. Such a compressor 1s very ineflicient at higher
speeds; by decoupling the compressor from the vehicle driv-
etrain according to the mvention, 1t can be designed to be
driven by motor 312 at a single optimally efficient speed.




US 2009/0177345 Al

Cabin temperature can be thermostatically controlled by a
throttling valve controlling the flow of refrigerant, or by turn-
ing motor 312 on and ofl as required. The other components
of the air conditioning system, including an expansion valve
314 and a condenser 316, are shown schematically, and are
generally conventional.

[0312] When the engine 1s running, 1t 1s eificient to employ
waste heat from the engine cooling system to provide cabin
heat, and accordingly an essentially conventional heater core
306 and control elements (not shown) are provided; heater
core 306 1s downstream of the evaporator 304 with respect to
the flow of air through duct 300, as conventional, so that
dehumidified air can be heated to provide efficient demisting.
[0313] Inordertoprovide heatas may be required when the
engine 1s not runmng, an electric heating element 308, essen-
tially comprising a coil of Nichrome wire or the like, 1s
provided, again downstream of the evaporator 304. Heating,
clement 308 1s provided with conventional controls (not
shown) and 1s powered directly from the battery bank 22, as
indicated.

[0314] Itwill be appreciated that according to this aspect of
the invention, suitably heated or cooled cabin air i1s thus
available regardless of the mode of operation of the vehicle, as
needed 1n order that the hybrid vehicle of the invention sutfers
no comiort or convenience drawback with respect to conven-
tional vehicles. Indeed, because ample electrical power 1s
available from the large battery bank of the hybrid vehicle,
clectric heater 308 can be designed to heat the cabin much
more rapidly than does the coolant heat exchanging core of a
conventional engine, thus providing a convenience advan-
tage. Similarly, conductors can be embedded 1n the vehicle
windows and windshield and powered by the battery bank for
improved electrically-operated de-misting and de-icing.

[0315] It will be appreciated that the hybrid vehicle and
operational strategy therefor of the imnvention provide numer-
ous advantages over the prior art discussed herein, and that
turther improvements and modifications thereto are within
the skall of the art. Accordingly, while a preferred embodi-
ment of the invention has been disclosed, and various alter-
natives mentioned specifically, the invention 1s not to be lim-
ited thereby.

1. In amethod of controlling an internal combustion engine
of a hybrid vehicle, said engine being operatively connected
to drive wheels of said vehicle through a clutch, said vehicle
turther comprising a traction motor operatively connected to
drive wheels of said vehicle, a starter/generator motor opera-
tively connected to said engine for starting said engine and for
providing electrical power 1n response to torque from said
engine, a battery bank adapted to store electrical energy to
power said traction motor and to start said engine, at least one
inverter/charger adapted to cooperate with said traction motor
and said starter/generator such that said traction motor can be
operated to provide torque to said road wheels responsive to
clectrical power from said battery bank, or to provide electri-
cal power to said battery bank responsive to torque from said
road wheels, and such that said starter/generator can be oper-
ated to provide torque to start said engine, or to provide
clectrical power to said battery bank responsive to torque
provided by said engine, and a microprocessor adapted to
control operation of said engine, said traction motor, said
starter/generator, and said at least one inverter/charger, so as
to control tlow of torque and electrical power the rebetween in
response to sensed parameters, the improvement comprising;:
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establishing at least four vehicle operating modes, includ-
ng:

a mode I, wherein said engine 1s not operated and said
vehicle is propelled by torque from said traction motor in
response to electrical power drawn from said battery
bank;

a mode II, wherein said vehicle 1s propelled by torque from
said traction motor in response to electrical power drawn
from said battery bank, and said starter/generator 1s
driven by torque provided by said engine to provide
clectrical power to recharge said battery bank;

a mode III, wherein said vehicle 1s propelled by torque
from said engine;

a mode IV, wherein said vehicle 1s propelled by torque from
said engine and from said traction motor 1n response to
electrical power drawn from said battery bank;

wherein said microprocessor controls operation of said
engine, said traction motor, said starter/generator, and
said at least one inverter/charger in response to the
instantaneous torque demands (RL) of said vehicle, and
such that said engine 1s operated only 1n response to a
load equal at least to a predetermined minmimum value of
1ts maximum torque output.

2. The method of claim 1, wherein said starter/generator 1s
s1zed with respect to said engine such that said starter/gen-
erator 1s capable of being driven by said engine 1n said mode
II while said engine produces at least about 30% of 1ts maxi-
mum torque output.

3. The method of claim 2, wherein said battery bank 1s
s1zed such that the charging current supplied by said starter/
generator 1n response to torque from said engine while pro-
ducing at least about 30% of 1ts maximum torque output 1s no
more than about 50 amperes.

4. The method of claim 1, wherein said microprocessor
controls operation of said vehicle such that said mode III 1s
entered only when RL 1s at least equal to a predetermined
fraction of the engine’s maximum torque output (MTO).

5. The method of claim 4, wherein mode 111 1s entered only
when RL 1s substantially equal to at least 30% of MTO.

6. The method of claim 5, wherein said vehicle 1s operated
in mode III while 30%<RL<100% of MTO.

7. The method of claim 1, wherein mode IV 1s entered only
when RL>100% of MTO.

8. The method of claim 1, wherein said vehicle further
comprises a turbocharger adapted to be controlled by said
microprocessor so as to increase the torque output of said
engine from 1ts maximum value while normally aspirated
(MTO), and wherein a further vehicle operating mode V 1s
established, wherein said turbocharger 1s controlled to oper-
ate when RL 1s greater than MTO for more than a given period
of time T.

9. The method of claim 8, wherein if said vehicle 1s 1n said
mode IV, with RL between 30 and 100% of MTO, and 1f RL
then exceeds 100% of MTO, torque required 1n excess of
100% of MTO 1s mitially provided by said traction motor, and
if RL continues to exceed 100% of M'TO for more than a given
period of time T, said turbocharger 1s activated by said micro-
processor such that said engine produces torque in excess of
100% of MTO.

10. A brake system for a hybrid vehicle, said vehicle com-
prising a drive train including an internal combustion engine
operated to provide vehicle propulsive torque only during
predetermined modes of operation of said vehicle and at least
one ftraction motor and corresponding inverter/charger
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adapted to provide vehicle propulsive torque during predeter-
mined modes of operation of said vehicle and to provide
clectrical energy responsive to torque from wheels of said
vehicle during a regenerative braking mode of operation of
said vehicle, a battery bank adapted to provide electrical
energy to said motor as required and to accept charging
energy from said motor when operated as a generator during
said regenerative braking mode of operation of said vehicle,
and a microprocessor for controlling the mode of operation of
said vehicle, said brake system comprising:

a brake pedal adapted to be operated by a driver of said
vehicle,

a hydraulic brake system coupled to said brake pedal and
comprising at least one master cylinder and a number of
wheel brakes operatively connected to said master cyl-
inder for retarding said vehicle upon actuation of said
pedal,

a sensor for providing a signal to said microprocessor
responsive to motion of said brake pedal,

a sensor for providing a signal to said microprocessor
responsive to the state of charge of said battery bank,

a device controllable by said microprocessor to vary the
resistance to motion of said pedal during braking
responsive to the amount of regenerative braking being
provided,

wherein said microprocessor controls the amount of regen-
crattve braking provided upon motion of said pedal
responsive to the state of charge of said battery bank, and
controls the resistance to motion of said pedal during
braking responsive to the amount of regenerative brak-
ing being provided.

11. The brake system of claim 10, wherein said device
controllable by said microprocessor to vary the resistance to
motion of said pedal during braking responsive to the amount
ol regenerative braking being provided comprises a pneu-
matic cylinder having a piston sliding therein, said piston
being operated by said brake pedal, and comprising a vent
passage including an orifice controllable by said micropro-
cessor to control the resistance to motion of said pedal.

12. The brake system of claim 10, wherein said at least one
master cylinder 1s coupled to said brake pedal by an actuating
rod arranged so that said pedal can be moved through a
predetermined distance before said master cylinder begins to
apply pressure to said wheel brakes.

13. The brake system of claim 10, wherein said hydraulic
brake system comprises a servo actuator and a vacuum pump
driven by a motor responsive to electrical power supplied
from said battery bank.
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14. A heating, ventilation, and air conditioning (HVAC)
system for a hybnid vehicle, said vehicle comprising a drive
train including an internal combustion engine run only during
predetermined modes of operation of said vehicle and at least
one traction motor adapted to provide vehicle propulsive
torque during predetermined modes of operation of said
vehicle, a battery bank adapted to provide electrical energy to
said motor as required, said HVAC system comprising:

a duct having a fan disposed therein for forcing air along
said duct;

an evaporator in said duct;

an air conditioning compressor connected to said evapora-
tor, and driven by an electric motor powered by said

battery bank;

a heater core 1n said duct and connected to a cooling system
of said engine; and

an electrical heating element 1n said duct and connected to
said battery bank.

15. The HVAC system of claim 14, wherein said evaporator
1s disposed 1n said duct upstream of said heater core and said

clectrical heating element with respect to the direction of air
flow through said duct.

16. A method for determining the relative sizes of the
internal combustion engine, starting/charging and traction
motors, and battery bank of a hybrid vehicle comprising said
components, said method comprising the steps of:

a. selecting an internal combustion engine having suificient
torque to drive the vehicle without trailer at medium to
high speed along a moderate grade;

b. sizing the starting/charging motor to provide an engine
load during battery charging equal to at least approxi-
mately 30% of the engine’s maximum torque output;

c. sizing the traction motor to provide adequate torque at
zero speed to overcome the maximum grade specified
from rest, with the starter motor assisting as needed;

d. determining the maximum power drawn by the selected
motor under full power conditions;

¢. calculating the battery voltage under load that will be
required to provide the power to be drawn by the motor
(s) under full power conditions, and so that the ratio of
the battery voltage under load to the peak current drawn
by the motor(s) 1s at least 2.5:1, and

f. selecting the battery bank to provide the calculated volt-
age under peak load conditions.
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