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maximum fuel efficiency during highway cruising. The
motor is operable as a generator to charge the batteries
as needed and also for regenerative braking. No trans-
mission is employed. The motor operates at signifi-
cantly lower currents and higher voltages than conven-
tionally and has a rated power at least equal to that of
the internal combustion engine. In this manner a cost
efficient vehicle is provided, suffering no performance
disadvantage compared to conventional vehicles.

40 Claims, 12 Drawing Sheets

3
AR
l 61 2, 2 m 2

W
TWO-WAY
TROME (— ENGNE 1 'cion [—

CONTROLLABI.E

e | o 51

FREQUENCY

POLARTTY
CURRENT

FUEL

ACCELFRATION

OPERATOR DIRECTION
COMMANDS

DECELERATION

ENGINE SPEED
[ MOTOR SPEED
| BATTERY VOLTAGE \ para puT
BATTERY CHARGE
AMBIENT TEWP.




5,343,970

(1yv donid)
1 "9l
(Wd¥) ‘a33dS INIONI
000'% 000'c

Sheet 1 of 12

Sep. 6, 1994

e ——————

sjuawaiinbas Jamod

e

- ob60JoAD DD 86UD|

et W—
\l\-\\.\l‘\l\l\
e

(4noy-dy/0b )
uoiydwnsuod |anj} aA1§bjal

2l

wnwixow
. - 06

- 0C1

U.S. Patent

1dVHS 3NION3 3HL NO y3mod

(du)

- 061

08l



Sheet 2 of 12 5,343,970

Sep. 6, 1994

U.S. Patent

¢ Il

(Nd¥) ‘@33dS 3INIONT

000 000’ 000' 000'}
1 l |
(4noy - dy 7 |0b) ‘uorjdwnsuod 0
|on} aAljDjas ]
— &cmso._s_u&\.\ i
%062~ - Jamod 3bDJaAD 0l
0o 9bup)
‘ o
\\“\ m::c._w%
% 091 aulbua
{ \ lon
o\ommv
- buiarap £ jo 9,86 bunnp L OF
‘ramod suibus wnwixow
08

(dy) ‘L4vHS INIONZ FHL NO MIMOd



5,343,970

Sheet 3 of 12

Sep. 6, 1994

U.S. Patent

[ ] \ -
£l dal INJiENY NOLVETT3030 | SANVANOO
JOUVHO AN3LLVE NOLLO3NIQ 40IVd1d0 o
1NdNI YI¥O < “JovION Ad3LVE | | NOLLVYA 1300V P
033dS YOLON U 1and
(" @33dS INIONI k "
1Y 3
IN39END
¥ITIONINOD e
| ALIEV1I0d Jrf =
AONIN0I4 |
| ]
i ! !
LINN ¥34SNVAL
x__ _ _ _ |—{ ¥3L3ANOD MOLON —anodoL | —{ HUMO INION3 TULI08HL
_ 20/9v TIGVTIONINGD AVM—OML
A A A A
| N
o~ ¥e
¢ [AY N\
\_/ \_/




Sheet 4 of 12 5,343,970

Sep. 6, 1994

U.S. Patent

ARk | 9
0L —
(44 === 8S
) ~_89
p & \w {
_ T . ~_ 09
= 4
o™ TH 7 — LN
\\l_ mﬂ.\ mm\. N3 | 7 143
§\ 1 _ i {
=11l | i O_° )
~ N | \w 114
v 7 92 S|1| os
_
0 8 |H~ v
|
ot |} * 2
-
.‘.l..l.l..l“l..l..ll'
e N,%/u\ BNE ¥E




Sheet 5 of 12 5,343,970

Sep. 6, 1994

U.S. Patent

[4 4

G914 T =T 7
0L ~ _
44 == 8S
) ~_89 |
P g
_ ~_ 09
drl ] !
3 \\ P LLEERE
p & | o 143
|
w r1=lE f@ ® /@ 9s
| ‘
/ m ¥
W~ Yoz |1 o
(114 74 " Iy
|
of | | ¢9
m
—_———
e Nlmv/l\ N9 ¥€




5,343,970

Sheet 6 of 12

Sep. 6, 1994

U.S. Patent

(A4

9'914 T = T
0L —
44 === 8s
) ~_89
P b \w (
_ ~_ 09
i dn -
i 7 MII_IIX.(\G
i 9% ~ =
J e N % | o L L
= =T 1= ® ®©
(L mr
~ T 7 14
2/ J 9% S| o5 ﬁ\ |
07 1A “ 44
| _
of || 29
| .
ll.ll..f.l..'!
oo va/\ BNC ¥E




Sheet 7 of 12 5,343,970

Sep. 6, 1994

U.S. Patent

. ¥~

€,y 7 e EE=E== 85
) ~_89 " _

’ _ ~_ 09
| dn
o TN / — L
i 9y \n\ N33 ||
_ - ¢ | o I 143
= 4~|||._ ®
| ‘ |
~ / 1] 4
I\ w T &) 2
0T g || 24
| |
of |! 29
_ .
=y - _
oo va/\ R ¥€




Sheet 8 of 12 5,343,970

Sep. 6, 1994

U.S. Patent

8°91 )@l o
0L —
rAA == 8g
) ~_89
P g
_ ] . ~_ 09
| drf
2 e L
] zum _
_ p ¢ | ol 143
{
| == R 95
44 \ 9¢ \ | 0s
0z 8¢ “ v
|
of |! 4
+ _
—_—— o — ——
e N%/\ BNC ¥E



5,343,970

Sheet 9 of 12

Sep. 6, 1994

U.S. Patent

67014 o S

. N |l aa ==
) ~_89 ” _

’ I . .../..om
1 dn
N*xﬂ/_! \w.v _I_I._lux.l..\—m
m mﬂ\ Anaal
! 4 "\ GS i
L )
P N _ \mf | O¥
LAV IR A0 57/
0C 8¢ “ 34
_
3l 2
m
V =/ 1=




Sheet 10 of 12 5,343,970

Sep. 6, 1994

U.S. Patent

IOIE

0l \om
82 A >
0l ?m
m._ww_;
] s
001" 1B v
92 98
; _ -
(oz | Lov
Wou4 3 (oG HOLNTD VIA)
HOLON g ; INIONI WON4
90} M’\.» /mm
) ey /\
( gop %%

A

1IN
Y34SNVYL
3ndyOL

88 08
Ao
7>
IR a8
3 14
N
YT
% < | /Wm mzamm
om 5 W
N7
s



Sheet 11 of 12 5,343,970

Sep. 6, 1994

U.S. Patent

e % N
n 1
/ Z 3SVHd
IN3ENd
awviod () ! |
AON3ND3Y
o \(|._ o) \I\Q 6 \(m
- { G Y |
3 Al oL | {3 o ¢h oLl
3
MOLvMANZD | O A 35vhd
3s1nd J
& I>3 I>9 L~V
< (o fon| 2 K
f df ol iy Ol | gl oLl
yil O
+ ®
8% X 3SVHd




U.S; Patent Sep. 6, 1994 Sheet 12 of 12 5,343,970 |

A + TORQUE
MOTOR \ SLIP ANGLE
- -
- —_— + '
GENERATOR
'_
) TORQUE
|
A
| B
=
!
K
0 ! -
0 C RPM

FIG. 14



5,343,970

1
HYBRID ELECTRIC VEHICLE

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention is in the field of hybrid electric vehi-
cles incorporating both an internal combustion engine,
such as a gasoline engine, and an electric motor as
sources of torque to drive the vehicle. More particu-
larly, this invention relates to a hybrid electric vehicle
that is fully competitive with presently conventional
vehicles as regards performance, operating conve-
nience, and cost, while achieving substantially im-
proved fuel economy and reduced pollutant emissions.

2. Discussion of the Prior Art

For many years great attention has been given to the
problem of reduction of fuel consumption of automo-
biles and other highway vehicles. Concomitantly very
substantial attention has been paid to reduction of pol-
lutants emitted by automobiles and other vehicles. To a
degree, efforts to solve these problems conflict with one
another. For example, increased thermodynamic effi-
ciency and thus reduced fuel consumption can be real-
ized if an engine is operated at higher temperatures.
Thus there has been substantial interest in engines built
of ceramic materials withstanding higher combustion
temperatures than those now in use. However, higher
combustion temperatures in gasoline-fueled engines
lead to increase in certain undesirable pollutants, typi-
cally NO,.

Another possibility for reducing emissions is to burn
mixtures of gasoline and ethanol (“gasohol”) or straight
ethanol. However, to date ethanol has not become eco-
nomically competitive with gasoline and consumers
have not accepted ethanol to any great degree.

One proposal for reducing pollution in cities is to
limit the use of vehicles powered by internal combus-
tion engines and instead employ electric vehicles pow-
ered by rechargeable batteries. To date, all such electric
cars have a very limited range, typically no more than
150'miles, have insufficient power for acceleration and
hill climbing except when the batteries are fully
charged, and require substantial time for battery re-
charging. Thus, while there are many circumstances in
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which the limited range and extended recharge time of 45

the batteries would not be an inconvenience, such cars
are not suitable for all the travel requirements of most
individuals. Accordingly, an electric car would have to
be an additional vehicle for most users, posing a sub-
stantial economic deterrent. Moreover, it will be appre-
ciated that in the United States most electricity is gener-
ated in coal-fired power plants, so that using electric
vehicles merely moves the source of the pollution, but
does not eliminate it. Furthermore, comparing the re-
spective net costs per mile of driving, electric vehicles
are not competitive with ethanol-fueled vehicles, much
less with conventional gasoline-fueled vehicles.

Much attention has also been paid over the years to
development of electric vehicles including internal
combustion engines powering generators, thus eliminat-
ing the defect of limited range exhibited by simple elec-
tric 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 traction motors connected directly to the
wheels of the vehicle. This system has the advantage
that no variable gear ratio transmission is required be-
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tween the diesel engine and the wheels of the locomo-
tive. More particularly, an internal combustion engine
produces zero torque at zero engine speed (RPM) and
reaches its torque peak somewhere in the middle of its
operating range. Accordingly, all vehicles driven di-
rectly by an internal combustion engine (other than
certain single-speed vehicles using friction or centrifu-
gal clutches, and not useful for normal driving) require
a multiple speed 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 decoupled from the wheels, allowing the vehicle
to stop while the engine is 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 practi-
cal to provide a diesel locomotive with a multiple speed
transmission, or a clutch. Accordingly, the additional
complexity of the generator and electric traction mo-
tors is accepted. Electric traction motors produce full
torque at zero RPM and thus can be connected directly
to the wheels; when it is desired that the train should
accelerate, the diesel engine is simply throttled to in-
crease the generator output and the train begins to
move.

The same drive system may be employed in a smaller
vehicle such as an automobile or truck, but has several
distinct disadvantages in this application. In particular,
it is well known that a gasoline or other internal com-
bustion engine is most efficient when producing near its
maximum output torque. Typically, the number of die-
sel locomotives on a train is selected in accordance with
the total tonnage to be moved and the grades to be
overcome, so that all the locomotives can be operated at
nearly full torque production. Moreover, such locomo-
tives tend to be run at steady speeds for long periods of
time. Reasonably efficient fuel use is thus achieved.
However, such a direct drive vehicle would not achieve
good fuel efficiency in typical automotive use, involv-
ing many short trips, frequent stops in traffic, extended
low-speed operation and the like.

So-called “series hybrid” electric vehicles have been
proposed wherein batteries are used as energy storage
devices, so that the engine can be operated in its 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 electrical power to the traction mo-
tor(s) as required, so as to operate efficiently. This sys-
tem overcomes the limitations of electric vehicles noted
above with respect to limited range and long recharge
times.

However, such series hybrid electric vehicles are
inefficient and grossly uneconomical, for the following
reasons. In a conventional vehicle, the internal combus-
tion engine delivers torque to the wheels directly. In a
series hybrid electric vehicle, torque is delivered from
the engine via a serially connected generator, battery
charger, inverter and the traction motor. Energy trans-
fer between those components consumes at least ap-
proximately 25% of engine power. Further such com-
ponents add substantially to the cost and weight of the
vehicle. Thus, series hybrid vehicles have not been
immediately successful.

A more promising “parallel hybrid” approach is
shown in U.S. Pat. Nos. 3,566,717 and 3,732,751 to
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Berman et al. In Berman et al an internal combustion
engine and an electric motor are matched through a
complex gear train so that both can provide torque
directly to the wheels.

In Berman et al, the internal combustion engine is run
in several different modes. Where the output of the
internal combustion engine is more than necessary to
drive the vehicle (“first mode operation™) the engine is
run at constant speed and excess power is converted by
a first generator (“speeder”) to electrical energy for
storage in a battery. In “second mode operation”, the
internal combustion engine drives the wheels directly,
and is throttled. When more power is needed than the
engine can provide, a second motor generator or
“torquer” provides additional torque as needed.

The present invention relates to such a parallel hybrid
vehicle, but addresses certain substantial deficiencies of
the Berman et al design. For example, Berman et al
show two separate electric motor/generators powered
by the internal combustion engine to charge batteries
and to drive the vehicle forward in traffic. This arrange-
ment is a source of additional complexity, cost and
difficulty, as two separate modes of engine control are
required, and the operator must control the transition
between the several modes of operation. 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 col. 3, lines
19-22 and 36-38.

Hunt U.S. Pat. Nos. 4,405,029 and 4,470,476 also
disclose parallel hybrids requiring complex gearing
arrangements, including multiple speed transmissions.
More specifically, the Hunt patents disclose several
embodiments of parallel hybrid vehicles. Hunt indicates
(see col. 4, lines 6-20 of the *476 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 energized.
. . . 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 internal combustion
power source, depending on the speed of the vehicle”
(col. 4, lines 12-16).

However, the Hunt vehicle does not meet the objects
of the present invention. Hunt’s vehicle in each embodi-
ment requires a conventional manual or automatic
transmission. See col. 2, lines 6-7. Moreover, the inter-
nal combustion engine is connected to the transfer case
(wherein torque from the internal combustion engine
and electric motor is 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 inefficient, are heavy, bulky,
and costly, and are to be eliminated according to one
object of the present invention.

Furthermore, the primary means of battery charging
disclosed by Hunt involves a further undesirable com-
plexity, namely a turbine driving the electric motor in
generator configuration. The turbine is fueled by waste
heat from the internal combustion engine. See col. 3,
lines 10-60. Hunt’s internal combustion engine is also
fitted with an alternator, for additional battery charging
capability, adding yet further complexity. Thus it is
clear that Hunt fails to teach a hybrid vehicle meeting
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the objects of the present invention—that is, a hybrid
vehicle competitive with conventional vehicles with
respect to performance, cost and complexity, while
achieving substantially improved fuel efficiency.

Kawakatsu U.S. Pat. No. 4,335,429 shows a parallel
hybrid involving a single internal combustion engine
and two electric motors to allow efficient use of the
electric motors, and is directed principally to a complex
control scheme.

Numerous patents disclose hybrid vehicle drives
tending to fall into one or more of the categories dis-
cussed above. A number of patents disclose systems
wherein an operator is required to select between elec-
tric and internal combustion operation; for example an
electric motor is provided for operation inside buildings
where exhaust fumes would be dangerous. In several
cases the electric motor drives one set of wheels and the
internal combustion engine drives a different set. See
generally, U.S. Pat. Nos.; Shea (4,180,138); Fields et al
(4,351,405); Kenyon (4,438,342); Krohling (4,593,779);
and Ellers (4,923,025).

Numerous other patents show hybrid vehicle drives
wherein a variable speed transmission is required. A
transmission as noted above is typically required where
the electric motor is not capable of supplying sufficient
torque at low speeds. See U.S. Pat. Nos.; Rosen
(3,791,473); Rosen (4,269,280); Fiala (4,400,997); and
Wu et al (4,697,660). For further examples of series
hybrid vehicles as discussed above, see generally Bray
(4,095,664); Cummings (4,148,192); Kawakatsu et al
(4,305,254 and 4,407,132); Monaco et al (4,306,156);
Park (4,313,080); McCarthy (4,354,144); Heidemeyer
(4,533,011); Kawamura (4,951,769); and Suzuki et al
(5,053,632). Other patents of general relevance to this
subject matter include Toy (3,525,874); Yardney
(3,650,345); Nakamura (3,837,419); Deane (3,874,472),
Horwinski (4,042,056); Yang (4,562,894); Keedy
(4,611,466); and Lexen (4,815,334).

U.S. Pat. No. 4,578,955 to Medina shows a hybrid
system wherein a gas turbine is used as the internal
combustion engine to drive a generator as needed to
charge batteries. Of particular interest 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 cur-
rent in 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 posi-
tive mechanical means such as bolts and nuts, or by
welding. More specifically, for reasons of safety and in
accordance with industry practice, currents in excess of
about 50 amperes cannot be carried by the conventional
plug-in connectors preferred for reasons of convenience
and economy, but must be carried by much heavier,
more expensive and less convenient fixed connectors (as
used on conventional starter and battery cable connec-
tions). Accordingly, it would be desirable to operate the
electric motor of a hybrid vehicle at lower currents.

U.S. Pat. No. 4,439,989 to Yamakawa shows a system
wherein two different internal combustion engines are
provided so that only one need be run when the load is
low. This arrangement would be complex and expen-
sive to manufacture.

Detailed discussion of various aspects of hybrid vehi-
cle drives may be found in Kalberlah, “Electric Hybrid
Drive Systems for Passenger Cars and Taxis”, SAE
Paper No. 910247 (1991), and in Bullock, “The Techno-
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logical Constraints of Mass, Volume, Dynamic Power
Range and Energy Capacity on the Viability of Hybrid
and Electric Vehicles”, SAE Paper No. 891659 (1989).
Further related papers are collected in Electric and
Hybrid Vehicle Technology, volume SP-915, published
by SAE in February 1992. Reference herein to the latter
volume does not concede its effectiveness as prior. art
with respect to the claims of the present application.

It can thus be seen that while the prior art clearly
discloses the desirability of operating an internal com-
bustion engine in its most efficient operating range, and
that a battery may be provided to store energy to be
supplied to an electric motor in order to even out the
load on the internal combustion engine, there remains
substantial room for improvement. In particular, it is
desired to obtain the operational flexibility of a parallel
hybrid system, while optimizing the system’s opera-
tional parameters and providing a substantially simpli-
fied parallel hybrid system as compared to those shown
in the prior art.

OBJECTS AND SUMMARY OF THE
INVENTION

It is an object of the invention to provide an im-
proved hybrid electric vehicle realizing substantially
increased fuel economy and reduced pollutant emis-
sions as compared to present day vehicles while suffer-
ing no significant penalty in performance, operating
convenience, cost, complexity, or weight.

It is a more particular object of the present invention
to provide an improved parallel hybrid electric vehicle
wherein an internal combustion engine and an electric
motor can separately or simultaneously apply torque to
the driving wheels of the vehicle, controlled to realize
maximum fuel efficiency at no penalty in convenience,
performance, or cost.

It is a further object of the invention to provide a
parallel hybrid electric vehicle wherein the electric
motor provides output power equal to at least 100 per-
cent of the rated output power of the internal combus-
tion engine, and more preferably up to about 150-200
percent thereof, so that the engine operates under sub-
stantially optimum conditions in order to realize sub-
stantial fuel economy of operation.

More particularly, it is an object of the invention to
provide a parallel hybrid electric vehicle wherein the
internal combustion engine is sized to efficiently pro-
vide the average power required for operation at mod-
erate and highway speeds, with the electric motor sized
to deliver the additional power needed for acceleration
and hill climbing,.

Still another object of the invention is to provide a
hybrid electric vehicle wherein the electric motor and
battery charging circuits operate at no more than about
30-50 amperes maximum current, whereby resistance
heating losses are greatly reduced, and whereby inex-
pensive and simple electrical manufacturing and con-
nection techniques can be employed.

It is a further object of the invention to provide a
solid-state switching power converter for converting
DC power provided by the batteries of a parallel hybrid
electric vehicle to AC power of higher frequency than
conventionally employed for supply to an AC induction
motor for powering the vehicle as needed, and for con-
verting mechanical energy provided to the induction
motor when operated as a generator to DC energy for
charging the batteries as required.
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Other aspects and objects of the invention will be-
come clear as the discussion below proceeds.

The present invention satisfies the needs of the art
and objects of the invention mentioned above by provi-
sion of an improved parallel hybrid electric vehicle. An
internal combustion engine and an AC induction motor
are arranged to supply torque through a controllable
torque transfer unit to the driving wheels of the vehicle.
The motor is driven at relatively high voltage, rela-
tively high frequency, and relatively low maximum
current. Energy stored in batteries is transformed into
AC drive pulses of appropriate frequency and shape by
a solid state switching unit comprising metal oxide semi-
conductor (MOS) controlled thyristors. No variable
gear ratio transmission is required by the vehicle of the
present invention, as the AC electric motor provides
adequate torque at low RPM. Inefficiencies particularly
inherent in automatic transmissions are thus eliminated.

A microprocessor receives control inputs from the
driver of the vehicle and monitors the performance of
the electric motor and the internal combustion engine,
the state of charge of the battery, and other significant
variables. The microprocessor determines whether the
internal combustion engine or the electric motor or
both should provide torque to the wheels under various
monitored operating conditions. Typically, the electric
motor operates under battery power during low speed
operation, e.g., in traffic, during reverse operation, or
the like. In this mode of operation, the energy transfer
efficiency from the batteries to the wheels is very high.
By comparison, it will be appreciated that a vast amount
of fuel is wasted as internal combustion engines of con-
ventional vehicles idle uselessly at stop lights or in traf-
fic. This source of inefficiency and pollution is elimi-
nated according to the invention.

As the road speed increases, the internal combustion
engine is started, using torque provided by the electric
motor through the torque transfer unit, such that no
separate starter is required. The internal combustion
engine is sized to operate near maximum efficiency
during steady state cruising on the highway, at between
about 35 and 65 mph; at these times the electric motor is
not powered. When necessary for acceleration or hill
climbing, the electric motor is operated to add its torque
to that provided by the internal combustion engine.
Under braking or coasting conditions, the electric
motor may be operated as a generator to charge the
batteries.

For comparison to an example of the hybrid electric
vehicle of the invention, a conventional 3,300 pound
sedan is typically powered by a 165 horsepower internal
combustion engine driving the rear wheels through an
automatic transmission. However, during highway
cruising and in traffic, that is, under the most common
operating conditions, only 2-30 hp is required. There-
fore, the internal combustion engine of a conventional
vehicle rarely operates near maximum efficiency. More-
over, as noted, such vehicles are normally driven
through notoriously inefficient automatic transmissions;
specifically, such transmissions are typically only about
60% efficient during operation in the indirect gears, i.e.,
during acceleration.

A comparable 3,300 pound sedan according to the
invention has an internal combustion engine of about 45
horsepower working in concert with a 65 horsepower
electric motor, without a transmission. This combina-
tion provides acceleration and hill climbing perfor-
mance equivalent to a conventional vehicle with a 165
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hp internal combustion engine with automatic transmis-
sion, while yielding a 200-300% improvement in net
fuel efficiency and at least a similar reduction in pollut-
ants emitted. Moreover, the vehicle of the present in-
vention is no heavier, no more bulky and no more ex-
pensive to manufacture than conventional vehicles
using standard internal combustion engines.

More particularly, according to the invention, the
internal combustion engine is operated only under the
most efficient conditions of output power and speed.
When the engine can be used efficiently to drive the
vehicle forward, e.g. in highway cruising, it is so em-
ployed. Under other circumstances, e.g. in traffic, the
electric motor alone drives the vehicle forward and the
internal combustion engine is used only to charge the
batteries as needed. No transmission is required, thus
effecting a very substantial saving in both weight and
cost. The AC electric motor is controlled to operate as
a constant torque source at low motor speeds, and as a
constant power source at higher speeds. The motor
operates at relatively low currents and relatively high
voltage and frequency, as compared with conventional
practice. Connections between the battery and the elec-
tric motor are substantially simplified through the use of
relatively low maximum current, and at relatively resis-
tance heating losses are likewise reduced substantially.

The above and still further objects, features and ad-
vantages of the present invention will become apparent
upon consideration of the following detailed description
of a specific embodiment thereof, especially when taken
in conjunction with the accompanying drawings
wherein like reference numerals in the various figures
are utilized to designate like components.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a plot of output power versus rotational
speed (RPM) for a typical internal combustion engine,
illustrating the relative fuel consumption of the engine
as used in a conventional automobile in gallons/horse-
power-hour;

FIG. 2 is a similar plot describing operation of a
relatively small internal combustion engine used in the
present invention under circumstances similar to those
depicted in FIG. 1;

FIG. 3 is a block diagram of the parallel hybrid drive
system of the invention;

FIGS. 4-9 are schematic diagrams of the hybrid drive
system according to the invention operating in different
modes and showing flow of energy, in the form of
stored electrical energy or fossil fuel, and of power, as
torque from either the electric motor or the internal
combustion engine;

FIG. 10 is a schematic cross-sectional view of a
clutch forming a frictional coupling between one input
shaft of a torque transfer unit and either the internal
combustion engine or the frame of the vehicle;

FIG. 11 is a schematic cross-sectional view of the
torque transfer unit;

FIG. 12 is a schematic circuit diagram of the solid-
state switching unit providing AC/DC power conver-
sion, with indication of the control signals provided
thereto;

FIG. 13 illustrates the manner of control of the motor
as a motor or generator; and

FIG. 14 illustrates the preferred torque versus speed
characteristics of the motor as operated with the corre-
sponding preferred AC/DC power converter, and of
the internal combustion engine.
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DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Referring specifically to FIG. 1, curve 10 represents
the output power versus engine speed (RPM) of a typi-
cal spark ignition gasoline-fueled internal combustion
engine as used with an automatic transmission in a typi-
cal sedan of 3,300 pounds. As can be seen, the maximum
engine power available is about 165 horsepower at
about 5,000 RPM. Also shown in FIG. 1 by curve 12
are the average power requirements of such a vehicle.
Points C, S and H on curve 12 show average fuel con-
sumption in city, suburban and highway driving, re-
spectively. Point C on curve 12 shows that the average
power required in typical city driving is less than 5 hp.
Point S shows that the average power consumed in
suburban driving is 10 hp, and point H shows that the
power needed for steady-speed highway driving is only
about 30 hp. Thus, the vehicle is vastly overpowered at
all times except during acceleration or hill-climbing.

FIG. 1 also includes curves indicating the relative
fuel consumption of the engine. As can be seen, reason-
able fuel efficiency, that is, at least about 105 percent
relative fuel consumption (100% being ideal), is reached
only when the engine is operated at between about
2,000 and 4,000 RPM, when producing between about
75 and 150 horsepower. FIG. 1 thus indicates that the
typical internal combustion engine operates with rea-
sonable efficiency only when producing between about
50 and about 90% of its maximum output power. The
typical automobile only requires such substantial power
under conditions of extreme acceleration or hill climb-
ing. Thus, only during relatively brief intervals is the
engine operating efficiently. As can be seen, during
typical highway driving, shown by point H on curve 12,
the relative fuel consumption is on the order of 190
percent of that required during the most efficient opera-
tion of the engine. The situation is even worse in subur-
ban driving, where the relative fuel consumption is
nearly 300 percent of the most efficient value, and in
city driving, where the relative fuel consumption is
almost 350 percent of that required at most efficient
operation.

FIG. 1 thus demonstrates that an internal combustion
engine having sufficient horsepower for adequate accel-
eration and hill climbing capability must be so oversized
with respect to the loads encountered during most nor-
mal driving that the engine is grossly inefficient in its
consumption of fuel. As noted, FIG. 1 further shows
that only about 30 horsepower is needed to cruise on
the highway even in a relatively large car.

FIG. 2 is similar to FIG. 1, and illustrates the opera-
tional characteristics of the same 3,300 pound car if
driven by a relatively small engine having a maximum
horsepower rating of about 45 horsepower at 4,000
RPM. The power requirement of the vehicle during
highway cruising, shown by point H on curve 14, is in
the center of the most efficient region of operation of
the engine. However, even with this small engine thus
optimized for highway cruising, there is a substantial
gap between the engine operating power line 16 and the
average power requirement line 14. That is, even this
small engine produces substantially more power at low
RPM than needed for city driving (point C) or for sub-
urban driving (point S). Accordingly, even with a small
engine sized appropriately for highway cruising, sub-
stantial inefficiencies at lower speeds persist. Moreover,
of course, such a vehicle would have unsatisfactory
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acceleration and hill climbing ability. Therefore, the
answer is not simply to replace large internal combus-
tion engines with smaller internal combustion engines.

The prior art recognizes that there are substantial
advantages to be gained by combining the virtues of a
gasoline or other internal combustion engine with those
of an electric motor running from a battery charged by
the internal combustion engine. However the prior art
has failed to provide a solution which is directly price
and performance competitive with vehicles now on the
market.

As indicated above, “straight” electric vehicles, that
is, vehicles having electric traction motors and batteries
requiring recharge at the end of each day’s use, do not
have sufficient 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 combustion vehicles operated
on fuels derived from renewable resources such as etha-
nol, and are even less competitive with gasoline-fueled
automobiles.

A first type of series hybrid vehicles, involving a
gasoline engine driving a generator charging a battery
powering an electric traction motor, are limited in ac-
celeration and hill climbing ability unless the electric
motor is made very large, costly, and bulky. The alter-
native series hybrid approach, involving 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 elimi-
nation of a multi-speed transmission. These vehicles fail
to realize the advantages provided by the parallel hy-
brid system in which both an internal combustion en-
gine and an electric motor provide torque to the wheels
as appropriate. However, the prior art relating to paral-
lel hybrid vehicles fails to disclose a system sufficiently
simple for economical manufacture. The art further has
failed to teach the optimum method of operation of a
parallel hybrid vehicle.

Moreover, the art relating to parallel hybrids does
not teach the appropriate operational parameters to be
employed, relating to the relative power outputs of the
internal combustion engine and the electric motor; the
type of electric motor to be employed; and the fre-
quency, voltage, and current characteristics of the mo-
tor/battery system.

According to one aspect of the invention, the internal
combustion engine of a hybrid vehicle is sized to supply
adequate power for highway cruising, preferably with
some additional power in reserve, so that the internal
combustion engine operates only in its most efficient
operating range. The electric motor, which is substan-
tially equally efficient at all operating speeds, is used to
supply additional power as needed for acceleration and
hill climbing, and is used to supply all power at low
speeds, where the internal combustion engine is particu-
larly inefficient, e.g., in traffic.

FIG. 3 shows a block diagram of the drive system of
the vehicle according to the invention. Internal com-
bustion engine 40 is connected by way of a two-way
clutch 50 to a controllable torque transfer unit 28. The
torque transfer unit 28 receives torque from engine 40
and/or from alternating current electric motor 20 and
transmits this torque to the drive wheels 34 of the vehi-
cle by way of a conventional differential 32. The motor
20 receives power from a bi-directional AC/DC power
converter 44 comprising a solid-state switching net-
work connected in turn to a battery 22. The battery 22
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is charged by power generated by the motor 20 when
operated as a generator, that is, when driven by the
engine 40 by way of the controllable torque transfer
unit 28, or in a regenerative braking mode. A micro-
processor coniroller 48 controls the rate of supply of
fuel to engine 40 as indicated at 56, controls the opening
of a throttle 61 by which the engine 40 receives intake
air from the atmosphere for combusting the fuel, con-
trols the operation of the two-way clutch 56, controls
the operation of the torque transfer unit 28, and controls
bi-directional flow of power between the battery 22 and
the motor 20 through frequency, current, and polarity
signals passed to the bi-directional AC/DC power con-
verter 44. The microprocessor 48 receives control in-
puts from the vehicle operator, namely acceleration,
reverse, and deceleration or braking commands, and
receives data from sensors monitoring various elements
of the system, including data responsive at least to en-
gine speed, motor speed, battery voltage, battery charg-
ing status, and ambient temperature input. Other input
data may be provided as required. The microprocessor
also controls operation of the power converter 4 by
way of frequency, current and polarity signals.

As shown in FIG. 3, both the engine 40 and the motor
20 provide torque to the drive wheels 34 by way of the
controllable torque transfer unit 28. As will be detailed

. below, the microprocessor 48 controls the flow of

30

35

40

45

50

35

60

65

torque between the motor 20, the engine 40, and the
wheels 34 responsive to the mode of operation of the
vehicle. For example, when the vehicle is cruising along
the highway, all torque is preferably supplied from the
engine 40. However, when the vehicle starts down a
hill, and the operator lifts his foot from the accelerator
pedal, the kinetic energy of the vehicle and the engine’s
excess torque may be used to drive the motor 20 as a
generator so as to charge the batteries. If the vehicle
then starts to climb a hill, the motor 20 is used to supple-
ment the output torque of engine 40. Similarly, the
motor 20 can be used to start the engine 40, e.g., when
accelerating in traffic or the like. The various modes of
operation of the system will be described below in con-
nection with FIGS. 4-9, after which further details of
the various elements of the system are provided.

FIGS. 4-9 are schematic illustrations of the operation
of the parallel hybrid vehicle of the invention overcom-
ing the deficiencies of the prior art, each depicting oper-
ation of the vehicle under various circumstances. In
each of FIGS. 4-9, flow of potential energy—either
electrical energy, or combustible fuel—is shown in dot-
dash lines, while flow of mechanical energy, that is,
torque, is shown by dashed lines.

FIG. 4 illustrates operation in low speed circum-
stances, e.g., in city traffic or reversing. As noted, the
parallel hybrid vehicle drive system according to the
present invention includes an electric motor 20 pow-
ered by energy stored in a relatively large, high voltage
battery pack 22. Energy flows from battery 22 to motor
20 as indicated by a dot-dash line shown at 24. The
electric motor 20 provides torque, shown as a dashed
line 25, transmitted from the motor output shaft 26
through a torque transfer unit 28 and a drive shaft 30 to
a conventional differential 32 and then to wheels 34 of
the vehicle. Thus FIG. 4 indicates that the flow of en-
ergy in heavy traffic or for reversing is simply from
battery 22 to electric motor 20; torque flows from the
motor 20 to the wheels 34. Under these circumstances,
electric motor 20 provides all of the torque needed to
move the vehicle. Other combinations of torque and



5,343,970

11
energy flow required under other circumstances are
detailed below in connection with FIGS. 5-9. For ex-
ample, if the operator continues to command accelera-
tion, an acceleration/hill climbing mode illustrated in
FIG. 6 may be entered, followed by a highway cruising
mode illustrated in FIG. 5.

Referring to some of the details of the overall system
shown in FIG. 4, battery 22 is a series-connected bat-
tery pack made up of conventional lead acid batteries,
or, preferably, bipolar electrode lead acid batteries.
Battery 22 is capable of delivering between about 30
and about 50 amperes, and possibly up to 75 amperes.
The voltage of the battery pack varies with the weight
of the vehicle. For example, the preferred maximum
working parameters for a typical 3,300 pound vehicle
are about 1200 volts at about 50 amperes. Lighter vehi-
cles according to the invention are preferably operated
at lower voltages and similar currents, for reasons of
manufacturing convenience and to allow reduction in
the number of batteries required. Limiting the current
to no greater than 50 amperes allows relatively inexpen-
sive and readily assembled plug-in connectors to be
used in lieu of bolted connections required where
higher currents are involved, and allows some of the
circuitry to be provided in printed circuit form, for
manufacturing economy and convenience.

A typical battery pack for a 3,300 pound vehicle will
comprise 400-500 pounds of conventional lead-acid
batteries. In supply of current to a preferred motor 20 as
detailed below, the battery pack will discharge by 40%
in 3 minutes in driving the 3,300 pound vehicle up an
8% grade at 62 mph, assisted by a 45 hp engine. This
represents entirely adequate performance on a very
steep climb. Similar performance can be expected from
a 200-250 pound bipolar electrode lead-acid battery
pack. High energy capacitors may also be employed for
energy storage in the system of the invention.

Energy is supplied from battery 22 by cables 42 to a
solid-state switching AC/DC power converter unit 44
preferably comprising six MOS controlled thyristors
(MCTs) (see FIGS. 12 and 13) operated responsive to
control signals provided along line 46 by microproces-
sor 48 to convert DC current provided by battery 22 to
AC current of appropriate frequency, wave shape and
amplitude to operate AC induction motor 20. Such
MCTs are solid state switching devices rated at, for
example, 2500 volts at 100 amperes; other solid state
switching elements having similar capabilities may be
employed as suitable. Switching unit 44 also rectifies
AC generated by motor 20 when operated as a regener-
ative brake or generator to charge battery 22 with recti-
fied DC. :

The output torque from motor 20 is transmitted by
way of torque transfer unit 28 through a conventional
differential 32 to the vehicle drive wheels 34, which
may be the front or the rear wheels of the vehicle, or all
four wheels. An exemplary embodiment of the control-
lable torque transfer unit 28 is detailed in FIG. 11. A
clutch 50 may be provided between engine 40 and
torque transfer unit 28, as discussed in connection with
FIG. 3. In essence, controllable torque transfer unit 28
is controlled by microprocessor 48 to direct flow of
torque between motor 20, engine 40, and wheels 34, as
required in each operational mode of the vehicle. For
example, in the power flow diagram of FIG. 4, showing
operation in a heavy traffic/reversing mode, power is
transmitted directly from output shaft 26 of motor 20 to
drive shaft 30.
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The engine 40 may be any of a number of types,
including two or four stroke, Wankel-cycle, turbine, or
more exotic types. Chemical energy is supplied to en-
gine 40 in the form of combustible fuel 36, which may
be gasoline, diesel fuel, methanol, ethanol, natural gas,
propane, mixtures thereof, or other fuels. To allow
engine 40 to be connected to wheels 34 without a varia-
ble-speed transmission while being operable over a wide
range of road speeds, engine and engine 40 has a rela-
tively “flat” output torque versus RPM characteris-
tic—that is, engine 40 produces substantial torque over
a wide RPM operating range. See FIG. 14.

To lower the toxic hydrocarbon and carbon monox-
ide emissions from combustion, the engine 40 will be
operated in lean burn mode (that is, air will be supplied
slightly in excess of the amount required for stoichio-
metric combustion) to achieve complete combustion.
To lower nitrogen oxide emissions, the engine will be
operated at a lower temperature and thus at slightly
reduced thermodynamic efficiency (e.g., 2-3% lower)
than is a conventional engine. Only 2 or 3 cylinders will
be used in this engine to maintain a high volume-to-sur-
face area ratio within its cylinders, in order to further
reduce toxic emissions. That is, because the cylinder
walls of any internal combustion engine are cool in
comparison with the rest of the combustion chamber,
the fuel does not burn as completely along the cylinder
walls as elsewhere. Therefore, because an engine of
given displacement having fewer cylinders will have a
higher ratio of cylinder volume to cylinder surface area,
it will emit proportionately lesser quantities of un-
burned hydrocarbons than one having more cylinders.

At present it is preferred that engine 40 be a gasoline-
fueled, spark-ignition, water-cooled three-cylinder
four-stroke overhead cam unit of between about 750 cc
and one liter capacity producing between forty and
sixty peak horsepower at on the order of 6000 RPM.
Such an engine can be manufactured using conventional
technology, and may be fuel injected or carbureted.
However, electronic fuel injection (EFI) is preferred, as
indicated at 56, because EFI is readily controlled by
control signals received over a line 58 from micro-
processor 48. Similarly, the ignition of internal combus-
tion engine 40 may be controlled by an electronic en-
gine management system (EEM) 55 controlled by or
integrated with microprocessor 48. The internal com-
bustion engine 40 receives intake air via an air filter 60;
the microprocessor 48 may control the amount of air
admitted by way of throttle 61, or may measure the
amount of air admitted, as in certain conventional EFI
systems. Internal combustion engine 40 exhausts burnt
gases via a tail pipe 62 and muffler 64. These and other
features not discussed in detail may be implemented as
conventional in the art.

In addition to controlling the generation of appropri-
ate AC drive pulses via control signals provided to
switching unit 44, and controlling electronic engine
management system 55 and electronic fuel injection 56,
microprocessor 48 also monitors the level of charge of
batteries 22 via a line 66 and responds to operator com-
mands received over a control line 68 from operator
control input devices, shown schematically as a pedal
70. Thus, as discussed in connection with FIG. 3, micro-
processor 48 is provided with all information relevant
to the performance of the system, and appropriately
controls torque transfer unit 28, internal combustion
engine 40, switching unit 28, and electric motor 20 to
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ensure that appropriate torque is delivered to the
wheels 34 of the vehicle.

Control of switching unit 44 to appropriately operate
motor 20 is within the present skill of the art. For exam-
ple, numerically controlled machine tools employ mi-
croprocessor-controlled synchronous AC motors to
provide very precise rotational speeds for accurate
control of complex motions. Such precise motor control
is not required for practice of the present invention, nor
is a synchronous motor required. As the driver’s input is
an integral element of the system, the driver can make
any fine adjustments required simply by varying the
pressure exerted on the control input devices 70. Thus,
the operator becomes an active feedback element in the
control system.

The operator input devices 70 may include accelera-
tor and brake pedals, directional control switches, and
the like. Pressure on the accelerator pedal indicates to
the microprocessor that more power is required; pres-
sure on the brake causes the microprocessor to initiate
regenerative braking, as discussed below. The operator
may also be provided with additional input controls, for
example, to prevent the microprocessor from shutting
off internal combustion engine 40 during braking when
the operator anticipates a need for full power. How-
ever, in general it is an object of the invention to pro-
. vide a hybrid vehicle that is “user-transparent”, that is,
requiring no more operator knowledge or training than
does a conventional automobile.

A multipole AC induction motor 20 is preferred over
a DC motor due to the well known preferable torque
versus speed characteristics of AC induction motors in
combination with an appropriate power converter.
‘While both AC and DC motors produce their maximum
torque at zero RPM, essential in starting a heavy load
from rest without a clutch, the output torque from a DC
motor drops linearly with RPM. As shown by curve A
of FIG. 14, a multipole AC induction motor provided
with drive pulses of the proper type (readily provided
by microprocessor 48 controlling switching unit 44)
provides constant output torque up to a particular RPM
level, e.g., point C in FIG. 14, then hyperbolically de-
creasing torque while providing constant output power.
This torque characteristic is ideal for vehicle propul-
sion, particularly at low speeds. For example, point C
may correspond to a 120 Hz frequency of the AC volt-
age signal provided by switching unit 44 (see FIGS. 12
and 13) with maximum motor RPM reached at an AC
frequency of up to 1000 Hz; more preferably, point C
corresponds to a minimum 150 Hz AC frequency, and
maximum motor RPM to a maximum AC frequency of
600 Hz. The desired constant-torque characteristics of
the output of motor 20 are provided below point C by
appropriately shaping the AC drive pulses in known
manner. An AC induction motor can readily be oper-
ated in reverse, that is, as a generator, simply by con-
trolling the sequence of connection of the phase wind-
ings across the DC battery connection. See FIGS.
12-13. By comparison, the torque output by engine 40 is
substantially constant over its useful working RPM
range, as shown by curve B of FIG. 14. Engine 40 thus
provides adequate torque for highway cruising over a
wide range of vehicle speeds without the necessity of a
multi-speed transmission.

FIGS. 5-9 show operation of the system in other
modes. FIG. 5 depicts operation of the system in a
highway cruising mode wherein, as indicated above, all
torque required to drive the vehicle at normal highway
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speeds (e.g. above about 45 mph) is provided by the
internal combustion engine 40 supplied with combusti-
ble fuel 36 via EFI unit 56. Thus, energy flow as indi-
cated by the dot-dash line is from the tank 38 through
EFT unit 56 into engine 40, while torque flows from
engine 40 through torque transfer unit 28, to axle differ-
ential 32 and thence to road wheels 34. The engine 40 is
coupled to the wheels at a fixed ratio, that is, there is no
variable-ratio transmission. As the desired cruising
speed may vary somewhat, and as the engine output
power required to attain and maintain a given road
speed will vary with prevailing wind conditions, road
grading and the like, the output torque of internal com-
bustion engine 40 may be directly variable responsive to
the operator’s control inputs. Microprocessor 48 moni-
tors the operator’s inputs and the vehicle’s performance,
and activates electric motor 20 when torque in excess of
the capabilities of engine 40 is required. Conversely, if
excess engine torque is available (see the discussion of
FIG. 7 below) it can be transformed into electrical
energy in motor 20 and stored by battery 22.

FIG. 6 illustrates operation of the system in a high-
speed acceleration and/or hill climbing mode, wherein
both internal combustion engine 40 and electric motor
20 provide torque to road wheels 34. Accordingly,
electrical energy, as shown by the dot-dash line, flows
from battery 22 to motor 20; additionally, gasoline or
another combustible fuel flows from tank 38 to EFI unit
56 so that both internal combustion engine 40 and elec-
tric motor 20 can supply torque indicated by the dashed
lines to road wheels 34. Apain, microprocessor 48 con-
trols operation of both motor 20 and internal combus-
tion engine 40 through switching unit 44 and EFI unit
56, respectively. Low-speed acceleration—up to about
25 mph—is powered by the motor 20 alone. .

FIG. 7 depicts operation of the system in a regenera-
tive braking or coasting mode, wherein electrical en-
ergy is generated by motor 20, rectified in switching
unit 44 and fed back to charge batteries 22, as indicated
by the position of the arrow head on the dot-dash line
connecting switching unit 44 to batteries 22. Under the
control of microprocessor 48, the regenerative braking-
/coasting mode can be entered whenever the driver
removes his foot from an accelerator pedal and de-
presses a brake pedal, both indicated schematically at
70, or on downhill stretches. In this mode the kinetic
energy of the vehicle is fed back from road wheels 34
and differential 32 via drive shaft 30 to torque transfer
unit 28 to electric motor 20; microprocessor 48 controls
appropriate operation of switching unit 44 (see FIGS.
12 and 13) to generate rectified DC for storage in bat-
tery 22 from AC provided by motor 20.

FIG. 8 illustrates operation of the system during start-
ing, that is, when electric motor 20 starts internal com-
bustion engine 40 from rest. In this case energy flows
from battery 22 to switching unit 44, and output torque
is supplied by output shaft 26 of motor 20. Since internal
combustion engine 40 will typically be started when the
vehicle is already under power, e.g., in heavy traffic
that requires occasional acceleration, motor 20 simulta-
neously supplies torque to internal combustion engine
40 for starting it and also to driveshaft 30 to propel the
vehicle forward. The fact that microprocessor 48 con-
trols throttle 61, EFI unit 56 and EEM unit 55 ensures
quick, smooth starting. When engine 40 has started,
microprocessor 48 shifts vehicle operation to the mode
of FIG. 6.
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Finally, FIG. 9 illustrates system operation in the
battery charging mode. Battery charging takes place
automatically, under microprocessor control, respon-
sive to monitoring the state of charge of battery 22 via
control signal line 66. Internal combustion engine 40
charges battery 22 by rotating motor 20, providing AC
rectified by switching unit 44 to DC suitable for charg-
ing battery 22. If this mode is entered during driving,
internal combustion engine 40 also supplies torque to
road wheels 34, as indicated by the dashed lines.

FIGS. 10 and 11 show respectively a two-way clutch
50 employed to couple the internal combustion engine
40 to the drive train of the vehicle, and the controllable
torque transfer unit 28. It will be appreciated that the
disclosed embodiments of these and other elements of
the vehicle of the invention are exemplary only, and
that other devices performing equivalent functions are
known to the art and are considered to be within the
scope of the invention.

The two-way clutch 50 shown in FIG. 10 receives
torque from an engine flywheel 82 fixed to the engine
output shaft 41, and includes a double-sided friction disk
84 splined onto an input shaft 86 of the controllable
torque transfer unit 28. A throwout mechanism 88 con-
trolled by microprocessor 48 controls engagement of
the friction disk 84 with either the flywheel 82 or a
stationary .plate 90 fixed with respect to the vehicle.
Therefore, depending upon the position of the friction
disk 84, torque may be transmitted from engine shaft 41
to input shaft 86, or input shaft 86 can be fixed with
respect to the vehicle, for reasons made clear below.

FIG. 11 shows one embodiment of the controllable
torque transfer unit 28. Again, numerous functionally
equivalent devices are known to the art, and are within
the scope of the invention. The controllable torque
transfer unit 28 comprises four constantly-meshing
bevel gears 94, 96, 98 and 100. A first bevel gear 94 is
fixed to the input shaft 86 for receiving torque from the
engine 40 via clutch 50 (FIG. 10). The second bevel
gear 96 is fixed to the motor shaft 26 for receiving
torque from the electric motor 20. Bevel gears 94 and 96
are journaled for free rotation about an axis of housing
92. When housing 92 rotates about its axis, torque is
transmitted from housing 92 to wheels 34 by drive shaft
30, as indicated schematically by pinion 102 on drive
shaft 30 mating with teeth 104 formed on the outer
circumference of housing 92. The third and fourth bevel
gears 98 and 100 respectively are journaled for rotation
in bores in housing 92, and have their axes lying in a
plane perpendicular to the axis of housing 92. Locking
devices indicated schematically at 106 are provided for
control of the rotation of gears 98 and 100 with respect
to housing 92. Thus, gears 98 and 100 may be locked
with respect to housing 92, or may rotate freely with
respect to housing 92. In a preferred embodiment of
torque transfer unit 28, locking devices 106 are further
controllable to provide substantial torque transfer be-
tween gears 98 and 100 and housing 92. Accordingly,
rotation of gears 98 and 100 may take place in a “limit-
ed-slip” manner, discussed below. The operation of
locking devices 106 and accordingly the rotation of
gears 98 and 100 with respect to the housing 92 is con-
trolled by microprocessor 48.

When gears 98 and 100 are fixed with respect to
housing 92, the torque transfer unit 28 is said to be
“locked” or in the “parallel” mode of operation. In this
mode, with clutch 50 operated such that engine output
shaft 41 is engaged with input shaft 86, both shafts 86
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and 26 rotate at the same rate, and the sum of the input
torque provided from engine 40 and motor 20 is trans-
ferred to wheels 34 by drive shaft 30.

If it is desired to engage only motor shaft 26 with
drive shaft 30, clutch 50 can be operated to decouple
input shaft 86 from engine output shaft 41 and lock
input shaft 86 to stationary disk 90. In this circumstance,
with gears 98 and 100 fixed with respect to housing 92,
torque is transmitted directly from input shaft 26 to
driveshaft 30.

When gears 98 and 100 are free to rotate within hous-
ing 92, the torque transfer unit is said to be operated in
a “differential” mode. In this mode, torque from engine
40 may be transferred, for example, to motor 20 oper-
ated as a generator to charge battery 22, and also to
driveshaft 30, to propel the vehicle forward. More spe-
cifically, in the differential mode, if the engine and
motor shafts rotate in opposite directions at the same
speed, the housing 92 will be stationary. If the speeds of
input shafts 86 and 26 differ, torque transferred to hous-
ing 92 by spur gears 98 and 100 will cause the housing
92 to rotate at a differential speed. If gears 94, 96, 98 and
100 have equal numbers of teeth, the differential speed
at which housing 92 rotates is equal to the difference in
speeds of shafts 94 and 96. Equal amounts of torque are
transmitted by each shaft, while the flow of power is
proportional to the speeds of the corresponding shafis.

By comparison, in the parallel mode, when the plane-
tary gears 98 and 100 are locked with respect to housing
92, housing 92 rotates at the speed of the engine shaft
and/or the motor shaft, depending on the operation of
clutch 50. The torque transmitted by the housing 92 to
pinion 102 is the sum of the torques provided by motor
20 and engine 40 to input shafts 26 and 86 respectively.

As noted, pinions 98 and 100 may be locked to hous-
ing 92 by locking devices shown schematically at 106.
Devices 106 may comprise magnetic or friction
clutches for controllably locking gears 98 and 100 to
housing 92. Devices 106 are operated by microproces-
sor 48 so that microprocessor 48 can control the torque
transfer unit 28 in accordance with the selected opera-
tional mode of the vehicle of the invention.

In a further preferred embodiment, locking devices
106 may provide a fixed or variable amount of slip be-
tween gears 98 and 100 and housing 92, whereupon
torque transfer unit 28 is said to be operated in a “limit-
ed-slip” or “limited-slip differential”” mode. In this mode
of operation, while gears 98 and 100 rotate with respect
to housing 92, their rotation is not free. For example, a
fraction of the torque imparted to gears 98 and 100 from
input shaft 41 may be transferred to housing 92 by fric-
tional engagement (for example) of locking devices 106.
This fraction of the total torque drives the vehicle for-
ward; the remainder is transferred to motor 20 and is
employed to charge the battery. Thus, in the limited-
slip mode of operation of torque transfer unit 28, the
rotational speed of housing 92 is not an algebraic sum of
the speeds of shafts 26 and 86 (as in the cases of the
parallel and differential modes of operation of torque
transfer unit 28), but is controlled responsive to the
amount of slip provided by locking devices 106. The
amount of slip may be controlled by the microproces-
sor, or may be fixed. By thus providing a controlled
amount of slip between the gears 98 and 100 and hous-
ing 92, the flow of torque between engine 40, motor 20
and output shaft 30 may be precisely controlled.

More specifically, on occasion it will be desired to
charge the batteries while driving the vehicle forward,
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e.g. in slow traffic. In this mode, the engine output
power is divided in order to propel the vehicle forward
and to charge the batteries. Locking devices 106 allow
differential operation of the gears within the housing 92
and therefore allow the power output by the engine to
be divided as determined to be appropriate by micro-
processor 48. Furthermore, by controlling the duty
cycle and frequency of operation of the switching ele-
ments of controller 44 (see FIGS. 12 and 13), the load
provided by the motor to the engine can be controlled.
Thus, at all times the microprocessor 48 may determine
the load ( if any) to be provided to the engine by the
motor, responsive to the load imposed by the vehicle’s
propulsion requirements, so that the engine 40 can be
operated in its most fuel efficient operating range.

Summarizing, it will be recalled that according to an
important object of the invention, the present hybrid
electric vehicle does not employ a multi-speed transmis-
sion. Accordingly, the ratios of the rates of rotation of
the engine 40 and motor 20 to those of the respective
input shafts of torque transfer unit 28, and the ratio of
the rates of rotation of the housing 92 and of the wheels
34, are fixed. However, it is within the scope of the
invention to employ constant-ratio reduction gears, for
example, between motor 20 or engine 40 and torque
transfer unit 28. Further, it will be appreciated that in
the differential mode of operation the ratio of the rate of
rotation of housing 92 to the difference between the
rates of rotation of the input shafts is fixed; in the limit-
ed-slip differential mode of operation, this latter ratio
may alternatively be controlled to assume a second
fixed value, or may be variable under microprocessor
control.

In further explanation of the operation of the vehicle
of the invention, there are typically two modes of oper-
ation at slow speed, that is, at up to about 25-35 mph,
depending on the state of charge of the battery 22. Be-
cause the engine 40 is cycled on and off in this speed
range when the average power demand is small, in one
mode the system is operated as a pure electric drive
system (as in FIG. 4) and in the other mode it is oper-
ated as a differential drive system.

When the battery 22 is fully charged, and the vehicle
speed is below about 25-35 mph, the microprocessor 48
disconnects the engine 40 from the drive and shuts it off.
Under these circumstances only the motor 20 provides
power to drive the vehicle. If the brake pedal is de-
pressed by the driver, the microprocessor 48 causes the
motor frequency to advance, so that motor 20 performs
as a generator to recover some of the braking energy
back into the battery. See FIGS. 12-13. Up to 40-50%
on average of the vehicle’s kinetic energy may thus be
recovered and stored in battery 22. Excess braking
energy is still dissipated by the brake pads of the vehi-
cle.

By comparison, if the battery is discharged by
10-20% and the vehicle speed is below 25-35 mph, the
microprocessor 48 actuates the two-way clutch 50 (see
FIG. 10) to connect the engine 40 to the torque transfer
unit. Then the motor 20 will start the engine 40 while
driving the vehicle, with the microprocessor 48 provid-
ing optimal starting conditions as above. Locking de-
vices 106 are released, such that the torque transfer unit

28 operates in differential mode. The microprocessor 48 .

then controls the speeds of both the engine 40 and the
motor 20 such that the difference in speed of their out-
put shafts is equal to the speed required by the driver for
vehicle propulsion. As noted, engine speed is controlled
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such that engine 40 provides 60-90% of its maximum
power over a wide range of vehicle speeds. Excess
power is used to recharge the battery 22. The micro-
processor 48 controls the switching network 44 so that
the motor 20 acts as a generator to charge the battery.
See FIGS. 12-13. The microprocessor 48 monitors the
state of battery charge and terminates this mode of
driving when the battery is fully recharged.

According to a preferred implementation of the in-
vention, microprocessor 48 monitors the state of charge
of batteries 22 via line 66 and recharges the batteries
whenever the charge is depleted by more than about
10-20%. Such frequent light charges result in improved
battery life as compared to regularly allowing the bat-
teries to be nearly fully discharged, followed by a
lengthy recharge period, as is necessary in operation of
entirely electric vehicles. Under conditions of maxi-
mum battery usage, e.g., in heavy traffic, the duty cycle
of the internal combustion engine for battery charging
is 10-20%; that is, in traffic, internal combustion engine
40 charges the battery perhaps once per hour for a
period of approximately twelve minutes.

It is within the scope of the invention to operate the
engine 40 outside its most fuel efficient operating range,
on occasion. For example, if the torque transfer unit
does not provide a limited-slip mode of operation the
combined load of low-speed vehicle operation in traffic
together with battery charging may be less then the
minimum power produced by the engine in its most
efficient operating range. In these circumstances, it is
preferable to use the engine somewhat inefficiently
rather than to discharge the batteries excessively, which
would substantially reduce the battery lifetime.

At moderate speeds, as experienced in suburban driv-
ing, the speed of the vehicle on average is between
30-45 mph. The vehicle will operate in a highway mode
with the engine running constantly after the vehicle
reaches a speed of 30-35 mph. The engine will continue
to run unless the engine speed is reduced to 20-25 mph
for a period of time, typically 2-3 minutes. This speed-
responsive hysteresis in mode switching will eliminate
nuisance engine starts.

FIG. 12 shows one circuit for the solid-state switch-
ing AC/DC converter/motor controller unit 44. As
indicated above, the principal functions of switching
controller unit 44 are to convert DC provided by bat-
teries 22 into appropriate AC pulses for operation of
motor 20, and similarly to convert AC provided by
motor 20 where operated as a generator to DC for
charging battery 22. The circuit illustrated in FIG. 12
for carrying out these functions is a three-phase bridge
circuit comprising six solid-state devices 110 operated
as switches responsive to control signals A-F. Switch-
ing devices 110 are in parallel with six flyback diodes
112. In this embodiment, motor 20 comprises three
phase windings which are connected to the lines
marked Phases X, Y and Z. Positive and negative bus
lines 116 and 118 marked + and — are connected to the
battery 22. The motor phases are connected to the bus
lines 116 and 118 by solid-state switches 110 at appro-
priate times by signals A-F. In the embodiment of FIG.
12, signals A-F are provided by a controller 114 respon-
sive to desired frequency, polarity and pulse width or
output current signals provided by microprocessor 48.
The frequency command establishes the synchronous
speed of the motor, the polarity command establishes
the direction of rotation, and the pulse width or current
command establishes the output torque within the
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torque envelope shown by curve A of FIG. 14. It will
be appreciated that controller 114 could also be config-
ured as- part of microprocessor 48 if convenient.
Switches 110 are thus controlied responsive to the de-
sired frequency, polarity, and current signals to connect
the various phase windings of AC induction motor 20 to
operate as a motor or generator.

FIG. 13 indicates that the operation of motor 20 as a
motor or a generator is a function of the “slip” or “space
phase” angle. The slip angle is the ratio of the difference
between the loaded shaft speed and a desired synchro-
nous speed to that synchronous speed. When the motor
is unioaded the output torque is zero, and the slip angle
is zero. When the motor is loaded the slip angle be-
comes negative and the motor generates torque, that is,
acts as a power source. If the AC frequency is changed,
the synchronous speed will change accordingly. If this
frequency change is such that the slip angle becomes
positive, the motor will produce negative torque, i.e.,
will act as a generator and will become a load. There-
fore, by appropriately altering the AC frequency,
power is generated, charging the battery. In the gener-
ating mode, net current flow is through the diodes 112
from the three phase windings to the DC battery to be
charged. When the motor 20 is being operated as a
torque source, in the “motoring” mode, current is trans-
mitted from the DC input to the three phases of the
motor; each of the semi-conductor switches 110 and the
diodes 112 conduct during each cycle, and the net cur-
rent flow is through the semi-conductor switches 110.

Several different types of semi-conductor switching
devices are suitable for the switching elements 110 of
the solid-state switching power converter 44; these
devices include silicon controlled rectifiers (SCRs),
gate turnoff thyristors (GTOs) and MOS controlled
thyristors (MCTs). The preferred embodiment cur-
rently employs MCTs, with GTOs as the second
choice.

As indicated above, for minimum cost and minimum
losses the electrical circuits connecting the battery and
the motor via the controller should operate at low cur-
rent and relatively high voltage. The current should be
less than 75 amperes and is preferably in the 30-50 am-
pere range; in the example given above of a 60-80
horsepower motor operating at 50 amperes maximum
current to power a 3,300 pound vehicle, the DC voltage
will be 1,000 to 1,400 volts. Typical maximum voltages
corresponding to light and heavy vehicles are between
500 and 1,500 volts. The battery capacity may also be
varied in accordance with the intended use of the vehi-
cle; for example, vehicles sold for intended use in flat
terrain will normally require less battery capacity than
those for use in mountainous terrain.

Having thus summarized the operation of the hybrid
vehicle of the invention, certain further aspects of the
invention can be discussed. FIGS. 1 and 2 indicate that
an internal combustion engine 40 of about forty-five
horsepower will be adequate to provide sufficient
power for cruising in a 3,300 pound automobile at
steady speed on the highway. The next criterion is to
provide enough power for adequate acceleration and
hill climbing; an electric motor 20 of about sixty-five
horsepower is appropriate, so that a total of one hun-
dred ten horsepower is available. It will be recognized
of course that these figures are subject to considerable
variation. However, it is considered an aspect of the
invention that the maximum power of the electric
motor is at least about equal and possibly up to double
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the maximum power of the internal combustion engine;
this ratio reflects approximately the ratio of the power
required for cruising and for acceleration or hill climb-
ing.

As also indicated above, according to the invention
electric motor 20 is an asynchronous AC induction
motor driven by pulses provided by MOS controlled
thyristors switched by microprocessor 48, or by a dedi-
cated motor controller responsive to microprocessor
48. In a further aspect of the invention, motor 20 oper-
ates on relatively high voltage and relatively low cur-
rent AC of at least about 120 Hz and up to 1000 Hz
phase voltage frequency. All else being equal, such a
high frequency motor can be made more compact than
the typical lower frequency 60 Hz AC motor. How-
ever, higher frequencies involve increased power
losses. Preferably, a multipole motor (one having at
least ten poles) is employed, so that adequate power is
provided at a maximum RPM selected to ensure satis-
factory motor durability. As an example, an 18-pole
motor 20 operating at 150-600 Hz will have a maximum
speed of 4,000 rpm; this would be conveniently close to
the operating speed of engine 40, so that reduction gear-
ing need not be provided.

The advantage of operating at relatively low maxi-
mum currents of between 30 and 75 amperes and prefer-
ably no more than 50 amperes is that by thus lowering
the current as compared to the high currents of prior
hybrid and electric vehicles, electrical connection and
circuit manufacturing technologies can be employed
that will simplify the manufacture of the vehicle and
render its operation most efficient. The maximum volt-
age is then chosen in accordance with the vehicle
weight. More specifically, conductors carrying up to
about 50 amperes can be connected through simple
plug-in connectors as commonly used in electrical
power wiring; higher currents, as taught by the prior art
relating to hybrid vehicles, require bolted connections.
Moreover, for a given power transmission requirement,
higher voltages and lower currents result in reduced
resistance heating losses as compared to lower voltages
and higher currents. Further, through use of lower
currents, it is possible to manufacture the circuitry con-
necting the solid-state switching elements of switching
unit 44 and related components to the control signal
conductors and power feeders using printed circuit
technology. It is feasible to print wide conductors thick
enough to carry 20 amperes of current as required to
supply a three-phase motor with 50 total amperes of AC
power, and to likewise carry rectified current produced
by the motor when operated in regenerative braking
mode to recharge battery 22. Preferably, switching
module 44 carries the switching elements 110 on a ring-
shaped printed circuit board disposed around shaft 26 of
motor 20, the elements 110 being cooled by heat sinks in
the flow path of a fan mounted on shaft 26 to ensure
adequate cooling. If it is desired to manufacture a
smaller, lighter vehicle according to the invention, the
same circuit components could be used and the voltage
simply reduced by reducing the number of individual
batteries making up battery pack 22, providing substan-
tial manufacturing economy.

It will be appreciated that according to the invention
the internal combustion engine is run only in the near
vicinity of its most efficient operational point, that is,
such that it produces 60-90% of its maximum torque
whenever operated. This in itself will yield improve-
ment in fuel economy on the order of 200-300%. More
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specifically, a 200-300% reduction in fuel consumption
will provide an equal reduction in carbon dioxide emis-
sions, as the amount of carbon dioxide emitted is pro-
portional to the amount of fuel used. If ethanol is used as
a fuel, that is, if the fuel is derived from renewable plant
life rather than fossil fuel, an overall reduction in global
carbon dioxide emissions will be achieved since the
plants consume carbon dioxide during growth.

Toxic pollutants such as nitrogen oxides, carbon
monoxide and hydrocarbons will be reduced by
200-300% simply through use of less fuel. As indicated
above, a further reduction can be obtained by operating
the engine in a lean burn mode. Although reduction of
the combustion temperature in order to reduce the
amount of nitrogen oxides emitted also reduces the
thermodynamic efficiency, this technique can still be
usefully employed; the improvement in fuel efficiency
realized according to the invention is so high that a
slight reduction in thermodynamic efficiency resulting
in the reduction of the amount of nitrogen oxides emit-
ted can be tolerated without substantial loss in overall
economy.

The following parameters are relevant to the perfor-
mance of a parallel hybrid vehicle: 1) the total maxi-
mum power available to drive the vehicle; 2) the ratio of
the maximum output power of the internal combustion
engine versus that of the electric motor; 3) the energy
capacity of the battery; 4) the function of the power
converter used to convert mechanical energy to electri-
cal energy for storage and vice versa; 5) the availability
of power to recharge the battery at any time; 6) the
optimization of the control algorithm; and 7) appropri-
ate mechanical linkage between the engine, the motor,
and the drive wheels. According to the invention, these
parameters are optimized so as to ensure that the engine
is operated at all times at its maximum point of effi-
ciency, and such that the driver need not consider the
power source being employed at any given time.

The cost of the engine according to the invention is
30-50% that of a conventional engine. The cost of the
clutch and torque transfer unit is no more than 33% of
the cost of a conventional automatic transmission. No
alternator or starter is required. The cost of the motor,
the solid state switching unit, and the increased battery
capacity is roughly equivalent to the cost of the compo-
nents eliminated according to the invention. Weight and
manufacturing complexity are likewise comparable.

Thus, in accordance with the objects of the invention
a hybrid electric vehicle is provided that is fully com-
petitive with conventional internal combustion engine
driven vehicles in terms of acceleration, cost, weight,
and manufacturing and operational convenience, while
obtaining very substantial improvements in fuel effi-
ciency and even more substantial reduction in emission
of pollutants.

It should be understood that while in the foregoing
the best mode of practice of the invention now known
to the inventor has been fully disclosed, numerous in-
ventions and developments will be made during further
development of the hybrid electric vehicle of the inven-
tion. Therefore, inasmuch as the present invention is
subject to many variations, modifications, and changes
in detail, it is intended that all subject matter discussed
above or shown in the accompanying drawings be inter-
preted as illustrative only and not be taken in a limiting
sense.

What is claimed is:

1. A hybrid electric vehicle, comprising:
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two or more drive wheels receiving torque for pro-
pelling said vehicle from an output shaft, and a
power unit supplying drive torque to said output
shaft, said power unit comprising:

a controllable torque transfer unit adapted to receive
torque from two sources via first and second input
shafts and transmit said torque to said output shaft;

an engine adapted to consume combustible fuel and
supply torque to said torque transfer unit;

an electric motor adapted to receive electricity from
a battery and supply torque to said torque transfer
unit, said motor also being adapted to be operated
as a generator, whereupon said motor receives
torque and generates electric energy;

a battery for supply of stored electric energy to said
motor, and for receiving and storing electric en-
ergy from said motor when operated as a genera-
tor; and

a controller for controlling the operation of said en-
gine, said electric motor, and said torque transfer
unit, such that said torque transfer unit receives
torque from either or both of said internal combus-
tion engine and said electric motor via said first and
second input shafts and transmits torque therefrom
to said drive wheels by way of said output shaft,
and for controlling the relative contributions of the
internal combustion engine and electric motor to
the torque driving the wheels;

wherein the relative ratios of the rates of rotation of
said engine and said electric motor to said input
shafts, and the relative ratio of the rate of rotation
of an output member of said torque transfer unit to
the rate of rotation of said driven wheels, are fixed.

2. The vehicle of claim 1, wherein said controller
means controls flow of combustible fuel to said engine
and of electrical energy to said motor, whereby said
vehicle may be operated in a variety of operating modes
selected dependent on desired vehicle performance.

3. The vehicle of claim 2, wherein said modes include
at least:

a low speed/reversing mode, wherein all energy is
supplied by said battery and all torque by said elec-
tric motor;

a high speed/cruising mode, wherein all energy is
supplied by combustible fuel and all torque by said
engine; and

an acceleration/hill climbing mode, wherein energy
is supplied by both combustible fuel and said bat-
tery, and torque by both said engine and said mo-
tor.

4. The vehicle of claim 1, wherein said engine is an

internal combustion engine.

5. The vehicle of claim 4, wherein said combustible
fuel is selected from the group consisting of ethanol,
natural gas, propane, gasoline, and diesel fuel.

6. The vehicle of claim 1, wherein said motor is an
AC inductor motor.

7. A hybrid electric vehicle comprising:

two or more drive wheels receiving torque for pro-
pelling said vehicle from an output shaft, and a
power unit supplying drive torque to said output
shaft, said power unit comprising:

a controllable torque transfer unit adapted to receive
torque from two sources and transfer said torque to
said output shaft;

an engine adapted to consume combustible fuel and
supply torque to said torque transfer unit;
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an electric motor adapted to receive electricity from
a battery and supply torque to said torque transfer
unit, said motor also being adapted to be operable
as a generator;

a battery for supply of stored electric energy to said
motor, and for receiving and storing electric en-
ergy from said motor when operated as a genera-
tor; and

a controller for controlling the operation of such
engine, said electric motor, and said torque transfer
unit such that said torque transfer unit receives
torque from either or both of said internal combus-
tion engine and said electric motor and transmits
and for controlling the relative contributions of the
internal combustion engine and electric motor to
the torque driving the wheels, and

wherein said battery provides a maximum current of
no more than about 75 amperes at a voltage se-
lected responsive to the characteristics of said mo-
tor.

8. The vehicle of claim 7, wherein said battery pro-
vides a maximum voltage in the approximate range of
500-1,500 volts.

9. The vehicle of claim 7, wherein said electric motor
is an AC motor, said vehicle further comprises solid
state switching means, and said battery provides DC to
said switching means, said switching means comprising
means for converting said DC supplied by said battery
to AC for supply to said electric motor, and further
comprising means for rectifying AC generated by said
motor when operated in a regenerative mode to provide
DC to charge said battery.

10. The vehicle of claim 9, wherein said AC supplied
by said switching means has a frequency of between
about 120 and about 1000 Hz.

11. A hybrid electric vehicle, comprising:

two or more drive wheels receiving torque for pro-
pelling said vehicle from an output shaft, and a
power unit supplying drive torque to said output
shaft, said power unit comprising: .

a controllable torque transfer unit adapted to receive
torque from two sources and transfer said torque to
said output shaft;

an engine adapted to consume combustible fuel and
supply torque to said torque transfer unit;

an AC electric motor adapted to receive electric
energy from a battery and supply torque to said
torque transfer unit, said motor being further
adapted to be operable as a generator;

a battery for supply of stored electric energy to said
motor, and for receiving and storing electric en-
ergy from said motor when operated as a genera-
tor;

solid state switching means for converting DC sup-
plied by said battery to AC for supply to said elec-
tric motor, and for rectifying AC generated by said
motor when operated in a regenerative mode to
provide DC to charge said battery; and

a controller for controlling the operation of said en-
gine, said electric motor, said solid state switching
means, and said torque transfer unit, such that said
torque transfer unit receives torque from either or
both of said internal combustion engine and said
electric motor and transmits torque therefrom to
said drive wheels by way of said output shaft, and
for controlling the relative contributions of the
internal combustion engine and electric motor to
the torque driving the wheels.
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12. The vehicle of claim 11, wherein said solid state

switching means comprises a plurality of metal oxide
semiconductor controlled thyristors switched respon-
sive to control signals provided by said controller.

13. A hybrid electric vehicle, comprising:

two or more drive wheels receiving torque for pro-
pelling said vehicle from an output shaft, and a
power unit supplying drive torque to said output
shaft, said power unit comprising:

a controllable torgue transfer unit adapted to receive
torque from two sources and transfer said torque to
said output shaft;

an engine adapted to consume combustible fuel and
supply torque to said torque transfer unit;

an electric motor adapted to receive electricity from
a battery and supply torque to said torque transfer
unit, said motor being further adapted to be oper-
ated as a generator;

a battery for supply of stored electric energy to said
motor, and for receiving and storing electric en-
ergy from said motor when operated as a genera-
tor; and

a controller for controlling the operation of said en-
gine, said electric motor, and said torque transfer
unit such that said torque transfer unit receives
torque from either or both of said internal combus-
tion engine and said electric motor and transmits
torque therefrom to said drive wheels by way of
said output shaft, and for controlling the relative
contributions of the internal combustion engine
and electric motor to the torque driving the
wheels;

wherein said electric motor produces maximum
power at a level at least equal to 100% of the maxi-
mum power of said internal combustion engine.

14. The vehicle of claim 13, wherein said electric

motor produces maximum power at a level equal to
between about 130% and about 200% of the maximum
power of said internal combustion engine.

15. A method of operating a hybrid electric vehicle,

said vehicle comprising:

a controllable torque transfer unit, operable to trans-
fer torque in three modes (a) from either or both of
two input shafts to an output member, said output
member transmitting torque to drive wheels of said
vehicle; (b) between said input shafts; and (c) from
said output member to one or both of said input
shafts;

an electric motor adapted to apply torque to a first of
said input shafts responsive to supplied electrical
energy, said motor being further operable in a gen-
erator mode, to provide electrical energy when
driven by torque transferred thereto via said first
input shaft;

a combustible-fuel-burning internal combustion en-
gine adapted to apply torque to a second of said
input shafts;

a battery adapted to supply electrical energy to and
store energy received from said electric motor; and

a controller adapted to receive input commands from
a driver of said vehicle to monitor operation of said
vehicle and to control operation of said controlla-
ble torque transfer unit, said motor, and said inter-
nal combustion engine, said method comprising the
following steps:

selecting an appropriate mode of operation of said
vehicle from the following possible modes of oper-
ation:
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low speed running;
steady state running;
acceleration or hill climbing;
battery charging;
braking; and
engine starting;
selecting the appropriate flow paths of electrical en-
ergy and/or combustible fuel and of torque to ef-
fectuate the selected mode of operation; and
controlling operation of said controllable torque
transfer unit, said electric motor and said internal
combustion engine in accordance with said se-
lected appropriate flow paths.

16. The method of claim 15, wherein during said low
speed running mode of operation, said flow paths are
controlled such that electrical energy flows from said
battery to said electric motor, and torque flows from
said electric motor to said torque transfer unit and
thence to said drive wheels.

17. The method of claim 15, wherein during said
steady state running mode of operation, said flow paths
are controlled such that fuel flows from a supply
thereof to said engine and torque supplied by said en-
gine is transferred to said torque transfer unmit and
thence to said drive wheels.

18. The method of claim 15, wherein during said
acceleration or hill climbing mode of operation, said
flow paths are controlled such that electrical energy
flows from said battery to said electric motor, fuel flows
from a supply thereof to said engine and torque flows
from said electric motor and said engine to said torque
transfer unit and thence to said wheels.

19. The method of claim 15, wherein during said
battery charging mode of operation, said flow paths are
controlied such that fuel flows from a supply thereof to
said engine and torque supplied by said engine is trans-
ferred to said motor, whereby electrical energy is irans-
ferred from said motor to said battery for storage
therein.

20. The method of claim 19, wherein torque is further
transferred from said engine to said wheels for propel-
ling said vehicle during said battery charging mode of
operation.

21. The method of claim 15, wherein during said
braking mode of operation, said flow paths are con-
trolled such that torque is transferred from said wheels
to said motor, and electrical energy is transferred from
said motor to said battery for storage therein.

22. The method of claim 15, wherein during said
engine starting mode of operation, said flow paths are
controlled such that electrical energy flows from said
battery to said electric motor, and torque flows from
said electric motor to said torque transfer umit and
thence to said engine for starting said engine.

23. The method of claim 22, wherein during said
engine starting mode of operation, said flow paths are
controlled such that torque may additionally be trans-
ferred from said wheels to said torque transfer unit and
thence to said engine for starting said engine.

24. The method of claim 15, wherein said battery
supplies DC electrical energy, said electric motor oper-
ates on AC energy, said vehicle comprises a solid state
switching network for conversion of DC to AC for
powering said motor, and said controller controls oper-
ation of said switching network such that said DC is
converted to AC of appropriate characteristics to effec-
tuate the mode of operation thus determined.

10

20

25

30

35

40

45

50

35

65

26

25. The method of claim 24, wherein said battery
supplies DC of no more than about 75 amperes to said
solid-state switching network, said network comprising
a plurality of semiconductor switching elements, said
controller controlling switching of said elements to
generate AC of appropriate characteristics.

26. The method of claim 24 wherein the frequency of
said AC is controlled to be between about 120 and 1000
Hz and preferably between about 150 and about 600 Hz.

27. The method of claim 26, wherein said motor is
operable in constant power and constant torque modes,
and wherein the frequency of said AC is below about
150 Hz in constant torque operation and between about
150 and about 600 Hz in constant power operation.

28. The method of claim 15, wherein the ratios at
which torque is transferred between said input shafts
and said torque transfer unit and between said torque
transfer unit and said wheels are fixed.

29. The method of claim 15, wherein said controllable
torque transfer unit is operable in a locked mode,
wherein torque supplied from one or both of said input
shafts to said torque transfer unit is transmitted directly
to said output member, and in a differential mode,
wherein the ratio of the speed of said output member is
fixed with respect to the difference in speed of said two
input shafts, and comprising the step of selecting the
operational mode of said torque transfer unit responsive
to the selected mode of operation.

30. The method of claim 29, comprising the further
step of operating said torque transfer unit in a limited-
slip differential mode, wherein the speed of said output
member is related to the difference in speeds of the two
input shafts by a ratio differing from the corresponding
effective ratio in said differential mode.

31. The method of claim 30, comprising the further
step of varying the ratio of the speed of said output
member to the difference in speeds of said input shafts in
said limited-slip differential mode.

32. A hybrid electric vehicle, comprising:

a controllable torque transfer unit, operable to trans-
fer torque in three modes: (a) from either or both of
two input shafts to an output member, said output
member transmitting torque to drive wheels of said
vehicle; (b) between said input shafts; and (c) from
said output member to one or both of said input
shafts;

an electric motor adapted to apply torque to a first of
said input shafts responsive to supplied electrical
energy, said motor further being operable in a gen-
erator mode, to provide electrical energy when
driven by torque transferred thereto via said first
input shaft;

a combustible-fuel-burning internal combustion en-
gine adapted to apply torque to a second of said
input shafts;

a battery adapted to supply electrical energy to and
store energy received from said electric motor; and

a controller adapted to receive input commands from
a driver of said vehicle to monitor operation of said
vehicle and to control operation of said controlla-
ble torque transfer unit, said motor, and said inter-
nal combustion engine, wherein said controller
comprises means for performing the following
functions responsive to input commands and moni-
tored operation of said vehicle:

selecting an appropriate mode of operation of said
vehicle from at least the following possible modes
of operation:
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low speed running;
steady state running;
acceleration or hill climbing;
battery charging;
braking; and
engine starting;
selecting the appropriate flow paths of electrical en-
ergy and/or combustible fuel and of torque to ef-
fectuate the selected mode of operation; and
controlling operation of said controllable torque
transfer unit, said electric motor and said internal
combustion engine in accordance with said se-
lected appropriate flow paths and selected mode of
operation.

33. The vehicle of claim 32, wherein said controllable
torque transfer unit comprises first and second input
gears connected to said first and second input shafts and
an output gear controllably connected to said output
member, means actuable by said controller for control-
ling connection of said output gear to said output mem-
ber, whereby said controller controls transfer of torque
through said torque transfer unit.

34. The vehicle of claim 33, wherein said torque
transfer unit is operable in a first locked mode, in which
all torque supplied by one or both of said input shafts is
transferred to said output members directly, and a dif-
ferential mode, in which the speed of said output mem-
ber is equal to the difference in speed of said input
shafts, and wherein said controller controls the mode of
operation of said torque transfer unit responsive to the
selected mode of operation.
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35. The vehicle of claim 34, wherein in both said
locked and differential modes of operation of said
torque transfer unit, the respective rates of rotation of
said gears of said torque transfer unit and of the corre-
sponding input shafts, and the respective rates of rota-
tion of said output member and said wheels are fixed.

36. The vehicle of claim 34, wherein said torque
transfer unit is further operable in a limited-slip differen-
tial mode, wherein the speed of the output member is
proportional to the difference in speed of the input
shafts, said limited-slip differential mode being selecti-
ble by said controller.

37. The vehicle of claim 36, wherein said controller is
further enabled to select said proportion from a range
thereof.

38. The vehicle of claim 32, wherein said battery
supplies DC electrical energy, said electric motor oper-
ates on AC energy, said vehicle further comprising a
solid state switching network for conversion of DC to
AC for powering said motor, and wherein said control-
ler controls operation of said switching network such
that said DC is converted to AC of appropriate charac-
teristics to effectuate the mode of operation thus deter-
mined.

39. The vehicle of claim 38, wherein said battery
supplies DC of less than about 75 amperes to said solid-
state switching network, said network comprising a
plurality of semiconductor switching elements, said
controller controlling said elements to generate AC of
appropriate characteristics.

40. The vehicle of claim 38, wherein said motor is a

multipole induction motor.
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