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An improved hybrid electric vehicle includes an inter-
nal combustion engine and an electric motor. Both the
motor and the engine provide torque to drive the vehi-
cle directly through a controliable torque transfer unit.
Typically at low speeds or in traffic, the electric motor
alone drives the vehicle, using power stored in batteries;
under acceleration and during hill climbing both the
engine and the motor provide torque to drive the vehi-
cle; and in steady state highway cruising, the internal
combustion engine alone drives the vehicle. The inter-
nal combustion engine is sized to operate at or near its
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 81 %, 2 22/

2 Y,
e | oo L - mmmwm o ol
* 48
FREQUENCY
POLARITY

ER CONTROLLER
| CURRENT

A
56
FUEL
ACCELERATION
OPERATOR ¢ __DIRECTION |
COMMANDS | DECELERATION |

ENGINE SPEED
MOTOR_SPEED
| BATTERY VOLTAGE . para puT
BATIERY CHARGE
AMBIENT TEMP.

Copy provided by USPTO from the PIRS Image Database on 05-15-2003



Sheet 1 of 12 5,343,970

Sep. 6, 1994

U.S. Patent

(14v 40Iud)
E

(Wd¥) ‘033dS 3INION3

0009 000'S 000"y 000°¢ 000C 000}
- bas 1amod
) ) . _____ sjudwadin
&ooml\ —_— obDJaAD 102 86uD) - 0f m
%052/ _— — 5
\w L 09 2
% 012 =
m
1 s 2
% 09} m
w
L 0
\ (4noy-dy/10b ) a m
% G2l — \ - _ﬂ uolydwnsuod |an} aAl§p|al 5
o/ L 051
L/
081

Copy provided by USPTO from the PIRS Image Database on 05-15-2003



5,343,970

Sheet 2 of 12

Sep. 6, 1994

U.S. Patent

¢ 9l

(Wd¥) ‘a33dS INIONI

000% 000 000 000'}
] l |
(4noy - dy / job) ‘uorjduinsuod 0
|on} sAIjDjaS
——— SjuawaJinbau i
%062~ - Jomod 9bDJoAD\ — 0}
——
4
% 0le _— 0z
\\T buijpiado
% 091 aulbua
- 08
% G2k
- buinip £310 jo o486 Bunnp  OF
‘1amod auibus wnwixow
0§

(dy) ‘L4VHS 3NIONT 3HL NO ¥IMOd

Copy provided by USPTO from the PIRS Image Database on 05-15-2003



5,343,970

Sheet 3 of 12

Sep. 6, 1994

U.S. Patent

[ ] \ -
R dial INJIERY NOLVETT3030_ | SONVANOD
JOUVHO AN3LLVE NOLLO3MIQ 40IVY¥3d0 o
IndNI YI¥Q < 35VII08 AALIVE | NOLIVETTIOOV P
033dS JOLON U Tand
(" @33dS ANIDNI g o

1Y i,

INFHHND
OMINOD

ALYVIOd 4m %z 143

AONAND3YS
h gy

i ! |
LINN ¥34SNVAL
. _ [1[[[{ ] k3o HOLOW ~3INDYOL HOLMTD INIONI TILLIO¥HL
20/ TIGVTIONINGD AVM—OML
\NN \3 \8 —~ \ﬁ —~ \cm \e. ﬂm
| Y
~ ¥e
¥¢ rAY -
\_/ \_/

Copy provided by USPTO from the PIRS Image Database on 05-15-2003



U.S. Patent Sep. 6, 1994 Sheet 4 of 12 5,343,970

FIG.4

Z:I~,34
;
46

/

l22

95

EEM

687

32
- e e e
!
I
3
|
HR:
s
|
(U I
48
.
P
[
¢
66
e

64 )
62
“ /d
Q&
RN
‘ 3
8 E——_::.-g
36

Copy provided by USPTO from the PIRS Image Database on 05-15-2003



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

~_ 42

FIG.S

8, 34
20
P
46
Vi
{39

_
P

35

EEM

32
—-——’—-———-
|
13
|
' 28
7 26,
o
48
_J
|
¢
66
| Z 70

N |
e II 36

60 N
38

7

w
(— s
n

EF]
5

Copy provided by USPTO from the PIRS Image Database on 05-15-2003



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

y,
z22
FI1G.6

8, 34
20
/
46
Vi

32
|
| 3
2
]
48 \\
fJ
P
{
/
66
—

[
=1L _|F—
u

*
.
|
|

N\

e 6 el

60 N

Na(4

=
<,.
0w
g_\) &
. MM
N\
*
N wn

EF1

562

Copy provided by USPTO from the PIRS Image Database on 05-15-2003



U.S. Patent Sep. 6, 1994 Sheet 7 of 12 5,343,970

34

6
J
(g

FIG.7

20
/
4

32
K
2
' 2? -
®
_
|
¢
| s
| ;£i 70

MP

35

EEM

62
N/l
@
S~
— jl 36

AR
e

60
38

‘

o
;.‘3;

EFI

562

Copy provided by USPTO from the PIRS Image Database on 05-15-2003



U.S. Patent Sep. 6, 1994 Sheet 8 of 12 5,343,970

FIG.8

E 34
20
/
46
/
{3

MP

55

68

4
;
a) E_
EEM
— —

60
38

62
N/
@
S
8 E— == '—.._"?
36

EFl

Copy provided by USPTO from the PIRS Image Database on 05-15-2003



U.S. Patent Sep. 6, 1994 Sheet 9 of 12 5,343,970

FIG.9

z::]:NJ 34
20
/
46
Jd
Ly

MP

55

32
——-—T—_—.
3
2
/ 6 ~
[
L
48 \_
/./
|
4
66
| izi 70

1
EEM

62
Q_a)-
s~
38+ /7

60

A
w
) ~s

EFl
9

562

Copy provided by USPTO from the PIRS Image Database on 05-15-2003



Sheet 10 of 12 5,343,970

Sep. 6, 1994

U.S. Patent

TIOIE

ol 0¢
82 >
bl ?m
STaH
001 22 1l e
92 \\ /7 98
(o2 T o
7 G HOLNTO VIA
HOLON g : “INIONI WO
901 ELE ] e
) i \/
7\ %

o 7
1INN o8

Y34SNVYL
3ndyOL

I
~
][220
A 28
. I
N
| |
JE%
o TN 3wion3
06 W
AL
-

Copy provided by USPTO from the PIRS Image Database on 05-15-2003



U.S. Patent Sep. 6, 1994 Sheet 11 of 12 5,343,970

\

]

%114

PULSE

<A

B
C

~D | GENERATOR

-

-
FREQUENCYl
POLARITY

QRRENT
44

Fe

R Y
o o
= - b
© N
N oN .
2 = S
o L
=

D

110>

o}

112 110>'
-~ ¢

1
1
—~

2
'|10}J
. P

110

PHASE X
PHASE Y
PHASE Z

)

Copy provided by USPTO from the PIRS Image Database on 05-15-2003



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

A + TORQUE
MOTOR | SLIP ANGLE
= R » |
GENERATOR
'_
| TORQUE
|
A
| B
=
|
N
O \‘ P
0 ¢ RPM

FIG. 14

Copy provided by USPTO from the PIRS Image Database on 05-15-2003



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-

55

65

2

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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