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EXECUTIVE SUMMARY




1. INTRODUCTION

THE PRELIMINARY DESIGN OF A STATE-OF-THE-ART ELECTRIC VEHICLE
POWER TRAIN IS PART OF A NATIONAL EFFORT TO REAP THE POTENTIAL
BENEFIT OF USEFUL URBAN ELECTRIC PASSENGER VEHICLES.

THE OBJECTIVES OF THE PROGRAM FOCUSED ON STATE-OF-THE-ART
ELECTRIC VEHICLES AND COMPONENTS,

THE METHODOLOGY FOR THE POWER TRAIN STUDY COMBINED LITERATURE
SEARCH, ENGINEERING JUDGMENT AND COMPUTER AIDED ANALYSIS.



Il. ASSESSMENT OF THE STATE-OF-THE-ART IN
ELECTRIC VEHICLE TECHNOLQOGY

THE MOST COMMON APPROACH TAKEN IN THE DESIGN OF AN ELECTRIC
VEHICLE POWER TRAIN HAS BEEN TO CONVERT A CONVENTIONAL INTERNAL

COMBUSTION ENGINE VEHICLE CHASSIS TO ELECTRIC DRIVE.

- Many Hobbyists Have Built Electric Vehicles In This Country.

- Electric Vehicle Technology Is More Advanced In Foreign Countries.

- By Designing From The "Ground Up", Improved Performance Has
Been Obtained In Several Experimental Research Vehicles,



DC MOTORS AND CONTROLLERS REPRESENT A MATURE TECHNOLOGY WHICH IS
WELL SUITED TO THE ON-THE-ROAD, ELECTRIC VEHICLE APPLICATION.

THE MECHANICAL PORTIGN OF AN ELECTRIC VEHICLE POWER TRAIN SERVES TO
MATCH THE QUTPUT OF THE MOTOR TO THE LOAD REQUIRED AT THE VEHICLE

WHEELS.

- Mechanical Transmissions Generally Sacrifice Efficiency For the Flexibility
of Automatic Ratio Change.

- The Radial Tire Represents the State-of-the-Art Tire For an Electric Vehicle.



COMPONENTS WHICH REPRESENT THE CURRENT STATE-OF-THE-ART
INCLUDE THE SERIES DC MOTOR, CHOPPER CONTROLLER AND RADIAL

TIRES,

~ The Rear Mounted Motor/Transaxle Or The Front Wheel Drive
Are Preferred Power Train Architectures.

- The Selection of an Optimum Power Train Requires a Systems
Analysis of the Hardware Operating Over the Drive Cycle,



TYPICAL VEHICLE CONFIGURATION
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1. STATE-OF-THE-ART POWER TRAIN DESIGN

THE CALCULATION OF RANGE PROCEEDS BY ACCOUNTING FOR THE
ENERGY CONSUMED BY THE COMPONENTS AND THEN DRAWN FROM
THE BATTERIES AS THE VEHICLE OPERATES OVER A DRIVING CYCLE.

ANALYSES SERVED TO ESTABLISH THE MAXIMUM POTENTIAL RANGE, THE
SENSITIVITY OF RANGE TO THE COMPONENT PARAMETERS AND TO SIZE
THE COMPONENTS.

- An ideal, 3,600 Pound Vehicle Can Achieve a Range of 50 Miles
Over the SAE J227a/D Driving Cycle and 75 Miles at a Constant
55 MPH.

- Lighter Weight Vehicles, Lower Tire Rolling Resistance and the
Use of Regenerative Braking Are Most Effective in Extending Range.

- . A Motor Rated at 24 Horsepower ls Required for the Electric Vehicle
Power Train.



THE STATE-OF-THE-ART POWER TRAIN CONSISTS OF A DC SERIES WOUND
MOTOR, SCR CONTROLLER, V-BELT TRANSMISSION, LOW-LOSS DIFFERENTIAL
AND RADIAL TIRES,

The State-Of-The-Art Power Train Installed in an Electric Vehicle
Could Achieve a Range of 36 Miles Over the SAE J227a/D Driving
Cycle.
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IV. IMPROVED POWER TRAINS

BY APPLYING NEAR-TERM ADVANCES IN TECHNOLOGY, AN IMPROVED POWER TRAIN
DESIGN WILL INCREASE VEHICLE RANGE.

THE USE OF A SEPARATELY EXCITED DC MOTOR, AS COMPARED TO A SERIES
MACHINE, CAN IMPROVE THE RANGE OF AN ELECTRIC VERICLE.

- Analysis Predicts That thé Range of an Electric Vehicle With a Separately
Excited Motor is 20% Greater Than the Comparable Series Motor Design.

SEVERAL OTHER IMPROVEMENTS WILL LEAD TO FEATURES WHICH WILL ENHANCE
THE SUCCESS OF THE ELECTRIC VEHICLE.
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V. SUMMARY AND RECOMMENDATIONS

STATE-OF-THE-ART ELECTRIC VEHICLES ARE PRIMARILY CONVERSIONS WITH A
HANDFUL OF ORIGINAL DESIGNS.

THE MAJOR ELEMENTS OF THE PRELIMINARY POWER TRAIN DESIGN DEVELOPED IN
THIS STUDY ARE A DC SERIES MOTOR, SCR CONTROLLER AND V-BELT CVT.

IMPROVEMENTS STUDIED IN DETAIL INCLUDE THE USE OF SEPARATELY EXCITED
MOTORS AND AN ELECTROMAGNETIC TRANSMISSION,

FUTURE WORK SHOULD EMPHASIZE NEAR TERM TECHNICAL ADVANCES TO BRING
A PRACTICAL ELECTRIC VEHICLE CLOSER TO REALITY,

- Better Batteries, Expanded Use of Light Weight Materials and Low Rolling
Resistance Tire Designs Are the Areas With the Major Potential for Improved
Range.

- Further Development of High Speed DC Motors and Electronic Control
Packages Will Enhance the Potential for *All Electric" Drives.

- The Electromatic CVT and the Electromagnetically Shifted Transmission
Should Be Applied To Vehicle Power Trains To Demonstrate Their
Reliability in the Field,
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I.  INTRODUCTION

THE PRELIMINARY DESIGN OF A STATE-OF-THE-ART ELECTRIC VEHICLE POWER TRAIN IS
PART OF A NATIONAL EFFORT TO REAP THE POTENTIAL BENEFIT OF USEFUL URBAN ELECTRIC
PASSENGER VEHICLES.

{1 Over One Half of the Nation's Air Pcoliution Is Associated With Gasoline Powered
Automobiles.

~

(2)  An Electric Vehicle Moves the Energy Conversion Back To the Central Power Plant,
Thereby Controlling Pollution and Reducing the Consumption of Petroleum.

(3) Studies Have Shown That a Useful Electric Vehicle With a Range of 80 - 100 Miles
Would Meet the Requirements for a Second Car.

THE OBJECTIVES OF THE PROGRAM FOCUSED ON STATE-OF-THE-ART ELECTRIC VEHICLES
AND COMPONENTS.

(n identify and Evaluate the State-Of-The-Art of Electric Vehicles and Electric Vehicle
Power Train Components.

(2) Develop a Power Train Design Using State-Of-The-Art Components,

(3) Identify and Evaluate the Benefit of Potential, Near-Term Improvements To the
State-Of-The-Art Electric Vehicle Power Train.



THE METHODOLOGY FOR THE POWER TRAIN STUDY COMBINED LITERATURE SEARCH,
ENGINEERING JUDGMENT AND COMPUTER AIDED ANALYSIS.

(1) Information Was Obtainecd by Literature Search, In Person and Telephone Interviews
and Mailings To Manufacturers of Vchicles and Components.
{2) Conceptual Approaches To Electric Vehicle Design Were Identified and Studied.

(3) Analyses of Parameter Sensitivity, Idealized Performance and Range Over a Driving
Cycle Guided the State~-Of-The-Art Design.

(a) Engineering Design Study and Computer Aided Analyses Were Used To Evaluate
Potential Improvements in Power Train Performance.



BASIC POWER TRAIN

BATTERY

DRIVER INPUT

CONTROL
LOGIC

)

_w—REAR AXLE

h 4

CONTROLLER MOTOR

DIFFERENTIAL

DRIVE LINE—/

—




ll. ASSESSMENT OF THE STATE-OF-THE-ART IN

ELECTRIC VEHICLE TECHNOLOGY




THE MOST COMMON APPROACH TAKEN IN THE DESIGN OF AN ELECTRIC VEHICLE
POWER TRAIN HAS BEEN TO CONVERT A CONVENTIONAL INTERNAL COMBUSTION
ENGINE VEHICLE CHASSIS TO ELECTRIC DRIVE,

(1) Many Hobbyists Have Built Electric Vehicles In This Country.

(2} The Conversion Approach Has Been Employed In Several Professional
Electric Vehicle Designs.



VLHICLE
(Daw)

M

Electravair
(1947}

GM XL Opel
{13:0)

Ford Cortine
Estate Wagun

Hueing LRV
EVA Metro

EVA
Cotmacior
11977

Havtrome
Mlnlvan
{1973)

2%
=%
o
=)

2

2

2.
5
2
©%
2

TYve/
CUHB WEIGHT

Curvalr,
5 passanpec
00 the.

H passunger
3008 1.

5 passonger
3086 lbs

Henault R-12
% passenger
3150 ibs

H passunyer
ANC Pacar

Van
5800 ibs,

BATTLHIES

Sliver-gine 510 V.
40AK

Iinc-air and
Lwagi-acid

HNickeb-cadmlum
310 V., 900 Ibs

Pantograph

Lead-acid, EV-106
96V , 1040 Ibs,

Lead=acld 112 v
130 Ah

MOTOR

Delco, & pola,
1 phass AC
Induciton, 130
ibs , 115 HP
ot 13,000 HPM,
oll cooled.

Two OC serles in
paralial, rear
wount, 128 1bs |,
28 HP each
Blowar cooled

CE DC serlos,
150 Ibs , KO HP,
WOV, 26 #,
b , 800G ypm
Fan cooled (60
watt}

1 in series, DC
separalely

enclied, 210 HP
Blowar coolsd,

0C serles
'3 4 HP
4500 RPM
Fan Cooled

DL shunt
8 HP

GE OC serles
94 V,, 42 HP,
6600 rpm

DOMESTIC ELECTRIC VEHICLES

CONTHOLLLR

Thres Phase SCR,
Ol Couled.

Two synchronized
SCR

SCH and bypass
contacior

SCR armdlure
choppar

SCR, no bypass,
IO anp limil,

HB contactor

CE 5CR hopper,
tield weakenlng
bypass contactor,
current Hmiy

THANSMISSION

Fuod guar
raduction.

Dusl input
gearbox

Front wheel drive,
standard manual,
312 1 In secand

Fired goar
raductlun

Torque converier
and 3 speed Ronaull
automalle,

Automatlc

2 speed, hulical
Yedr rear axle
196, 1,01

DIFFERENTIAL

Standard

Standard
3.891

3.0

2,351

Hypaid ditfurentlal
3071

TIHLS

Radiat

Hadlal
155 H-13
31 ps}

6,70 % 15

LHAKES

Dyrumic {re-
funerative
optiona!] and
hydraulle disc,

Hydraullc

PERFORMANCE

90 mph max 0-60/17
ranye

e 40 - JOml

60 mph max  0-30/10
$oC. 7, 80 s, rangs

77 mph max  {Ird
quar), 40 ml at
25 mph

50 mph max , 56 ml
at 25 mph 2T ml
urban cycls

54 mph max , 60 mi.
at 20 nph,

during

REFERENCE

fELY ]

163}

[EET)

(155)

(152}, 81},
{162)

(163)

(168)



VEHICLE
(Lata)

Watarman
CHwW-11&

Jutl Industrlay
ElccirerVan

Dana Electric
Van

AM General
Eleciruch
0J-5E
{1915}

Diy P-300

Sebiring/Van-
guard Clilcar
(y9r4)

GM Delta
{1371}

Linexr Alpha
1978)

£FP
Mars )i
{1984}

TYPES

CURE WLILHT  DATTLHIES

N jrassenijer
2480 Tbs.

Subsru Van
2500 b,

Van
8080t

Vanflesp
3649 lba

Van
3300 lbs.

1 passsnger
1300 1bs

Bodge Van
5950 (e

4 pazaenyer
Renault R-10
4100 b

Lead acld,
v

Leack-acid, EV: 106
V., 910 s,

Lead-acid 1un v
310 Ahts hre

Lead-acld 54 V.,
1350 |ba,

Land=acld, 96V,
EV-106, 1640 |bs,

bomi-acld, a8 V

Lasd acid and
nickal cagmlum

Lasd-scid {14)
120 Ab, WAV,
W 1o,

Lead achd
iF{RY
1840 Ibs

MOTOR

Presiolite,
BC series
124P

Baldar, DC
werles, 10 HP,
1500 rpm, 8
s Dlowaer
cooled.

Aeliance, DC
shunt, 110V,
53 HP al 4750
rpm, 110 Ibs

0C compound,
241 Ibs.

Otls, DC 1eries
30 HP, 4000 rpm,
Blower Coaled.

GE, DC series
reasr mounted,
& HP, 8100 rpm,

Inphaze AC
Induction,
36 HP.

BC cries

DOMESTIC ELECTRIC VEHICLES

CONTHULLER

Contacior, ) speed

Cabilefurm SCR

Rellance, 5CR
chopper,
100 Ibs

SCR
bluwar cooled
1D Lbs

CE pulye type,
SCR, 96V
hlower couled

Contaclor and
siarilng reslstor

Contaelur

THANSMISSION

Intinitely varlable
belt Lrapsmlssiun

Stanard

3 speed, clutch
standsrd menual
303, 1.75, 1.0 ¢

Ho transmlssion,
cunvantona shall
with univarsats

None, conventlonal

hatl with universals

No Iransmisston

Direct 1.6 1

DIF EHENTIAL

Standard

Dana
717 ¢

L )

Standard

5.7

6.0 L

Slandard

TIRES

Bridgestons
Koh3, blas ply
4o psl

CR ¥2-15
(Range G)

Unlrayal Rally
0, & ply
vadlsl, 175-58-
13, 32 pul,

Goodyear,

I ply nylon,
N BOx12,

S0 pal

Guodyear
radlaj

BHAKES

fegenarative
availsble

Hydraulle

Reyonerstive
sl hydraulic

Regenerative
over |5 mph
and hydraulic
drum

Hydraulic

Disc/drum
hydraulle

Regunerallve
and hydraullc

Hegerastlve,
Qewheel
disc.

PEHFORMANCE

&5 mph max
o mi et 20 moh

&5 mph max
40 mi al 40 mph

50 mph max ,
300 ml at 25 mph

&5 ml at 10 mph,
0-30/36 sec., J0mi.
on cycla

0-10/11 enc.,
N ml wcycle

35 mph max
36l at 25 mph.
10 mi. on cycle

150 mi a1 20 mph
40 m! at A0 mph

175 ml at 30 mph
1 ml on cycia

REFERENCE

{156)

21}, (168)

27, (153)

{163), {166}

{1%]

{1335)

(1)
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(3) Electric Vehicle Technology Is More Advanced In Foreign Countries.



VEHICLE
(Dato)

Thev It
Talwan

Lucas Taxi
Li978)

Deilatsu Kogyo
Lightwalght car
{1912)

Toyola
Campacl car
(1922)

Toyals
Small Truck

Enfleld 8000
11976)

ODedinrd Van
ERC
Engilend

TYPE/

CURB wElCHT

4 passenger
2654 ibs

L BTN

4 passenger
2010 ik,

S passenger
3054 Ibs.

1 passenger +
70 tbs load

1 passenger +
2 children
1100 Jbs.

Van
000 [bs

BATTERIES

Lead-acld
[y,
1107 Ihs

Leact-ncld
Nnev

Lead-ucld,
ny,
i20 Ah/S he,

Lend-azld,
191y
158.5 AhJS hr

Lead-acld,
WY,

135 Ah/S hr,,
713 tbs,

10 v

FOREIGN ELECTRICAL VEHICLES

MOTOR

‘Tongyuan, DC
serles, rear mount
176 \bs,, 44 HP,
6000 rpm. Blower
cooled

OC serles, front
mounk lransversa,
CAV, soHP

Two rear wheel,
BC 2eries,

T S HP each,
"V,

DC separately
excited 27 HP,
120 kw) rated
S hp, (40 kw)
max, Blowar

coated

BC 3aparstely
excited 13 HP,
rated, 18 HP
max,

BC serles,

48V, Mawdslay,
AHP,, 175 by
Blowsr cooled,

DC sertes,
S0 HP,

CONTROLLER

SCR choppar

Lucas SCR
chopper

SCR choppor

SCR chopper,
automalic feld
weakening

SCR

4 3tep contracior,
field weakening

5 slep conlaclor
{patented)

TRANSMISSION

Flxed reduction
L6

Oouble reductilon,
Marse Hy Vo chain,
iransverse to
ditferentlal

Roay mounted,
aLlomatle, 2-speed

Reor transverss
mounl, automatic,
torsional damper,
na fluld couplting,
1-speed hydraulic
from elecirfc pump

Flxed gear reductlon

Opilonal

Torque converler,
Virlable Kincllc
Drive, #,5 st stall,
0% cruiso efflclency

DIFFERENTIAL TIRES
Standard
dilferentisl
q1.
5631
Speclal
3551 Radlal,
15 psl

BRAKES

Ragenarativa
snd Girling
serva hydraullc
brakes.

Regenorative
wrid hydraullc.

Regenorative
*nd hydraullc,

Regenarative
and hydraulic.

PERFORMANCE

56 mph max,
0 - 37412 sec.
200 ml at 30 mph

€0 mph max
200 m) an 30 mph

55 mphmax.,
0-20/3 sec.
175 ml at 25 mph.

50 mph max ,
0-20/2 § sec.
100 ml. a1 25 mgh

38 mph max,,
26 ml, over urban
cyclo,

0-30/12 sec,
20 mph max

G-30/14 sec
47 mph max.,
33ml, over cycle

REFERENCE

(90)

(55

{58), {133)

(67), (94},
1153)

(§7), (133}

s

{192)

(47)

o gova VN0

KgrTVOD 004 59



VEHICLE
{Date)

Ford Comuta

England
{t94u)

VW Electric
Transparier

Damier Benz
LE 106

Elcar Model
4000

(1975)

SRF

Combi-Truck
taracl

%

<
2%
%\2
» B
o v
S w
?%

X

‘TYPE/
CURB WEIGHT

1 passehger ¥
2 chlldron
1200 Ibs,

Van
S000 ths
approx.

Van
€500 (b,
approx.

4 passengar
1500 tbs,

2 passengor van
1800 kg,

BATTERIES

Lansd-acld {4)
1y

120 Ah/s hr.
I lbs.

Loagd-acld
Tt vy,

150 Ah/S hr.
1096 Ibs.

Leoad-acld
180 v

180 Ah/S hr
1234 Ibs,

Lanci-acld
40V, 30 AL

Varts, MD 750-V3
iy,

FOREIGN ELECTRICAL VEHICLES

MOTOR

CAV type TH 55,
OC series (1),
WY, 5 HP
Alower cooled,

DC separately
exclted, Basch
and Slemens, 11
HP (42 pesk},
€700 rpm max,
Separale fan

DC Separately
axclad, 42 HP
(70 pesk),

6000 rpm max,

DC serles, OF,
3.5 HP,, Roar
maunt,

DC cparately
excited, 5HP,
continuous at
4500 rpm. , GE.

CONTROLLER

Thyristar pulse
coniraller,
Seveon MK Vi,
bypass contactor,

Electronic, pulsa
widih snd frequency
modulatlon,

Electronle, 2 position
variable pulse widih
and frequency

SCR chopper wlih
contuctors anc
rasistor,

Mo armslure conirol,
Hlald weakenlng

TRANSMISSION

Rear transverse mount
fixed gear reduclion

Fixed gear, VW
Standard transaxle

Flaed gear reduction

Flxed reduclion

Front wheel driva,
wontinuwously verlablo
transmisston, flywheel

DIFFCRENTIAL TIRES
Oversll ratlo 4.0 1, 4. 4x 10
hekical pinlon

Radla)
Slandard

Steel Radial

SR-1ySntg

BRAKES

Hydraullc drums
all wheels

Regonarative
and hydraulle,

Regenaraliva
and hydraulle,

Hydraulic,

PERFORMANCE

40 mph max
40 mt, at 25 mph
0-30/12 sec

47 mph max.

45 mi at 35 mph
A6 ml at 80 mph
0-30/14 sec

A3 mph max,

REFERENCE

192)

3, 3)

13), 51

($30)

(159)



(4) By Designing From The "Ground Up", Improved Performance Has Beén
Obtained In Several Experimental Research Vehicles.



VEHICLE
{Date)

GM 512
[43°11)

Copper
Development
Assoclslion
Van Il
{1970}

Caoppar
Development
Assoclation
Town Car
{1976)

ESB/McKes
Sundancar - 1
(1971} "

Ameciran
EXAR-1

Anderson
Third
Generation

TSL - T/3 Van

{19714}

tunar Rover
{191)

TYPES

CURD WEIGHT BATTERIES

2 passenger

Van
1LY

2 passenger
2957 Ibs,

2 Pansenger
1600 lbs.

4 Passenger
T800 fbs

Utility Ven
1500 bs

Van
3080 1bs.

540 1

Lead-acld,
v,
120 lbs,

Lead-acld,
e v

Lead-acld,
108 V.

Lead-acid
nv., Tsolbs.

Load-acld

Leag-acid
nv

Lead-acld
Y, 940 Ibs

NONCONVERSION ELECTRIC VEHICLES

MOTOR

OC serles,

sofbs , L.SHP,
4e00 rpm,
Blower coated

GE, DC 1eries
& Inlerpules

12 HP =l 4715
rpm, 231 ths,

DC separately
axclted, 40 HE,
M.

Tork link,
DC serles,
VYT RP,

oc

DC serias, 20 HP.
(35 HP poak),
40 amp,

4OOD rpm

t70tb Blower
gooied,

0C serles
10 HP
{35 HP. peah)

Four DC serios,
brush type, or

four permanent
magnel brush-

less

CONTROLLER

SCr

SCR, 500 anp snd
bypass contaglor

q £ 1 llald variatlon
by Iransistor chopper,
Armalura resistance
swilching

SCR chopper,
400 3mp

Solld state

SCR

SCR, 600 amp

Eleclrople plus four
power canlacts
for reversing

TRANSMISSION

Coaxlal motor,
planeiary gear
and ditferentlal at
rear sxic,

Chrysler 3-3peed
automatic. ¥5.14,
9,33, 6 )¢ 1overall

vatios Mo torque
converier

Front wheel drive,
slandard 1cathed bell
and spiral bevel goar,

Rear wransaxle and
molor  McKee 2-speed
6 03, 3 14 1, manual

Fixed

2-speed automatic,
planelary gear,
mechanical shift on
spacd and torque, FWD

Fixed

0a } barmonic
drive and planatary
apur gear,

DIFFERENTIAL

S 0.1 averull ratls,

Froanl whael drive
Morse Hy-Vo chaln
to differentlal,

5951

Dana £G-20

7 831

TIRES BRAKES
Flrestons Hydraullc
radlal

AR Tg-13

radi},

Goodyear Dise/drum
low rolling hydraulic
reslstance

6.55x 9. J0psl.

Goodyear, Run Disc Brakes,

Flat,

Radlsl, Dis/drum
165 x 15, hydraullc
Radial, Dlsc/drum
163 2 13

4 wheel regun-
eralive brakes

31 in diamater
wire mesh,

PERFORMANCE

45 mph max,
0-30/12 sec,
160 ml  at 34 mph.

&0 mph max,
0~ 20/10.3 sec,

100 ml. &t 10 mph,
ASml at 60 mph

&5 mph max
100 mi, st 55 mph

55 mph max
60 .ml. a1 45 mph

40 mph inas,
D= I0/16 sec
30 ml. on cycta

10 mph
T4 w1, rangs

REFERENCE

(L))}

(3s)

), (o5),
{152)

K95}

{167}

{uoy, (M1}

s

73}
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(5)

(6}

(7}

(8)

Generally The Overall Vehicle Body Design Presents Constraints On
The Power Train Configuration.

The Concept of "Load Levelling" Has Been Given A Good Deal Of Attention
In The Electric Vehicle Literature.

Discharge Characteristics Of Lead-Acid Batteries In Electric Vehicle
Applications Are Not Well Understood.

Several Trends In The Approach To Electric Vehicle Power Train Design
Are Evident.



FREQUENCY OF ELECTRIC
VEHICLE DESIGN APPROACH

NUMBER*
Total number of vehicles reviewed 37
Motor Types
DC Series 23
DC Separately Excited 7
AC 2
Biower Cooling of Motor 13
Controller Types
Battery Switching (Contactor) 6
Solid State (SCR) 27
Transmission Types
o Fixed Gear Reduction 20
o5 Manual Gear Change 4
"'f‘d\a‘) Automatic Gear Change 6
CVT
o2 3
Q
=] Power Train Configuration
O o
[ % Rear Motor and Drive B
'@. o) Front Motor and Drive
\a @ Conventional 11

*Complete data not avatlable for all vehicles.

Source: Booz, Allen & Hamilton Inc.
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2. DC MOTORS AND CONTROLLERS REPRESENT A MATURE TECHNOLOGY
WHICH IS WELL SUITED TO THE ON-~THE-ROAD, ELECTRIC VEHICLE
APPLICATION.

(1)
(2)

(3)

(4)

(5)

AC Motors Are Extensively Used In Constant Speed Applications.
AC Motor Controls Require Complex and Sophisticated Circuitry.

DC Motors Have Been Extensively Used In Variable Speed
Applications.

DC Motor Controls Have Covered A Spectrum Ranging From
Battery Switching To Variable Duty-Cycle Choppers,

An Integrated Traction Control System For An Electric Automobile
Is Desirable.



MOTORS AND CONTROLLERS




Motor Type:
Primary

Application Areas:

Advantages:

Disadvantages:

MOTOR/CONTROLLER SUMMARY

AC Induction

Constant speed

Low cost motor which

= 15 rugged

-~ s brushless

- Is low in weight

- Requires little main-
tenance

Control circuitry is
isolated from power electronics

Low speed operation is
difficult to achieve

Complex controller is
required. This leads to

- Low reliakility

- High cests

-  Low efficiency due to
power conversions

Limited speed range of
seven or eight to one

Source: Booz, Allen £ Hamillon Ing,

DC Series Wound

Variable speed

Torque control

Compact frame size

High starting torque and
high torque at low speed

Ease of speed control

Inherent feedback characteristic
of the series field

Excellent torque reguiation
Chopper control offers
- Smooth operation

- Efficiency
= High reliability

Regenerative braking more
difficuit to accomplish

Loss of load results in
dangerous overspeed condition

DC Shunt Wound

Variabie speed

Speed control

Compact frame size
High torque at low speed
Exceilent speed regulation

Ease of accomplishing controlled
braking and regeneration

Chopper control offers
~  Smooth operation

- Efficiency
- High reliability

Difficult to control under
varying load conditions

High hysteresis content in
the weakened field range

Field loss results in
dangerous overspeed condition



PRINCIPAL SUPPLIERS OF DC MOTORS

° BALDOR

. GENERAL ELECTRIC
® GOULD

L] LAWNEL

. PRESTOLITE

® RELIANCE

PRINCIPAL SUPPLIERS OF DC MOTOR CHOPPER CONTROLLERS

° CABLEFORM

e GENERAL ELECTRIC

] RELIANCE

] SEVCON



3. THE MECHANICAL PROTION OF AN ELECTRIC VERICLE POWER TRAIN
SERVES TO MATCH THE OUTPUT OF THE MOTOR TO THE LOAD REQUIRED
AT THE VEHICLE WHEELS.

(1) Mechanical Transmissions Generally Sacrifice Efficiency For
the Flexibility of Automatic Ratio Change.
(2) Differentials and Axles Are Tailored To Each Application.

(3) The Self-Adjusting Drum Brake System Without Power Assijst
Offers Low Weight and Low Residual Drag.

(4)  The Radial Tire Represents the State-of-the-Art Tire For an
Electric Vehicle.

(5} Bearing Power Loss Can Be a Relatively Insignificant Part of
the Total Power.



TRANSMISSIONS
DIFFERENTIALS/AXLES
BRAKES

TIRES

BEARINGS



Company

Gates Rubber Co,
Denver, Colorada

Graham Transmissions, Inc.

Menomones Falls, Wisconsin

Hans Heynau GmbH
Germany

Industrial Tectonics, Inc.
Ann Arbor, Michigan

McKee Engineering Corp.
Palatine, Ulinols

Marathon - USA Inc.
Stamford, Connecticut

Morse Chain Div,
Ithaca, New York

Neuweg GmbH
Wuert, West Germany

SRF
Jarusalem, Israal

Sumlitomp Machinery Co. Ltd.

Caristadt, New Jersey

Walter Chery
Meacivilte, Pennsylvania

Warner Gear Div.
Muncle, Indlana

Electromatic Incorporated
Cleveland, Ohio

Electromatic Drive Corp.
Orange, California

Source;

MANUFACTURERS OF CANDIDATE TRANSMISSIONS

Type

Belts for variabla speed beit drives
CVT - traction type

CVT - traction and "V" bell types
CVT - traction type

Madified STD automotive automatic
transmissions

CVT-hydrostatic type

Fixed ratio chaln €& belt types
CVT-traction type

CVT-hydrostatic

CVT-various tractlon element types
VYT

Fixed ratio gear reducers

CVT - variable slip fluld drive

CVT - variable ratio "V" belt

Boocz, Alien & Hamiiton Inc.

Comeanx

American-Standard
Dearborn, Michigan

Arter and Ce,
Mannedorf, Switzerland

Emil Beeklege
Willowick, Chilo

Chrysler Corp.

East Syracuse, New York, N.Y.

Chrysler Marine
Marysville, Michigan

Dana Corporation
Auburn, Indiana

Eaton Corp.
Marshail, Michigan

Excelermatic
Austin, Texas

Fafnir Bearing Co.
New Britain, Connecticut

Floyd Drives Co.
Denver, Celorade

Fluid Drive Engineering Co.
Wilmette, lllinois

Ford Motor Co.,
Livonta, Michigan

Type
CVT - fluid drive
CVT - traction type
Muitiratlon planetary - automatic shift
Standard automotive imanual § automatic

transmlssions

Standard automotive manual & automatic
transmissions

Manuat shift, hydrostatic and fixed ratio
gear type

Fixed ratio gear reducers

CVT - traction type

CVT - Iraction type

CVT - tractlon type

Fluid torque converter & variable speed

"W bejt

Standard automotive manual & automatic
transmissions



MANUFACTURERS OF CANDIDATE TRANSMISSIONS

Company

Holton Axle € Transmission
Juneau, Wisconsin

Fairfield Manufacturing Ce., Inc.

Lafayette, Indiana

Winsmath
Springfield, New York

SEW - Eurodrive
Bruchsal, West Gertnany

AVS Lid.
England

Sta Rite

Rydreco
Ernodrive Inc.
Troy, Ohio

Lewelten Mfg. Co.
Columbus, Ohio

Rellance Electric Co.
Clevetand, Ohio

Lovejoy Inc.
Downers Grove, lllinois

Source: Booz, Allen & Hamilton Inc.

Type

Fixed ratio transmissions
Fixed ratio gear reducers
CVT - traction type and fixed ratio gear

reducers

CVT - traction and self types, fixed ratio
gear reducers

High efficiency Hobbs torque converter
CVT-hydrostatic type

CVT-hydrostatic type

CVT - traction type

CVT ~ pultey type

CVT - pulley typea

CVT - "W pelt type



TYPL

Rumg-Cone

With
planctary

dual with
planclary

single cone

Varlator
ball

rollor

Free Ball

Disg
planetury

Beier

Toroidnt

Metal Delt

Source:

INPUT/OUTPUT CHARACTERISTICS

SLPPLTR

Groham

Graliam-
Shumpo SCM

Grahain-
Shimpo DM

Graham-
Shimpo NT
Eaton

Winsmith-
Allspred

Koppera-
Kopp

Parker-
Unicum

Floyd

THFK-~
Cantraves

I'T'l Diwco-
Lenze
Sunitomg
Pavid Hrown-
Sad:

FMC Py

OF TRACTION DRIVES

RATING

Hir

L/ 15-5

/05

1/8-5

1/16-2

t/2-16

1/4-15

1-100

1/1-20

1/3-11/2

1-2§

/115

1/4=-220

1/3-5.5

7.5-75

RA T
RARGE

10,1

10,1

gt

121

21

101

40 1

61

11

71

]

OUIPIT S D
1730 1rid

INPUr

112=150

300-0-3G0

5-500

400-5400

(00-5200

250-3000

300-2500

to ¥ 1750

80-2500

200-1200

J50- 1440

Ga0-4200

T16-4200

Power Transmission Design, November, 1975,
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1200
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£5-90

G0

60

7583

75-00

03-94
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75-84
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EXCELERMATIC TRANSMISSION

FOPWARD SLRY. TLUTCH
211 PATID RANGE SLRWICE TLuTe
LRTD

RLVERSE HAND

PLPLETARY R{GEA‘EP_}ITIVE
GEAR SET

MOTES:
RATINGY COMPRET/INTETNIDIS™T CAR

v
[ -] PAYIO FANGE 1O 2 1
i PATIO: €0~ C 41t
HYBRID HYDRUSTATIC « o CONTIRUILSLY vAZABLT
\ ! THRUST BLARWNG
EXMELEPMATIC, INC,
~YERIOD WYOROSTATH,
\ THRiST BLARRING

OURL HYDPMIIC ['umP

Source: Excelermatic
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HANS HEYNAU TRANSMISSION
(TRANSMISSION TYPE)

Source: Hans Heynau GmbH, Germany



HANS HEYNAU. TRANSMISSION

(BELT TYPE)

WY
Al

Source:

Hans Heynau GmbH, Germany
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FAFNIR TRANSMISSION

RATIO ADJUSTER

DRIVE RACES

— ] =y =
- - INPUT —- ' . - -1-;3})-— -—} CUTPUT Ji_;-
t - "j'l-l-— )
i_h N
—
(| .
[ !}!
|t
| ==
. =
|_ I
|
TRACTION-DRIVE | REGENERATIVE GEARS
Source: Fafnir



ELECTROMATIC DRIVE TRANSMISSION

DRIVE SHAFT-
HOUSING

FIXED FACE}
f

ASSEMBLY

STUBBED (
SHAFT — __¢;~—fl,u_ ::::]Z
SPRING :::;}ﬁ§ ! (
RETAINER &UAJT:fi:FD“ MOVEABLE FACE
= RETURN SPRING
EQEEE%E—/”;//' égﬁ“ LEAD SCREMW
L BALL NUT FLANGE
ORTICAL FAN DISC HUB
SENSOR i POLE PIECES
CABLEL /A R AT TaSNE 2 Eve cott
LA
—EXIT AIR
L___AIR COOLING PORT

COOLING FAN

Source:

Electromatic Drive Corp.
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TRANSMISSION SELECTION CRITERIA

° SIZE AND WEIGHT

. EFFIGIENCY

o POWER CAPACITY

. RANGE OF RATIO CHANGE
* CONTROLLABILITY

) RELIABILITY



PERFORMANCE CHARACTERISTICS
AVS 7.5" DIA HOBBS CONVERTER

ELECTRIC VEHICLE APPLICATIONS
0 . »
704 {35Y Fixed vane pitch)
E
LL.GOO\
-~ st
x ]
500 i ) 'K' Facgtor A
I-..'-ﬁ_--'_"'—"--—-_.___...--—// o\,

o 5 100
e \I‘o -que [Ratid 1 7 g
Q) 4 —"/i;__._ Efficiency 80 d
3
T 3 h pd @ =
-3—2 6011

2 \\ ______ 3o

‘--\
L \M-‘::%-_
20

0 O[T 012703 o0l4 05 o]6 0.7 0.8 09 1l0

B Speed Ratio

Source:

Advanced Vehicle Systems, Ltd.
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&0

3.1

INPUT SPEED R P.M

Source:

EFFICIENCY OF TYPICAL

AUTOMOTIVE TRANSMISSION

RSP P ——] - - - -— =100
Elficioncy 1 Effictency 3 /
Efflclency 1 - ) /-:_:_-_
—— paai == "_.___,....——— e "
//’—._-l . //
[P ol —7// e - e T
thput Speed 1 ‘—)/ _— lnp'ul Speed 1
I
- I - L]
Input Speed 2 -
0 400 800 1200 1600 000 2400 1800 Xm0 3600

Major Automotive Manufacturer

OQUTPUT R, M

EFFICIENCY §



SUPPLIERS OF AXLES AND DIFFERENTIALS

® DANA

. EATON

® FAIRFIELD MANUFACTURING

. HOLTAN AXLE AND TRANSMISSION

® LEAR SIEGLER



BRAKE SUPPLIERS

® BENDIX

] DELCO MORAINE

. GOODYEAR INDUSTRIAL BRAKES
] MERCURY DIVISION OF APRO

] MINNESOTA AUTOMOTIVE

[ ] TOOL-0O-MATIC



TIRES




EFFECT OF TORQUE ON
ROLLING RESISTANCE OF
CROSS-PLY TIRES

EFFECTIVE ROLLING
RESISTANCE COEFFICIENT

1

| 1 1

0.2 o 0.2

04 Q6

06 04
BRAKING DRIVING
COEFFICIENT COEFFICIENT

Source: Ref. 182
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EQUILIBRIUM ROLLING RESISTANCE FR__, Ib

EFFECT OF INFLATION PRESSURE ON

EQUILIBRIUM ROLLING RESISTANCE

A78-13 BIAS PLY {NO. 623)
A78-13 BIAS BELTED {NO., 624)
BA78-13 RADIAL PLY (NO. 631)
G78-14 BIAS PLY (NO. 601}
G78-14 BIAS BELTED {NO. 612)
GR78-14 RADIAL PLY (NO. 618)

neeor Qo

INITIAL INFLATION PRESSURE

Ny - © {16 psi
50 mph .N\J icoLp)
T & RA LOAD
@ 24 psi .
\
AN
i
20 = ,' .
oo
I
|
t
t
10 §=
o 1 L 3
64 20 30 40

EQUILIBRIUM INFLATION PRESSURE, psi



EFFECT OF LOAD ON ROLLING RESISTANCE

-+ FR78-15 (2P + 25); CAT =515°C; p = 27.3 psi
o HR78-15 (2P + 2§ + 2N); CAT =59.8°C; p = 28.4 psi
® LR78-15 (2P + 25); CAT =555°C; p = 28.6 psi

KON o

ROLLING RESISTANCE, Ib
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0. 008

ROLLING RESISTANCE COEFFICIENT
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EQUILIBRIUM TIRE ROLLING RESISTANCE
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/
v

qp FOVd TYNLOTHO

x71TVAd 9ood 40

SPEED (MPH}

80

100



Coefficient Of Rolling Resjstance

RELATIVE ROLLING RESISTANCE AS A FUNCTION OF
DISTANGE TRAVELED DURING WARMUP

.030 T T |

.026 [~ —

022 | -

018 ]

018

.010
0 50 100

Warmup (Miles)



EFFECT OF TIRE SIZE ON ROLLING RESISTANCE
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IN GENERAL, TIRES FOR THE ELECTRIC VEHICLE SHOULD BE:

™ Of Radial Construction

@ With Load Capacity Well In Excess of That
Required To Support The Vehicle.

™ Inflated To The Maximum Safe Pressure.



Manufacturer

Firestone

Firestone

Firestone

Goodyear
Goodyear

Model

ACT
P185/65R14

HR7515
HR7515

GR7815
GR7815

BR7813
HR7815

REPRESENTATIVE ROLLING

RESISTANCE DATA

lLoad

940 tbs.

80% rated
80% rated

700

1000

980
1510

Inflation

Pressure

24 psi

20
30

24
24

Speed

20 mph

50
60
60

Rolling
Resistance

13 lbs.

13.6 Ibs:
15 1bs.
12 ibs,
6.8 lbs.
10.2 Ibs.

9.8 lbs.
12.1 Ibs.



COMPONENTS WHICH REPRESENT THE CURRENT STATE-OF-THE-ART INCLUDE THE SERIES DC
MOTOR, CHOPPER CONTROLLER AND RADIAL TIRES.

(1)
(2)

(3)
(%)

(5)

The Series Wound DC Motor and Pulse Type Controller Are
Well Suited To Electric Vehicle Power Trains.

Several Mechanical Transmissions Are Suitable For EV's
In The Power Range Required.

Low Energy Loss Differentials, Bearings and Tires are Available.

The Rear Mounted Motor/Transaxle Or The Front Wheel Drive
Are Preferred Power Train Architectures.

The Selection of an Optimum Power Train Requires a Systems
Analysis of the Hardware Operating Over the Drive Cycle.



M. STATE-OF-THE-ART POWER TRAIN DESIGN




VEHICLE CHARACTERISTICS:

° Four Passenger, Urban Type

[ 3 Test Weight = 2850 + Power Train

™ 16 EV - 106 Batteries

e  Effective Frontal Area = 6 ft.*
PERFORMANCE REQUIREMENTS:

° Cruise Speed = 55 MPH

° Gradeability = 10% @ 30 MPH

. Driving Cycle Per SAE J227a, Schedule D



SPEED, Miieé Per Hour

60

50

4o

30

20

10

SAE J227a
SCHEDULE D
DRIVING CYCLE

e

-
—

Accelerate

Coast

Brake

20

—

%0

60 80 100

TIME, Seconds

120



THE CALCULATION OF RANGE PROCEEDS BY ACCOUNTING FOR THE ENERGY CONSUMED
BY THE COMPONENTS AND THEN DRAWN FROM THE BATTERIES AS THE VEHICLE OPERATES
OVER A DRIVING CYCLE.

(1) Vehicle Road Load Is the Sum of Aerodynamic Drag and Inertial Forces.

(2) Losses Due To Tire Rolling Resistance, Mechanical Friction and Windage, As Well As
Motor /Controller Losses Require Additional Power,

(3) Range Is Calculated By Depleting the Energy Stored in the Batteries Until the Vehicle
Cannot Operate Over the Driving Cycle.

(4) An Existing Computer Program Was Used To Support Preliminary Design Studies.



Speed and Vehicle

Acceleration Model

CALCULATION SEQUENCE

Road Tires
Load
Shaft N
Power

Differential

Transmission

Motor

Electrical

Power

Controller

Batteries
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ACCELERATION PROFILE
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INITIAL ACCELERATION 0.125 G

FINAL ACCELERATION 0.037 G
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2. ANALYSIS SERVED TO ESTABLISH THE MAXIMUM POTENTIAL RANGE,
THE SENSITIVITY OF RANGE TO THE COMPONENT PARAMETERS AND
TO SIZE THE COMPONENTS.



COMPUTED RANGE OF IDEAL 3600 POUND VEHICLE

CYCLE RANGE (Miles)
55 MPH, CONSTANT SPEED 75
SAE J227a, SCHEDULE D 51/60%
30 MPH, 10% GRADE 15

* With Regeneration



RANGE SENSITIVITY

3

45
40
35 1
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3600
0.92
0.01
No-Yes

0.008-.014

3600
No

0.92

0.85-0.98

0.014

3600
No

92
0.014

3500 - 4000
No

0.

Rolling Resistance (Ib./lb.)
Regenerative Braking

Transmission Efficiency

Vehicle Weight (Ibs.)



ROAD LOAD, Kiio watts

ROAD L.OAD FOR IDEAL, 3600 POUND VEHICLE

30
SAE J227a '
——— 10% GRADE,
20 SCHEDULE D 30 MPH
10 ——- 55 MPH
0 1 ] ! | 1 {
20 40 60 80 100 120
Time, Seconds
-20
2 Braking

~4Q

-60

A Motor Rated at 24 Horsepower Is Required for the Electric Vehicle Power Train,




3. THE STATE-OF-THE-ART POWER TRAIN CONSISTS OF A DC SERIES WOUND
MOTOR, SCR CONTROLLER, V-BELT TRANSMISSION, LOW-LOSS DIFFERENTIAL
AND RADIAL TIRES.



STATE-OF-THE-ART MOTOR

Type Series wound DC with interpoles
Manufacturer Prestolite

Model EOQ-26747

Weight 205 lbs.

Size 113 OD x 17" L

Power Rating 24HP continuous (28HP, blower cooled)}
Voltage 100 V Nominal

Maximum Speed 4000 RPM



I

RPM x 1000

r

_ J = i | R

PRESTOLITE EO-26747 CHARACTERISTICS

100

AMPS
(All Voltages)

&=

(8]

0 20 40 60 80 100 120 140 160 180

Torque, ft. - Ib.

Efficiency

AMPS




MOTOR CONTROLLER SPECIFICATION

Type
Manufacturer
Model

Rated Voltage
Rated Current
Weight

Size

SCR chopper, logic unit, coil and capacitors
Sevcon

7650-4

80-130 volts

750 amps max, 400 amps continuous

60 Ib.

Chopper: 14" x 10" x 7"

Logic: 3" x 1Y x 6"

Coil: 6" x 4" x 5v
Capacitors: 10" x 5" x 6"



CONTACTORS

Directional Contractor Pair

- HB Electric

- Modet HB 33BA 123LIB
- Coil Voltage = 12 volts
- Weight = 10 Ibs.

Line Contactor

- HB Electric

- Model HB 39BD 122L1B
- Coi! Voltage = 12 volts
- Weight = 5 lbs.



Component

Tires

Wheels

Brakes

Drive Shaft

Differential

Drive Chain

Miscellaneous

MECHANICAL COMPONENTS

SuEBHer

Goodyear Custom Polysteel
Radial HR-78-15, 32 psi, or
equivalent

Kelsey-Hayes

Delco~-Moraine drum type

Dana Spicer Universals and Torque
Tubes

Dana Spicer lS-18‘, modified

Morse Hy-Vo

Estimated Weight (lbs.}

4 x 20

4 x 20

4 x 20

30

35

15

10



SIMULATED POWER TRAIN PERFORMANCE WITH TEN MOTOR/TRANSMISSION
COMBINATIONS HAD THE FOLLOWING COMMON FEATURES:

] The motor was the Prestolite EO-26747 DC series motor

° The tires were of 0.32 m radius

® The rolling resistance assumed was 0,098 N/kg.

® The transmission and differential efficiencies were estimated

from manufacturer's data.

M A weight penalty (or benefit) was assigned with respect to
a baseline of 3600 Ibs. (1633 kg)



CASE ]

FIXED RATIO REDUCTION
HYPOID CEARING

MOTOR

HYPOID
GEARING

Q- | \ UNIVERSALS
3%, | PALS

PARAMETERS
. WEIGHT PENALTY
TRANSMISSION RATIO
TRANSMISSION EFFICIENCY
DIFFERENTIAL RATIO

DIFFERENTIAL EFFICIENCY

RANGE
SAE J227a/D
55 MPH
30 MPH, 10% GRADE
ADVANTAGES

4.2:1
0.92
1.0

1.0

30-36 MILES
47 MILES

4.3 MILES

SIMPLE, COMMONLY USED CONSTRUCTION

LIGHTWEIGHT

DISADVANTAGES

LIMITS VEHICLE RANGE DUE TO POOR MATCHING WITH
MOTOR EFFICIENCY CHARACTERISTICS.

HYPOLID GEARING EFFICIENCY IS A SOURCE OF

SIGNIFICANT POWER LOSS.

EFFICIENCY SENSITIVE TO LUBRICANT TEMPERATURE.



CASE 2

FIXED RATIO REDUCTION, HIGH
EFFICIENCY CHAIN DRIVE

MOTOR

HIGH CFFICIENCY

| /m/
P

( - :l .
TQ c
WHEEL :ng:‘i o

TO
T WHEEL

UNIVERSAL

PARAMETERS

WEIGHT PENALTY

1]
TRANSMISSION RATIO 4,.2:1
. TRANSMISSION EFFICIENCY 0.98
DIFFERENTIAL RATIO 1.0
DIFFERENTIAL EFFICIENCY 1.0
RANGE

SAE J227a/D 31-41 MILES

55 MPH 51 MILES

30 MPH, 10% GRADE 4.6 MILES

ADVANTAGES

SIMPLE CONSTRUCTION

HIGH EFFICIENCY FIXED RATIO REDUCTION

EFFICIENCY RELATIVELY INSENSITIVE TO TEMPERATURE
DISADVANTAGES

LIMITS RANGE DUE TO POOR MATCHING WITH MOTOR
EFFICIENCY CHARACTERISTICS,

g1 ®HVd TV NEDT80



CASE 3

DUAL MOTOR DRIVE, FIXED REDUCTION

|

o roed e ke

P e w il

T
1

l

F

EFFICIENCY

Y

PARAMLTERS
WEILHT PENALTY
THANSMISSION RATIO
THANSMISSION EFFICIENCY
DIFFERENTIAL RATIO

DIFFERENTIAL EFFICIENCY

- 100 LBS
4.2:0

0.98

32-42 MILES
5t MILES

4.0 MILES

LIGHTWEIGHT DRIVE TRAIN RESULTING IN IMPROVED

RANGE
SAE J227a/D
55 MPH
30 MPH, 108 GRADE
ADVANTACES
VEHICLE RANGE COMPARED TO A SINGLE MOTOR,
HIGH EFFICIENCY CHAIN DRIVE
DUAL MOTORS PROVIDE DIFFERENTIAL ACTION
DISADVANTAGES

TWO MOTORS ARE REQUIRED

TWG SMALL MOTORS MAY BE LESS EFFICIENT THAN

ONE LARGE ONE

FIXED RATIO LIMITS RANGE DUE TO POOR MATCHING
WITH MOTOR EFFICIENCY CHARACTERISTICS.



CASE i
STANDARD 3 SPEED AUTOMATIC TRANSMISSION

WITH A TORQUE CONVERTER PARAMETERS
WEIGHT PENALTY +150 LBS
= . TRANSMISSION RATIO 3.5:1 (0-20 MPH)
1.7:1 (20-35 MPH}
1.0.1 {ABOVE 35 MPH)
] MOTOR
. TRANSMISSION EFFICIENCY  0.70 (0-20 MPH)
0.88 (20-35 MPH)
0.92 {ABOVE 35 MPH)
DIFFERENTIAL RATIO 4.2
TORQUE . DIFFERENTIAL EFFICIENCY  0.02 \
CONVERTER RANGE
. SAE J2272/D 25-39 MILES
MISSION
TRANSMISS ) 55 MPH 44 MILES
-"""-n.__.....-_._..._—-
30 MPH, 10% GRADE 4.9 MILES
ADVANTACES
A AVAILABLE MULTI-RATIC TRANSMISSION WITH AUTOMATIC
paget SPEED CHANGE.
b“j«/ DISADVANTAGES
— . LOW EFFICIENCY COMPARED TO OTHER TRANSMISSION
TYPES DUE TO INTERNAL PUMP LOSSES OF 1-3 HP
@{f} (DEPENDING ON VEHICLE SPEED).
[ EFFICIENCY SENSITIVE TO TEMPERATURE CHANGE.
TO . — . TO . TORQUE CONVERTER ADDS SIGNIFICANT LOSSES TO
WHEEL o WHEEL THE DRIVE TRAIN DURING BOTH ACCELERATION AND
{ CONSTANT VELOCITY OPERATION
HYPOID TYPE . LOW PROBABLE VEHICLE RANGE,

DIFFERENTIAL

(o]
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A
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2
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o
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CASE 5

3 SPEED AUTOMATIC TRANSMISSION CHAIN

COUPLED TO THE DIFFERENTIAL WITHOUT

TORQUE CONVERTER

MOTOR

TRANSMISSION

WHEEL

ALTERNATE CONSTRUCTION

Lew:s Research Center

PARAMETLHS
WEIGHT PENALTY

TRANSMISSION RATIO

TRANSMISSION EFFICIENCY

DIFFERENTIAL RATIO

DIFFERENTIAL EFFICIENCY

RANCE

SAE J221a/D

55 MPH

30 MPH, 16% CRADE
ADVANTACES

+100 LB5

3.74.1 (0-20 MPH)
1.57.1 (20-35 MPH)
1.0: 1 (ABOVE 35 MPH)
0.76 {0-10 MPH)

0.80 {20-35 MPH)

0.82 (ABOVE 35 MPH)
5.0.1

0.98

28-42 MILES

42 MILES

4.0 MILES

AVAILABLE MULTI-RATIO TRANSMISSION WITH

AUTOMATIC SPEED CHANGE.

DISADVANTAGES

LOW CFFICIENCY COMPARED TQ OTHER TRANSMISSION

TVPES DUE TO INTERNAL PUMP LOSSES OF 1-3 HP
{DEPENDING ON VEHICLE SFEED)

EFFICIENCY SENSITIVE TO TEMPERATURE CHANGE.

WHEN CCUPLED DIRECTLY TO THE MOTOR, TRANSMISSION

LIFE IS SHOKRT DUE TO EXCESS SHOCK LOADING.
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CASE 6

STANDARD 2 SPEED AUTOMATIC
TRANSMISSION WITHOUT A TORQUE

CONVERTER

! MOTOR

et

TRANSMISSION

TO Tyt TO
WHEEL WHEEL
HYPOID TYPE

DIFFERENTIAL

PAHAMETERS
WEIGHT PENALTY +75 LBS
TRANSMISSION RATIO 2,741 (0~20MPH), 1.0: 7 (ABOVE 20MPH)

. TRANSMISSION EFFICIENCY  g,50
DIFFERENTIAL RATIO R

DIFFERENTIAL EFFICIENCY 0.82

RANCE
SAE J227a/D 31-40 MILES
55 MPH 48 MILES
30 MPH, 10% GRADE 4.2 MILES
ADVANTAGES
AVAILABLE MULTI-RATIO TRANSMISSION WITH
AUTOMATIC SPEED CHANGE.
DISADVANTAGES

LOW EFFICIENCY COMPARED TO OTHER TRANS-
MISSION TYPES DUE TO INTERNAL PUMP LOSSES
OF |-3 HP (DEPENDING ON VEHICLE SPEED)

EFFICIENCY SENSITIVE TO TEMPERATURE CHANGE
IF DIRECTLY COUPLED TO THE MOTOR, TRANSMISSION

LIFE IS VERY SHORT DUE TO EXCESSIVE SHOCK LOADING
IN FIRST GEAR



TO
WHEEL

CASE 7

TORQUE CONVERTER COUPLED DIRECTLY TO

A DIFFERENTIAL

TORQUE
CONVERTER

TO
WHEEL

HYPOID TYPE
DIFFERENTIAL

PARAMLTERS
WEIGHT FENALTY

. TRANSMISSION RATIO

TRANSMISSION EFFICIENCY

DIFFERENTIAL RATIO

DIFFERENTIAL EFFICIENCY

RANGE
SAE 12212/D
55 MPH
30 MPH, 10% GRADE
ADVANTACES

+50 LBS

10.1 {0-2.5 MPH}

2,5 1 (2.5~ 5 MPH}
1.25.1 {5-10 MPH}

1 05:1 (ABOVE 10 MPH)

0.20 (0-2,5MPH),

0 65 (2.5-5 MPH)
0.97 (5-10 MPH)

0.95 (ABOVE 10 MPH)
4.2-1

0.92

30-36 MILES
48 MILES

4.4 MILES

FORMS A VARIABLE RATIO TRANSMISSION WHICH
ALLOWS THE MOTOR TO ODFERATE AT HIGHER, MCRE
EFFICIENT SPEEDS AT LOW VEHICLE SPEEDS

DISADVANTAGES

NO NET GAIN IN PERFORMANCE COMPARED TO A SYSTEM

WITHOUT TtHiE TORQUE CONVERTER



CASE 8

HYPOTHETICAL INFINITELY VARIABLE SPEED

TRANSMISSION, ROLLING ELEMENT TYPE

MOTOR

TRANSMISSION
o
i
TO — TO

WHEEL - 1| T T T WHEEL

=

HYPOID TYPE
DIFFERENTIAL

PARAMETERS
WEIGHT PENALTY

TRANSMISSION RATIO

TRANSMISSION EFFICIENCY

DIFFERENTIAL RATIO

DIFFERENTIAL EFFICIENCY

RANGE

SAE J227a/D

55 MPH

30 MPH, 10% GRADE
ADVANTAGES

+260 LBS
12.4:4 {0-2.5 MPH)
16.2.1 (2.5-5.0 MPH)
B.1:5 (5.0-10 MPH)
5.76 | {10-20 MPH)
1.68:1 {20-30 MPH}
1,0, | (ABOVE 30 MFPH)

6 {0<2.5 MPH)
6 (2.5-5.0 MPH)
o {5.0=10 MPH)
1 (10-20 MPH)
2 (20-30 MPH)
4.2

t.92

19-35 MILES
45 MILES

5.1 MILES

DRIVE TRAIN CAN BE IDEALLY MATCHED WITH THE
MOTOR REQUIREMENTS OVER A WIDE RANGE OF TORQUE

AND SPEED.

DISADVANTACES

NOT AVAILABLE AS A STATE-OF-THE-ART DEVICE.

PROBABLY SICNIFICANTLY HEAVIER THAN ALTERNATE
MULTISPEED TRANSMISSIONS,

<IITVN® ¥00d d0
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CASE 9

VARIABLE SPEED V BELT TRANSMISSION

MOTOR

CHAIN

|

WHEEL. 1 /&

TO
WHEEL

DIFFERENTIAL

PARAMETCRS

WEIGHT PENALTY +100 LBS
TRANSMISSION RATIO 4.8 1 (0-10 MPH)
45.0:1 (10-20 MPH)
3.0 1 {20-30 MPH)
2.0.1 (30-40 MPH)
1.0:1 (ABOVE 40 MPH)
TRANSMISSION EFFICIENCY 0,90
DMFFERENTIAL RATIO 4.2.1
DIFFERENTIAL EFFICIENCY 8.39
RANGE
SAE J22%a/D 33-46 MILES
55 MPH 45 MILES
30 MPH, 10% GRADE 5.7 MILES
ADVANTAGES
VARIABLE SPEED TRANSMISSION MAXIMIZES OPERATION
OF THE DRIVE MOTOR AT EFFICIENT SPEED/TORQUE
RANGES DURING THE DRIVING CYCLE.
CLAIMED EFFICIENCIES OF 86-94%, RELATIVELY CONSTANT
WITH SPEED.
ELECTRICAL ACTUATION COMPATIBLE WITH SCR CONTROL
SYSTEM
MINIMIZES CURRENT DEMAND BY PROVIDING HIGH WHEEL
TORQUE AT LOW VEHICLE SPEEDS.
EFFICIENCY RELATIVELY INSENSITIVE TO AMBIENT
TEMPERATURE.
DISADVANTAGES

MORE COMPLEX THAN A FIXED RATIO DRIVE,

NO COMPREHENSIVE DOCUMENTATION ON RELIABILITY
AND PERFORMANCE



CASE 10

2 SPEED TRANSMISSION USING
ELECTRICALLY OPERATED CLUTCHES

CHAIN

CHAIN

7

TO

W _DIFFERENTIAL

ALTERNATE: HELICAL GEARING IN PLACE

OF CHAINS

CLUTCH

WHEEL

PARAMETERS
WEIGHT PENALTY

TRANSMISSION RATIO

TRANSMISSION EFFICIENCY
DIFFERENTIAL RATIO

DIFFERENTIAL EFFICIENCY

SAE J2117a/D
55 MPH
30 MPH, 10t GRADE

ADVANTAGES

+100 LAS

4 0.1 [0-20 MPH)
1.0. 1 [ABOVE 20 MPH)

0.92
4.5.1

0.53

32.5-45 MILES
49 MILES

4.5 MILES

HIGHLY EFFICIENT TRANSMISSION. ELECTRIC CLUTCHES

REQUIRE .07 HP,

HIGHER PROBABLE VEHICLE RANGE COMPARED TO

FIXED RATIO DRIVES

LOW GEAR ALLOWS MORE EFFICIENT OPERATION OF THE .
MOTOR DURING 1.OW SPEED OPERATION %
vo

EFFICIENCY RELATIVELY INSENSITIVE TO AMBIENT

TEMPLRATURE,
3 SPEED OPTIONS

DISADVANTAGES

NOT PROVEN IN CURRENT VEHICLES

MORE COMPLEX THAN A FIXED RATIO DRIVE, vi %



RANGE OVER
SAE CYCLE
(MILES/CASE)
33-46/9
32.5-45/10

32-42/3

31-41/2

RANKING OF CALCULATED PERFORMANCE

RANGE AT

55 MPH
(MILES/CASE)
51/2, 3

49/10

48/7

47/1

RANGE AT

30 MPH, 10% GRADE
(MILES/CASE)
5.7/9

5.2/8

4,9/4

4,8/3

PEAK

CURRENT
(AMPERES/CASE)
375/9

400/5

425/4

450/10



THE SELECTION OF THE ELECTROMATIC DRIVE TRANSMISSION
FOR THE STATE-OF-THE-ART POWER TRAIN IS BASED ON:

e High Calculated Range

. Good Efficiency 90%)

. Low Weight and Compact (40 Ibs.)
® Potentially Reliable

[ Electrically Controllable

[ Emerging in Market Place

e Well Suited to Transaxle Configuration



T MOTOR

DRIVE TRAIN UTILIZING THE

"V!" BELT TRANSMISSION

TIRES

ELECTROMATIC
TRANSMISSION '

DRIVE CHAIN

DRIVE SHAFTS
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DRIVE TRAIN INSTALLATION IN A TYPICAL
VEHICLE CONFIGURATION

o e e I 'J —
— * - 1
[\ I“—_"—::;::.J . l:::":::‘:‘-.- . :\
HATTERIES BATTERIES
CTTY —
I .
R .
' ! L'—"
1 N
\ ACCELERATOR CONTROL.
CONTROLLER
|
TRANSMISSION



PREDICTED RANGE OF THE STATE-OF-THE-ART POWER TRAIN (650 Ibs.)

Cxcle Range
SAE J227a/D 36-50
55 MFPH u7

30 MPH, 10% Grade 6.2



V. IMPROVED POWER TRAINS




BY APPLYING NEAR-TERM TECHNICAL ADVANCES, IMPROVED POWER TRAIN DESIGNS WILL
INCREASE VEHICLE RANGE.

{1)  Use a Separately Excited DC Motor

(2) Reduce Vehicle Weight by Using Lightweight Materials in the Power Train Components.
(3) Develop Tires Specifically Designed for the Electric Vehicle Application,

(4) Design an Integral Motor/Transmission Package.

(5) Increase Battery Mass Fraction.

(6) Change Battery Voltage.

{7) Use an AC Motor and Controller.

(8) Incorporate Suppliemental Load Leveling Batteries,

(9) Use Batteries With Higher Energy Density.

{10) Use Flywheels for Load Leveling.



’ State-of
Evaluation Task Area the-Art
1. Separately excited DC molor Near
2. Component weight reduction Current
3. Electric vehicle tires Near
4, Integral motor/transmission Current
5. [ncrease battery mass fraction Now
G. Battery voltage change Near
7. AC motor system Near
8. Supplemental load leveling Advanced
batteries
9. Improved batteries Advanced
10, Flywheels for load-leveling Advanced
(@)
?.:} \5‘3\ Source: Booz-Allen & Hamilton Inc.
vg &2
3z
®
o,
S
I
-4

A

COMPARISON OF POTENTIAL

IMPROVEMENT AREAS

Improved
Range

Linknown

Yes
Yes

None

Yes

None

Yes

Yes

Development
Risk

Moderate

Low
Low

Low

Moderate
High

Low

High

High

Technical

Commercial-
fzation

Feasibility Potential

Yes

Yes

Yes

Yes

g

Yes

Yes

Yes

Yes

Yes

Yes

Yes

3

Yes

st

Estimated
Program
Effort

Moderate

Moderate
High

Maoderate

Moderate
High

High

High

High

Comments

Improved motor/transmission
match. Verify efficiency.

Specific to packaging.
Possible weight savings.

Vehicle impact.

Batteries?



Z. THE USE OF A SEPARATELY EXCITED DC MOTOR, AS COMPARED TO A SERIES
MACHINE, CAN IMPROVE THE RANGE OF AN ELECTRIC VEHICLE.

1

(2)

(3}

(4)

The Power Trains Studied Are Distinguished By Armature Control,
Field Control or the Incorporation of the Electromatic CVT,

An lterative Simulation With Empirically Adjusted Efficiency
Models Was Used To Investigate the Performance Of the Separately
Excited Motor Systems,

The Computer Analysis Predicted That the Range Over the SAE
Cycle With a Separately Excited Motor is 20% Greater Than With
a Comparable Series Motor.

The All Electrical Motor Control Scheme Represents the Most
Viable Near-Term Design Approach.



SEPARATELY EXCITED DC MOTOR



COMPUTER SIMULATION TRADE-OFF STUDY

] TRIAD iterative model

[ ] Constant current during acceleration
. 3,600 pound vehicle

® Vehicle parameters

- Effective frontal area = 6 ftzl

- Tire radius = 12.6 inches
- Ralling resistance = 0.01 Ib./Ib.

. 96 percent chopper efficiency
™ Shunt wound version of Prestolite EO-26747 motor
° Realistic CVT model

™ Deceleration limited to 0.1 G,



ELECTROMATIC CVT EFFICIENCY

Efficiency

3.6 3.4 3.2 3.0 2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4 1,2 1.0 .80 .60 .40 .20 O

Ratio

Source: Booz-Allen & Hamilton Inc.
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CASE 9 PERFORMANCE

Control

100 __._j

Armature
Chopping

| |

|
|
200 — ‘_ Transmission }‘b" Field
—

| Control

1 r

Motor - Separately excited
Control - Armature and field

Transnussion -

CVT

Transmission
1000 }_‘ I Transmission Ratio
: Upshifting 0.68: 1
!
2000 |— |
]
1000 (—
! - 1 i 3 ! .
10 20 30 40 56

Source;

Baoz, Allen & Hamilton Inc,




CASE 11 - FULL CONTROL

rmm Bypass

Contactor
4\:

Armature
Chopper

Fieid

Chopper

Battery

AIFTVED 900d 40

Arm i

Field

L— Reverse

Contractor

CVT

Differential —_—j
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CASE 11 PERFORMANCE

" Transmission
% 200 — }"‘ Control ]
5 |
g |
i
-
E
0 l
r
o Armature
Chopping Armalure
Chopping At
Cruise
| L 1 1 1
Motor - Series
Control - Armature
Transmission - CVT
Transmssion
Transmission Ratio Transmission
3000 - v .
o . [ Upshifting 1.55.1 Ratio
%\a = 1271
vo B o | !
2% = ' | |
=) % T 2000 |
aQ
o, v &
=) 2
ey} 2
[=]
%@ :
% 1000 -
1 i [l i ]
10 20 30 Ho 50 v

Source: Booz-Allen £ Hamilton Inc, Speed, Miles per Hour



CASE 12 - FIRED ARMATURE

Field
Chopper

Arm

Battery

M Field

L—-— Reverse ) S
Contactor Differential



CASE 12 PERFORMANCE

[ I
0 I |
= | !
< 200 1 | i
5 I~ |
= |
us
[ | |
5
(5] |—— Transmission | o
é Control ]
1 ] - Field
j}: 100 - Control ° 7
<
m 1
i 1 1 ] I
Motor - Separately excited
Control - Field only
Transmission - CcvT
{
| Belt
I osip
—- I Transmission
[ Ratio
P Transmission | 0.68. 1 _
3000 - Upshifting
z | |
& | |
a | 1
Woo2000 | -
0. ]
[Fa3
«
2
% 9
A = q000 | ¥
o
2
| M | L 1 - I
0 10 20 30 40 50

SPEED, MILES PER HOUR

Source: Booz,Allen & Hamilton Inc.
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CASE 13 - FIXED FIELD

Bypass
Contactor

e

Armature
Chopper

Battery

- Field

Arm,

L— Reverse

Contactor

cVvT

L_ Differential
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CASE 13 PERFORMANCE

[%4]
0. i
Z |
< |
[y
Z |
¢ 200 — |
Transmission
o l——-—p—-
o Control
> |
o,
wi |
-
E |
o
@ l
00 [T
Armature
Chopping
| 1 ] ]
Mator - Separately excited
Control - Armature only
Transmission - CvT
i !
| i
- ' !
i .
3000 — ! Transmission il
) Upshifting :
] 1
= | i
o, 1
& J _i
a I
w2000 [— | ]
w 3
o i
[
o |
Q
e |
O 1
= 1000 (—
i | | ]
10 20 30 40

SPEED, MILES PER HOUR

Source: Booz, Allen & Hamitton Inc.



CASE 14 - "ALL ELECTRIC" CONTROL

By-pass
S Contactor

-8

Armature

Chopper

Field

Chopper

Battery

Field

L_ Reverse

Contactor

Differential ———X



CASE 14 PERFORMANCE

T
& !
=
< [
& |
u 200 —
% l Field
O L‘+ Control
& |
s
= |
<
5 10— R 1
Armature _~l . 1
Chopping
1 1 1 1 | !
Motor - Separately excited
Control - Armature and field
Transmission - None
| ‘
H
[ |
! |
5000 T 4
i !
I
= !
o .
o .
S 4000 L—— N
]
o
tn
o
o
=
O
= 3000 [ o
2000 I i i i 1 J
10 20 30 490 [14]

Source:

Booz, Allen & Hamilton Inc.

SPEED, MILES PER HOUR



POWER TRAIN PERFORMANCE

WITH SEPARATELY EXCITED MOTOR

Motor Type

Armature Control
Separate Field Cont‘rol
Transmission Type
Differential

Range Over SAE J227a/D,
3,600 Ib. vehicle (miles)

Motor Speed at 55 mph (RPM)

Source; Booz-Allen & Hamilton Inc,

CASE STUDIED

Series

Chop

EM/CVT
4.3:1

4000

30

11

Shunt
Chop
Chop
EM/CVT
7:1

3491

34

12

Shunt
Fixed
Chop
EM/CVT
7:1

3491

33.5

13 14

Shunt Shunt
Chop Chop

Fixed Chop

EM/CVT -—-
4,2:1 8:1
2094 5870
34.5 36.1



DESCRIPTION

RELATIVE EVALUATION OF

CANDIDATE SEPARATELY EXCITED

MQTOR SYSTEMS

Motor Type

Armature Control

Separate Field Control
Transmission

Differential

Motor Speed at 55 mph (RPM)

Range Over SAE J227a/D
Actual Weight {miles)

Relative Weight (lbs.)

Reliability

Cost

Development Risk

CASE STUDIED

Series

Chop

EM/CVT
4,3:1

4000

31.2
0
Moderate

Low

High

1

Shunt
Chop
Chop
EM/CVT
71

3491

35.3

+5
Moderate
Moderate

High

13

Shunt
Chop
Fixed
EM/CVT
4,2:1

2094

35.9

0
Moderate

Moderate

High

14

Shunt
Chop

Chop

8:1

5870

38.0
-35
High
High

Moderate



SEVERAL OTHER IMPROVEMENTS WILL LEAD TO FEATURES WHICH WILL ENHANCE THE SUCCESS
OF THE ELECTRIC VEHICLE.

(1) Develop a Brake Blending Control.

(2) Reduce Drive Train Noise,

(3) Assess and Improve Component Reliability.

() Assess Safety.

(5) Develop Efficient and Reliable Automatic Transmissions .



ELECTROMAGNETIC TRANSMISSION
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ELECTROMAGNETIC TRANSMISSION

ANSTALLED IN A TYPICAL
VEHICLE CONFIGURATION

BATTERIES

»

CONTROLLE;\§\\

RNt

ACCELERATOR
CONTROL

FRAME

—

e

BATTERIES




POWER FLOW IN THE

ELECTROMAGNETIC

TRANSMISSION
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POWER FLOW IN THE
ELECTROMAGNETIC TRANSMISSION
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CHARACTERISTICS OF THE ELECTROMAGNETIC TRANSMISSION

® .Ba5ed on off-the-shelf components,

] Weight less than 100 pounds.,

® Compact.

] Activation power 0.04 HP,

. Slip friction loss less than 0.1 HP.

. Conservative gear loading.

. Requires synchronized motor control to maximize reliability and smoothness.

@ An alternate version using tooth-type clutches would be smaller and lighter.



TOOTH TYPE ELECTROMAGNETIC
3 SPEED TRANSMISSION
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V. SUMMARY OF RESULTS

STATE-OF-THE-ART ELECTRIC VEHICLES ARE PRIMARILY CONVERSIONS WITH A HANDFUL. OF
ORIGINAL DESIGNS.

(1) Most Suitable, Off-The-Shelf, Components Are Well Qualified Automotive or Industrial
Products.

(2) Reliability Has Not Been Demonstrated in a Suitable, Efficient Automatic Transmission.

THE MAJOR ELEMENTS OF THE PRELIMINARY POWER TRAIN DESIGN DEVELOPED IN THIS

STUDY ARE A DC SERIES MOTOR, SCR CONTROLLER AND V-BELT CVT.

(1) The DC Series Motor With SCR Controller Represents the State-Of-The-Art Prime Mover,

(2}  An Electrically Controlled V-Belt CVT When Used In a State-Of-The-Art Power Train
Offers Superior Range When Compared To Other Available Transmissions.

(3) The State-Of-The-Art Power Train Can Achieve a Range of 36 Miles Over The SAE J227a/D
Cycle, 47 Miles at a Constant 55 MPH and 6.2 Miles Up a 10 Percent Grade at 30 MPH.



IMPROVEMENTS STUDIED IN DETAIL INCLUDE THE USE OF SEPARATELY EXCITED MOTORS,
AN ELECTROMAGNETIC TRANSMISSION AND MORE REALISTIC COMPONENT WEIGHT AND
EFFICIENCIES.

(1) The Use of a Separately Excited DC Motor, As Compared To a Series Machine, Can Achieve
a Range of Approximately 38 Miles Over the SAE Cycle.

{(2) A Two Speed Electromagnetically Shifted Transmission, Composed of Off-the-Shelf
Components, May Provide An Efficient and Reliable Electric Vehicle Transmission.

FUTURE WORK SHOULD EMPHASIZE NEAR TERM TECHNICAL ADVANCES TO BRING A PRACTICAL
ELECTRIC VEHICLE CLOSER TO REALITY.

(1) Better Batteries, Expanded Use of Light Weight Materials and Low Rolling Resistance Tire
Designs Are the Areas With the Major Potential for Improved Range.

(2) Further Development of High Speed DC Motors and Electronic Control Packages Will Enhance
the Potential for "All Electric" Drives.

(3) The Electromatic CVT and the Electromagnetically Shifted Transmission Should Be Applied To
Vehicle Power Trains To Demonstrate Their Reliability in the Field.



