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PREFACE

This report presents a summary of work performed by the
Design and Developmant Division of Broz, Allen & Hamilton Inc.
under NASA contract NAS 3-20585. The authors wish to acknowledge
the support of Mr. C.5. Skinner, who served as officer-in-
charge. Mr. R.R. Lasecki, Mr. A,D. Szpak and Mr. L.L. Zgrabik
were the main technical contributors. Me. J. Brennand of the General
Research Corporation graciously provided a copy of the computer
program which was used in Chapter 3.0. Mr. Mighdoll was the project
engineer and Dr. Hahn was the program manager.
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1.0 SUMMARY

As part of the national effort to stimulate the use of electrically
powered vehicles for transportation, the design of urban passenger
electric vehicles has been reviewed. This study considers autometive
and electric vehicle technologies with specific emphasis on the power
train. [ts purpose is to objectively identify an "optimum" power train
system which can be assembled with state-of-the-art components, to
predict the performance of such a system, and to identify and evaluate
improvements which might benefit vehicle performance.

In the past, power trains consisting of controller, motor, transmission,
running gear, wheels, brakes and tires have been incorporatad into a wide
variety of vehicle designs. Most of the designs are based on conventicnal
chassis, but superior performance has been demonstrated in complete designs,
such as the Copper Development Association town car. In this program several
configurations and combinations of off-the-shelf components were suggested by

a study of existing electric vehicles, a review of related technology and an
application of engineering judgment. These candidate electric vehicle power

frains were evaluated quantitatively and by computer simulation to identify

the system which can achieve maximum range over the SAE J227a ScheduleD
driving cycle. This state-of-the-art power train employs regenerative braking
and consists of 2 series wound DC motor, SCR chopper controller, electrically
controlled V-belt continuousiy variable transmission, radial tires, and drum
brakes. Analysis predicts that a vehicle weighing 1,587 kg (3500 Ibs.}, using
16 EV-106 lead-acid batteries and employing this power train would achieve a
range of about 50 km (31.2 miles) over the Schedule D cycle.

The electric vehicle literature, technical judgment and interviews
with 2 broad spectrum of persons within the industry, provided
suggestions for potential near term technical advances, which could
be applied to improve the state-of-the-art power train design. These
include means to extend vehicle range, as well as features to enhance
the commercial success of electrically powered passenger vehicles.
Several systems involving shunt wound DC motors were considered
in detail. An improved power train was selected which employs a
high speed separately excited motor with armature and field control.

A single ratio speed reducer replaces the multi-ratio transmission. On
the Schedule D cycle, a vehicle with this power train can achieve a range
benefit of approximately 20 percent when compared with a power train

of similar weight which uses state-of-the-art components.
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2.0 INTRODUCTION

By the turn of the century, automobiles powered by the interna!
combustion engine (ICE) and battery powered electrics were competing
to replace the horse in urban centers. At their peak acceptance, around
1912, it has been estimated that several hundred thousand electric vehicles
were in use throughout the world (Ref.1).

The features of the present gasoline powered ICE vehicle
have developed over a long period of ~efinement. These inciude:

e Favorable initial cost,
° Good performance,

® inexpensive fuel, and
. Long range.

England has continued to build and favor electrically powered vans
(milk fioats), but the electric vehicie has virtually disappeared from the
American market. Inthe U.5.A., a small group of independent experimenters
have continued to build electrically powered road vehicles, and several com-
mercial ventures to build and ma-ket electric road vehicles, suzh as Sebring-~
Vanguard, were established throughout the years. Battery powered propulsion
has been well suited to various off-the-highway vehicies such as industrial fork
Hift trucks, golf carts and underground mining machinery. Lower maintenance

costs and longevity are well documented benefits of the electrics, but their higher

initial cost and lower overall performance have been drawbacks.

Within the current decade, we have been faced with both an energy
crisis and an environmental crisis. It has been rucognized that the
earth's fossil fuel reserves are finite and we must take increasing
advantage of other energy sources. These include, for example,
hydroelectric, nuclear, wind and solar power. Moreover, the recent
oil embargo has stimulated the se of domesticaily produced coal and
the establishment of minimum fu: ! economy standards for vehicles.

A significant portion of air pollution results directly from the
use of gasoline powered vehicles. This problem is particularly severe
in urban areas. As a resuit, a significant effort is being made to reduce
exhaust emissions. The use of electric vehicles allows the energy
conversion process to take place at a central power plant where
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pollution is easier to contro!. [t also offers the opportunity to make
a8 major shift in the transportation sector energy-base from foreign
petroleum to other sources.

Due to the low energy density of currently available batteries, elec-
trically powered vehicles are not presently capable of both the acceleration
performance and range of ICE vehicles. There is significant federal
support for battery technology programs and for hybrid systems which
combine the range benefit of the internal combustion engine with the
pollution-free operation of electric power. However, it is possibie
to fulfill a portion of the transportation needs with state-of-the-art electric
vehicles. Studies have shown that an electric vehicle with a range of
129-161 km (80-100 miles) would meet the second-car requirements of a
significant portion of the population {Ref. 2} if a minima! level of performance
were acceptable. Programs to improve batteries, vehicle designs and
propuision system componentis are underway.

There is a rather voluminous literature on electric vehicles (see
the Bibliography) and much of this information was reviewed in the course
of the present study. Vehicles have been built in a wide range of con-
figurations. Some use existing ICE chassis and others are designed from the
"ground up". The criteria for selecting power train systems and components
has not, however, been clearly established. Judgment indicates that
component efficiency is significant., Since most devices have efficiencies
which vary with load, speed ¢nd environment, no particular set of components
clearly offers optimum performance for al! driving conditions.

This study considers automotive and electric vehicle technologies
with specific emphasis on the power train. Its purpose is to objectively
identify an "optimum" power train system which can be assembled with
state-of-the-art components, to predict the performance of such a vehicle,
and to identify and evaluate improvements which might benefit vehicle
performance.

An electric vehicle power train begins at the battery terminals and
ends at the road. Battery technology and overall vehicle design are
beyond the scope of the present study. Typicaily, an electric vehicle
power train consists of a controller, a motor, running gear, four wheels and
tires, and four brakes. As defined in the contract statement of work, state-of-
the-art components are those that are available off-the-shelf as standard
items or can be manufactured by speciai order involving limited design
modifications such as special mountings. Components that require develop-
mental engineering are not considered to be state-of-the-art. ‘



The urban passenger vehicle is the focus of this investigation.
The statement of work defined basic vahicle characteristics, such as
weight, sercdynamic drag and battery parameters and specified that
the vehicle must perform over the SAE J2%7a Schedule D¥* cycle, st a
constant 72 km/h (55 mph) and alsoc climb a 10 percent grade at 49 km/h
(30 mph) . A design objective was to maximize range over the SAE* cycle
with a power train capablea of meeting the speed and grade reguirements.

This program does not specifically address the issue of cost
effective design for a state-of-the-art power train. 1t has been assumed
that the commercial availability of components implies reasonable cost.
Actual cost will depend upon market demand and appropriate manufac-
turing techniques.

information was obtained by iiterature search, by in-person and
telephone interviews and by mailings to manufacturers of vehicles and
components. A number of vehicles were examined at NASA-LERC and
at the Electric Vehicle Exposition in Chicago in the spring of 1977. From
this data base and by applying engineering judgment, various power
train design approaches wetre identified and studied. Computer-zided
analysis was one tool employed to select the state-of-the-art power train
and to evaluate range increases achievable with various improvemanis.

The review and assessment of state-of-the-art electric vehicles
and power train components is presented in Chapter 3.0. A preliminary
design of a power train based on these components is developed in
Chapter 4.0 and improvements are evaluated in the last chapter,

* Throughout this report, reference to “the SAE cycle" implies the
SAE J227a Scheduie D driving cycle.
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3.0 ASSESSMENT OF THE STATE-OF-THE-ART IN
ELECTRIC VEHICLE POWER TRAIN TECHNOLOGY

The conversion of electrical power into mechanical motion is basic
to our industrialized society. Machinery, powered by electricity, finds
significant application in most industries. Within the transportation
field the most common types of electrically powered vehicies are:

® Golf carts

e Railroad locomotives and subway cars

o Industrial forklift trucks

° Delivery vans ("mitk fioats" in England)

. Mine vehicles

. Motorized wheels for earth moving equipment
a Highway passenget vehicles.

For each type of vehicle, mission goals, environmental constraints and
economic considerations establish requirements which result in specific
configurations and component selections. Vehicles and machinery used
in underground ceoal mines are electrically powered because of both
the fire hazard associated with interna! combustion engines and the air
pollution {ventilation) requirements. Dynamic {or regenerative)
braking is employed in large earth moving equipment primarily to
minimize the servicing of conventional brakes rather than to conserve
energy. Contactor controllers are cost effective for delivery vans

but the smoothness of centro! desired for passenger vehicles generally
leads to the pulse {i.e., chopper) type of motor controllers.

Many electric passenger vehicles have employed the same DC
serias wound motors and SCR controllers originaily developed for the
forklift truck industry. However, due to the difference in mission, this
approach can lead to a less than optimum propulsion system design.




This chapter presents a review of power train technology for
electrically powered highway vehicles. The first section summarizes
the various design approaches taken in the recent past. Electric
motors and their related controllers are reviewed firom a generic
point of view in the second section and mechanical power transfer
devices such as transmissions and tires are reviewed in the third
section, : ‘

3.1  EXISTING ELECTRIC VEHICLES

The design of electric vehicle power trains are reviewed in this
section with particular emphasis on:

° The architecture of the power train,

© The type of components employed .

° System optimization and traceoffs, as well as,
& Implementation.

A basic electric vehicle power train is shown in Figure 3-1.
The configuration is that of the conventional "Detroit" drive whete
the electric motor replaces the conventional internal combustion
engine. The battery is shown dashed since the present contract
does not include battery technology,

t“::: Driver Input fli

e e
1

| Trans-
LBanery 3 Controtier [**] Motor B mieslon :L ] Differential

I
== =

Figure 3-1 Basic electric vehicle power train.
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Many slectrie vahicle dasigns attampted 1o mateh the parformance
of conventlonal Internal combustion vahielss, Tha GM Elsatrovalr
(Ref. 3) and tha Ford Cortina Estats Wagon (Ref, 4) ara sxamples. The
nead for hnproved battaries was apparent and some of these vahleles
used high temparatura prototyps battertas,

Analytic studles indlgste that Hghtae vahiclas with higher battery
mass fractlons {ratlo of battary walght to total walght) should have
suparior perform  we, Sevaral studles (1.e., Raf, §) have attampted
o campars elecirle vehlela parformance by normalizing performance
dats with respact to battery mass feaction or overall weight, Unfore
tunately tha number of wall dosumanted vehicles [s small and tast con-
ditlons vary, Tharafore, a statlstical approach to assessing the state-aof
the-art for power traln features would not appear to be {ruitful, However,
tha commonallty of several featurss and the trends In recent powar train
deslgns can be chserved (n the data,

3.1.1 Eloatrie Vehicles Dastgned by The Enthusiast

A significant popuiation of independent el~etric vehlcle exporimentors
have for several years, been bullding, testing and using electric highway
vehiclas. There are saveral raglonal clubs which serve the mambers
by providing a means to share oxperlence. Such organizations Include
the Electric Vehlcle Assoclation of Ohlo, which clalms to have avar
50 active members. Not unlike the “hot-roddet" who modlifies a vahicle
for greater performance, their approach has bean to convert existing
compact cars, such as VI, Renaull and Austin, to electric power,

Table 3-1 lists the basic characteristics of several such designs
(Ref, 6). Oblective test data Is gonarally not avallable.

The selectlon of componants for these vehiclos has necessarily been

cdictated by econamics and avallabilily., The fundamental objective

has bean to package the hardware and "make the system work", 1t Is
not uncommon to sae used forklift truck or goli cart motors and airaraft
ganarators in these vehleles. Enginearing tradeofts in the design are quite
rare. Tha technology employed in the golf cart and forklift truck industry
finds application in these designs because these indusirles are virtually
the only sources for rolatlvely Inexpensive components.
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TABLE 3-1 SOME ENTHUSIAST BUILT ELECTRIC VEHICLES™®

BUILDER CHASSIS MOTOR CONTROLLER
F. Rienecker 1960 NSU GE, DC series « Contactor
Livermore, CA. Prinz 35 volt; 2.4 hp

G.M. Hughes 1960 NSU GE, DC shunt, Battery switching,
San Leandro, CA Prinz 30 volt starting resistor

H.H. Arnold

1961 Renauit

Delco, DC shunt ,

Battery switching,

Lewlsvil’e, N.C, Dauphine 96 volt, 19 hp starting resistor,
» solid state field control
D. Wicgner 1866 VW Delco, DC shunt , Battery switching,

Winston-Salem, M.C.

g5 volt, 19 hp

solid siate control

H.W. Barber
Bakersfield, CA

1970 Fiat 850
Sedan

Mercury, DC series,
72796 volt, 12 hp

Chopper

T. Frizzell VW Bug Delco, DC series , Resistance Steps
Charlestown, N.H. 36 volt, 7.5 hp

J. O'Connor MG - 1100 Hertner, DC series, Transistor chopper
Greanfield, IN 72 volt, 13 hip

R.R. Bassett 1963 Renault Aircraft generator , Resistance steps

Al., N.M.

23 volt

J. Wilson
Fairhaven, NJ

1963 Renault
Dauphine

Delco, DC shunt
84 volt, 15 hp

Transistor chopper

C. Kenney/ 1961 Renault GE, aircraft Battery switching and
J. Wasylinz Gordini generator, 28 volt, fleid weakening
Oskland, CA 9.8 hp

P.C. Wergin/ 1966 Sunbeam Alrcraft generator, Transistor choppet
D.M. Yates 30 volt, 15/30 hp

Reyneldsburg, OH

K.V. Kordesch Austin A 40 Baker, DC sceries, Battery switching
Lakewoad, OH 72 volt, B/20 hp
A. St. Amant viv Westinghouse, DC Battery switching

Wainut Creck, CA

serias, 72 volt,
31 hp

*In this table, and in several other instances throughout this
report, where particular component suppliers are identified in the
literature, they are reported. The omission of any individual manufac-
turer is regretted. No endorsement is implied.
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A major virtue of these conversions Is practicality, Vehlcles which
are bullt using existing automotive and industrial components
masily fit into the existing infrastrusture, Repairs and service
ara obtainable, or within the reash of the "do-it-yoursalfer?, and the
hardware Is well devslopad, safa and rugged.

intarast has bee,n uarge enough o encourage the formation of several
commerical ventures to produce angd market aleciric vehicies, Firms such as
Electric Vehicle Assoclates, Inc, {(EVA) have thelr roots in-the enthusiast sector.

3.1.2 Domestic Commarcial Electric Vehicle Conversions

A summary of the characteristics of several domestic, commercially
produced slectric vehicle conversions Is presented in Table 3-2. Data
was hot avallabe for all parameters.

Most domestic and fotelgn eleciric vehlcle programs have included
the conversion of a conventional vehicle as a first generation test bed.
Expedlency and overall project emphasis are the rationale for this choice.

In several cases the primary focus of the project seems to be the demon-
stration of an advanced battery concept. For axample, the GM Electrovair [I

employed experimental sliver-zinc batteries and an AC motor drive was designad
to match the acceleration and speed performance of its Internal combustion engine

counterpart., The malor partion of the englneering design effort was centered
around the AC motor controlier,

EVA and Waterman designs are conversions of compact conventional vehicles.

Both retain the original transmission, and, in the case of the Waterman DAF-based
design, this is a V-belt continuously variable ratio systam, Battronic, and AM
General have concentrated on the commercial market by using the conversion
approach. The Battronic motor and controller are typical industrial designs
whereas the AM General Jeep employs a compound wound motor and two phase

RC chopper.

3.1.3 Domestic Electric Vehicles Designed From the Ground Up

It is generally recognizaed that the ideal slectric vehicle should
ke desighed from the ground up. In this manner, the limited energy
storage capacity of elactrochemical battarles can be used most efficiently
for wehicle range and performance. Analytical studies have shown the
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TABLE 3-2 DOMESTIC COMMERCIAL ELECTRIC VEHICLES

: TYPE/
VEHICLE CURB WEIGHT| BATTERIES MOTOR COWNTROLLER [TRANSMISSION
{Date)
('} Carvalr, Sliver-zinc 530 V. | Deleo, a3le, Three Phace SCR, | Fixod gear
Elaztrovair [| 5 passenger ShAR 3 phese AC 0l Coolrd. redustion.
{1867) 300 1bs, indixilon, 120
Ibs., 115 HP
&t 13,080 RPM,
oll eoaled,
CM XEP Opel &£ passonger Zinc-mlr and Two DC oerles in | Two synchronlzed | Duzl Input
(1370) 3000 1bs. Lzad=szid parallel, roar SCR, spearbox.
mount. T2K Ibs.,
28 HP pach.
‘Blower toaled .
Ford Cortina S passenper Mickel-cadmilem GE DC serias, SCR and bypass Front whaa! drive,
Egtate Wagon 3036 Ibx, 1oV, o6 lbs. 150 (bs., 80 HP, | contscior standard manual,
oo V., 28 N, 2.12.1 in sacond.
Ibs., 800D rpen.
Fan coolad (60
watll
Boeing LRV Rail Pantograph 2 Inseries, DC | SCR armdture Fixed gear
£2,000 Ibs. seprrataly chopper reduction
axclied, 210 HP.
Blower coolsd,
EVA Matro Roasult R-12 Lusd-acid, EV=106] DC zeries SCR, no bypass, ‘Torgue converter
4 passanger 3% V., 1040 Ibs, 13. A HP 380 omp limit. and 3 speed Reasull
3150 Ibs, 4500 RPM automatic.
Fan Cooled
EVA & passanger DEC shunt HB eontactor Automatic
Cantactor AMC Pacer B HP
(s
Battronls Van Lead-acid 112 V GE DC serlex GE SCR chopper, I spaad, belical
Minlvan 5800 Ibg, 230 Ah., " V,, 21 HP, fleld warksaing pear roar axle
(1873) 6000 rpm. bypess contactor, | 1.96, 1.0:1
currant Hmit,
Waterman & parsanpger Lend-scid, Prastolite, Contactor, )-spesd} Continvousty variable
CHW-BR6 2830 thy, 48V DC serles beit transmission
12 HP
Jat [ndustries Subaru Van Laad-acid, EV-105] Baldor, DC Cahleform SCR Stuhdard
Elsctra-Van 2500 fbs. 96 V., 510 Ibs. | serles, 10HP,
3500 rpm, 168
ibs. Blowsr
cooled.
Dana Etectric Van Load-acid 183V, Reliznce, DC Reliance, SCR J-spaadd, ciuith
Vah ROE0 tbs. 329 AR/S hr. shunt, 120V, chopper, standard manud!
51 HP at A250 300 ths. 3,03, 3.75,1.01
rpm, 830 lbs. |
AN General Von/Seep Laad-scid 5% V., PC compound, SCR No tranumission,
Electruck 3550 Ibs. 1250 Ibs. 283 lbs, blower cooled conventiona! shaft
DJ-SE 10 lbs, wlth uaivarsals
{1975)
Otis P-500 Van Lasad-ncid, 36V, Ous, BC sarles | GE pulse type, None, conventionat
2900 lbs. EV-10G, 103C tbs. | 30 HP, 8000 rpm} SCR, 88V shaft with universals
Blover cocled. | bBlower cooled
Sabring/Yan- 2 passanger Lead-pcid, Ax GE, DC earlus Contactor and No transmissioh
gaord Citiear 1300 ibs, raar mountad, starting resistar
{1874) § HP, 2100 rpm.
GE Delta Lend-azid and
{1971) rikkal ~cadmium
Linser Alpha Dodge Van Laag-necld {25) 3-pheze AC Dirsct 1.6.1
(1374) 5050 lbs. A0 AR, TRV, Induction,
_ TH33 lios 3 HP.
EFP Apassenger | Load-scld DC sarlas © Coatactor
Mare 1} Ronault R-10 oV
(15s3) Nt bk, 180 [bx.

10
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TABLE 3-2 DOMESTIC COMMERCIAL ELECTRIC VEHICLES (Continued)

DIFFERENTIAL TIRES BRAKES - § PERFORMANCE MEFERENCE

Stsndard ) . L s0.mph mex, §-80/17 {3)
C sic. &40 - T mil, range

Stendard £0 mph max  €=30/10 (a)
) aac. ¥, 30 mi. renge
1.1 Pactial 77 mpsh tnax. (3rd 14)
gear), 80 mi, al
25 mph
Dynamic {re- 31
anerative
logtional) end
Ihydiaislic diss.
2.0 Radia! 50 mph max., 56 mi.
155 R-13 . At 15 mph. IT mi. Buting (1o}, (11, (12)
31 psl urban cycle
{13)
Hypoid 6.70x 15 tHydrautic €0 mph max.,, §0mi. {14)
1.0%:1 at 20 mph.
Ragenerative a5 moh max (15)
svaliable 40 mi. &1 3¢ mph
Standard Sridgastent  |Hydrautic &5 moh max. (10}
KEE3, biax ply &0 mi. at 40 mph
&0 pBi.
Dans Ragenarative $0 mph max., (161
1.0 2nd hydraulic 200 mi. st 25 mph
5.3 CR 78-15 Ragenarative &5 mi. &t 30 mgh, (7], (38)
(Range G} |over 15 mph #0726 sac., 30 mi,
&nd hydeaulic wn cycle
drum
Suandard Unlraysl Rally (nygrautic 2-30/12 sac., (18}, (10}
5.17:.1 1.0, [ P|Y 2t ml. e cycle
radixl, 173-8R
93, X psl.
.01 Coodysar, | nigdyarum 35 mph max. (18}, (20)
©o ] Rplynyln pgraalie 36 ml. at 28 wph
{ 48032, : 20 ml. s cycle
: 50 sl
‘ i 7
- , 130 mi 8t 20 mph 21
B R ST - BE ’ ’ a0 mi at 48 mph
Stapdard ! Rbbgemmllw ) {22)
& Bydiwille
r .
Regsrativa, 125 mi. at 30 mph {23)
el R-whase! 22 ml. e cycla
: disc.
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need Yor vehicle designs which:

® Minimize overall weight,

& Minimize aerodynamic drag,

® Minimize tire and other ro!!ing element friction,
® incorporate highly efficient components, and

e Maximize batlery mass fraction.

Although the majorlty of existing electric vehicles are based on
converting an internal combustion engine chassis, the more significant
innovations are found in those vehicles designed from the "ground up."
These are generally lightweight, low drag designs and are typified by:

s The Coppar bevelopmnt Association {CDA)
Yan and Town Car,

™ The Sundancer,
] The EXAR I, and
» The Anderson Electric.

The characteristics of this class of vehicles are found in Table 3-3.
These vehicles employ many conventional industrial and automotive
components, but the major factors contributing to their improved
performance are thelr low overall weight, law aeradynamic drag,
and low rolling-resistance tires.

3.1.4 Fareign Electric Vehicles

Europe, England and Japan have been petroleum impaorters
for some time and are concerned about air pollution. As a result
a significant effort has been expended in developing electric
vehicles [(Ref. 7). The battery powvered "milk {loat" has, for
example, been used in England for many years and has proven to
ba a reliable and cost effective deli: ery van. Lucas has designed
a small taxicab, from the ground up, for specialized urban service.

Japan has an active electric vehicle program supported by the
Ministry of Technology. Toyota and Daihatsu have developed several
small electric cars and trucks. These projects have included both DC
series wound and shunt wound motors with separate field excitation.

12
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TABLE 3-3 DOMESTIC PROTOTYPE ELECTRIC VERICLES
TYPE/
VEHICLE CURB WEIGHT | BATTERIES MOTOR CONTROLLER TRANSMISSION
(Date)
CK 512 2 passanger food-acid, DC saries, ECR Ceaxlal motor,
(1559) n\y, 50 ibs., B.5HP., planetary gaar
326 1hs. 8200 rpm, and ditfersntisl at
Elowar cooled raar axie,
Copper Van Loag-acid, GE, DC sarles SCR, 500 amp and Chrysler 3-speed
Development 2100 Ibs. 103V & Interpales. bypass contactor sutomatic. 15.14,
Azsociation 12 HP. at 8725 9.33, £.30: 1 overall
Yar il rpm, 231 1bs. ratios. No Sorgue
(1970) converter
Coppar 2 passenger Lead-peid, DC ssparately H.6:1 flelet varlation Front wheel drive,
Devalopment 2952 (hs. UL AN sxcited, 80 HP, by transistor chopper.| stindard teothed belt
Assoclation max, Armature resistance snd spiral bevel gexr.
Town Car gwitching.
(1876)
ESB/McKee 2 Passenger Lead-scid. Tork link, SCR chopper, Rear transax|e and
Sundancer - 2 1600 |bs. 2v., 750 lbs. DC series, ROO amp motor. McKee 2-speed
(1972) 8 HP 6.0K, 3.1%: 1, manual
Amectran & Faszenger Land-acid pc Solid state Fixed
EXAR-1 2800 lbs.
Anderson Utiity Van Lasd-acid DC serlez, 20 HP| SCR 2-sperd puiomatic,
Third 2500 lbs. nv (35 HP. pezk), planetary gesr,
Generation FLLE =N mechanical shift on
8000 rpm., spesd and torgue, FAD
170 |b. Blower
cooled.
TSL~T/3 Van Van Lead-scld DC saries £CR, 600 amp Flxed
(1978) 3000 Lbs, 8V, $00 Ibs, 20 HP.
{15 HP. pask)
Ltunar Rover so0 tbs, Feur DC series, | Electronic plus four 80: 1 harmonic
{1s7) brush type, or power contacts drive snd planatary-
four permanent | far reversing. fPuUr gear,
magnat beush-
lass.
14
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TABLE 3-3 DOMESTIC PROTOTYPE ELECTRIC VEHICLES (Continued)
DIFFERENTIAL TIRES BRAKES PERFORMANCE REFERENCE
5.0.1 ovarall ralle. 4% mph mex, (3R}

B=J0S12 34c.
100 mi. ot 32 mmph.
Front whest drive. | Firastone Hydreuile (39)
Morse Hy-Vo chain | radial
to dlfarentlal.
a5 AR 70-12 &0 mph max.
radinl. B 20/11.2 yec. (u0), (A1), (10}
Dana EG-10 Govdysar Disc/drum 100 ml. st 30 mph, {%1)
tav rotling hydrautie X5 ml, at &0 mph
reyistance
6,05 x 8, 30 pal.
11,88 Goodysar, Runm | Dlsc Srakes. #5 mph max. (43)
Flat. 100 mi. at 35 mph
Radizt, Distdeum 58 mph max. {aa), t45)
165 % 15, hydraulic 50 mi. at A5 mph
1.8 1 Ratlial, Disc/drum XD mph thex. {46)
185 x 15 0= J0716 e,
30 mi, oneycle
32 tn. diamater | A wherl regens 10 mph )
wire mash, arative brakes T ml, reage

15
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The trend to the separately excited DC motor and regenerative
braking is apparent both in Japan and in Europe. Chopper type
controllers are also quite common,

A summary of the characteristics of many foreign electric
vehicles is presented in Table 3-4,

3.1.5 Summary and Design Trends

A major cbjective of efficient electric vehicle design is to
minimize overall weight while maximizing the battery mass. The
packaging of passengers, battery pack, motor and controls is a
task requiring care and ingenuity. Generally the overall vehicle
body design presents constraints on the power train configuration.
For example, the frant mounted motor/rear whee! drive is incompatible
with the central "battery tunnel" frequently suggested for state-of-the-
art eiectrics. Also, the modern "hatchback" design may preciude
the use of a rear mounted motor/transaxle. Individual wheel mounted
motors are an interesting configuration which eliminates the differential
and may ailow a simple form of redundancy. A review of the data
presented in Tables 3-1 through 3-4 as well as related studies and
technical literature (see the Bibliography) suggests the following
list of power train architecture:

[ Front mounted motor/rear wheel drive,

[ Rear mounted motor/rear wheel drive,

o Front meounted motor/front wheel drive,

™~ Rear mounted dual output shaft motor, and
"] Individua!l wheel motors (2 or ).

The concept of "load levelling" has received attention in the
electric vehicie literature because present lead-acid batteries are
unable to efficiently deliver the surges of power neeced for acceler-
ation or to efficiently accept regenerated energy. Much of this
work has been theoretical and has proposed the use of:

@ Flywheels,
® Liquid or gas accumulators, and
& Supplemental batteries.

16

£ ———y D S e e ad

TR

e e

e S, ooy, SN BTN | ’

i
]



PRECEDING PAGE BLANK NOT SLMPy

TABLE 3-4 FOREIGN ELECTRIC VEHICLES

TYPE/

Vl:g:tc:f CURB WEIGHT ]BATTERIES MOTOR CONTROLLER TRANSAISSION
Thev il A pazsanger Laad-3eld Tongyusn, DC BCR chopper Fixed raduction
Tatwan 2654 1bs. V. series, raar rount 1.4

1102 Ibo. 176 tbs., 33 HP,
000 rpm, Blosrer
cooled.
Lucas Taxi ER51 Ibs. Laed-ncid DC sertes, front Lucas 5C& Deuble radiuction,
(1875) e V. mount transvarse, | snopper Horss Hy Vo chain,
CAV, 50 HP, transverse to
diflsrential.
Daihetzu Kogyo | & passenger Laad-scid, Two roar whael, SCR chopper Rear mounted,
Lightweight car | 2010 Ibs. ny, DL serises, automatic, 2-speed
{1372) 220 Ah/S br. 7.5 HP. oach,
LFR
Toyota 5 pessanger Lead-acid, BC separsiely SCR chopper, Resar transverse
Compact car 3056 [bs, 1myv. axcited 27 HP . sutomitic fizld mount, sutomatic,
{15972) 153.5 AR/S hr, (20 kw) rated weakening torsions| gamper,
58 hp. (80 kw} e Nuid coupling,
m&x. Hiower 3-speed hydraulic
coolxd $rom eleciric pump
Toyota 1 passenger + Laxd-acid, DC separately SCR Fixyd gaar roduciion
Smull Truek 770 tbs. load HV., excited 13 HP.
135 AhtS e, raied, 18 HP.
723 ihs. max,
Enfield) 2000 2 passenger « DC serics, § step conlractor, Pptionat
11978) 2 childran 2 v, Mawdsley, field weskening
2100 Ibs. $ HP., 175 tbs.
Blower cooied.
Bedford Van Van 120V D serias, & $izp contacter Tergue converter,
ERC €000 Ibs, 50 HP. [patentad) Varlable Kinstic
Englend Drive. &.5 & sull,
20% cruise eficianey
Ford Comuts 2 PRESWIQET ¢ Lead-aaid [R) CAV type TH 55, Thyrisior pulse Roar transverse mount
Engtland I childran v bC saries (1), eeotroller, fizet goar reduction
{135m) 1200 Ihs. 120 Ah/S hr, Y., SHP, Sevcon Mk VI,
I8 |bs. Blower cooind. bypuass contactor.
VW Electric van Laad-acid OC separately Electronic, pulse Fixod gear, Vi
Transparter $000 Ibs. 135V, axcltod, Basch width and frequendy | Standard transaxle
approx. 150 Ah/S hr. and Stemens, 21 modutRtion.
1896 lbs, HP. (X2 psak]),
F100 rpm max.
Saperate fan.
Damiaer Banz Van Lopd-acid OC Separntely Elactrenic. 2 position| Fixad gear reduction
LE 306 $500 fbs. W0 V. excliod, A2 HF varibie pulse width
approx. 130 Ah/S hr, {70 paak]. and fraquency
1235 fbs. 000 rpm max,
Eicar Model & przssenper Laxd-acid DL sxriss, OF, SCR choppar with Flxed raduction
S000 1300 Ibs. Y, 100 Ah. LS HP., Roar contactors and
{1975) et . rasistor.
SRF 2 passanger vanft Varta, KD 750-VY DC saparotely Ho armature control,|  Front whee! drive,
Combi-Truck 2800 kg. v, axcltvdt, 25 HP, field weakening ontinuousty varieble
larael transmizsion, flywheel

continuous at
2300 rpm., GE.

18
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TABLE 3-4

FOREIGN ELECTRIC VEHICLES (Continued)

N

DIFFERENTIAL TIRES BRAKES PERFORMANCE REFERENCE
Standard 56 mpzh oax {as}
cdiffarantiat 8- 37712 pc
[0 B8] 200 rel. L 30 meh.
5.6 Regenersitve 0 mph max 125)
=g Clirling 200 mi. Bt 30 mph
»arvo hydrauic
brakes.
Ragenarative 55 mph mex ., (26), (27)
and hydraulle. £-20/3 sac
178 mi. a1 2% wph
Spaciz! Regensrative Sk mph max .,
and hydraulic 0-16.2.3 s {2€), (271, (28)
180 mi. &t 25 mph
Regerurative 38 meh mEx ., 7, 28
and hydraulic 16 mi. over urban
cycie
3.551 Racial, 0-30°12 wac {29)
35 pai &0 mph max
0-30 14 wac. (30}
AY mph max
13 mi. over cycle
Dvarall ratio 4.0:1, 8.4 x 10 Hydrsulic drumg] &0 mph max. (31}
halics! pinion. all whaeis 40 mi. At 23 mph
£-10/12 sac
Radint Reganarative (32}, (33}
angd hydraulic.
Stantard Regensrative 57 mph mex (33, (3%)
ang hyarsulic
Stasl Radial Hydraulic. as mi st 38 mph 136}
SR-1R5x10 &0 mi =t 40 mph
=30 14 pac .
43 mph max (37
N v
DRIGINAL PaGR
UF POOR QUALITY
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Flywheel systems have yet to be reduced to practice in electrically
powered vehicles. No known passenger vehicle has demonstrated such
a system and at least one study (Ref. 5] indicates that a similar imptove-
ment in range is obtainable solely with regenerative braking. However,
the predicted benefits of flywheel energy storage are encouraging.

In order to ensure safety, the accumulator storage concept
requires excessive structural weight to contain high pressure fluids.
Addltional energy and pumping hardware is needed to transfer the .
stored fluid.

The approach of using a supplemental battery (i.e., Ni-Cad)
has been demonstrated in the GE Delta vehicle {Ref. 21). This design
approach allows for the implementation of improved batteries as they
become available, More study of the impact of this concept on range over
the driving cycle is needed to determine its effectiveness.

Although battery development is beyond the scope of the present
study, it was necessary to obisin parameters and discharge characteristics
of lead-acid batteries for use inh range computations. Discharge charac-
teristics of lead-acid batteries in electric vehicle applications are not well
understood, No model of the EV-106 battery (which was specified
in the contract) that can be absolutely accepted is available. Performance
models under conditions of pulsed loading, typical of use with chopper

controllers, are needed. Even under steady discharge, the available predictions

(Ref. 48, 49, and 50) are not in agreement. Jayne {Ref. 51) identifias
and describes test results indicating increased effective capacity using

pulsed discharge techniques as compared to steady state discharge of the same

average current. Current work at NASA-LERC is aimed at investigating this
apparent anomaly. '

Analysis indicates that no single power train can simultaneously
maximize range at various constant speeds and range over various stop
and go driving cycies. In addition, a system that maximizes range for
one set of conditions may be totally unsatisfactory for another cycle. For
example, where a design is optimized for maximum range at constant
crulsing speed and the vehicle is subjected to stop and go cyciing or grade
climbing, the motor may overheat. A less extreme example is a vehicie
designed for efficient high speed « ruise which may have poor acceleration
and gradeability.

The vehicle chracteristics presented in Table 3-1 through 3-4
show significant variation in configurations, motor types, controller
types, transmissions and tires. There does not, however, appear
to be any correlation between these variations and the performance
data. This is due to the more significant manner in which battery

20
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characteristics and total vehicie weight affect performance.

Detailed dynamometer testing of power trains has generally been
bypassed and vehicle performance has been reported for various,
and sometimes arbitrary, driving cycles. The recently established
SAE J227 test procedure promotes uniform testing. Unfotrtunately,
much of the information published concerning particular vehicles is
promotional in nature. Moreover, many firms consider their design
approach and detailed performance data to be proprietary. Objective
verification of the many performance claims Is needed.

The frequency of pccurrence of power train design approaches
for those vehicles reviewed in Tables 3-1 through 3-4 was obtained
and is summarized in Table 3-5, With this information, and the
literature reviewed, notable trends and common practice include:

e The most common motor type is the DC series
wound motor with an SCR controller. Significant
interest has been found in the separately excited,
shunt wound motor.

" Blower cooling of motors is common.
. Most transmissions are fixed speed reducers.
L The use of low rolling resistance tires, roller

type bearings and efficient {i.e., not hypoid)
gearing is desired.

e A single motor transversely mounted near the driven
wheels (front or rear) appears most consistent with
the overall vehicle package design.

® An objective systems tradeoff study is required to

optimize power train design for a particular
mission.

21



TABLE 3-5 FREQUENCY OF ELECTRIC VEHICLE DESIGN APPROACH

Feature Number¥*

Total number of vehicles reviewed 37

Motor Types

DC Series wound 23
DC Separately Excited 7
AC polyphase induction 2
Blower Ccoling of Motor 13

Controtler Types

Battery Switching (Contaclor)} &
Solid State (AC or DC) 27

Transmission Types
Fixed Gear Reduction 20
Manual Gear Change 4
Automatic Gear Change 6

3

Continuously Variable

Power Train Configuration

Rear Motor and Drive 8

Front Motor and Drive 3

Conventiona} 1
* Complete data not available for all vebhicles.

i In summary it appears ti.at since battery type and weight
directly determine the amount of energy, and since the total mass
to be propetled is proportional to vehicle weight, battery type and
weight are the two main factors in determining vehicle performance.
A power train which can efficie: tly convert battery energy into

mechanical energy over the driving cycle is essential to optimize
the use, of the limited energy. |

ORIGINAL PAGE IS
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3.2 MOTOR AND CONTROLLERS

The subject of electric motors for vehicle traction applications
has a long and varied history. The first electric drive system to
gain prominence was the Ward-Leonard system patented in the early
1890's. Since then, complex electronic controls have beenh deveioped
utilizing sophisticated zolid state technology and motor control tech-
nigues.

3.2.1 Alternating Current (AC) Motors

AC Motors are extensively used in constant speed applications.
The most popular type of integral horsepower alternating current

motor is the polyphase induction motaor, Induction motors may be
either squirrel cage or wound rotor types.

Compared to a direct current machine of comparable performance,
a "squirrel cage" induction machine has the following advantages:

e Lower cost,

® Greater ruggedness,
® Brushless,

e Lower weight, and

° Lower maintenance.

Features of the wound-rotor motor include:

e Use of slip rings in the rotor circuit to provide
a means of varying the effectlve rotor resistance.

® Rotor control circuitry isolated from the high
power stator supply.

Figure 3-2 illustrates the torque-speed characteristics of a typical
induction motor at constant voltage and frequency. Two values of rotor
resistance are ilfustrated. Induction motors with high resistance rotors
are less efficient than motors with low resistance rotors.

23
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High rotor resistance
w0 LI
TORQUE '
v on FuLL \Low rotor resistance
LOAD)
AN 1
100 — \
\
\,
\
\
|
" RPM
Figure 3-2 Induction motor characteristic
3.2.2 AC Motor Controllers

Since induction moters with low rotor resistance always operate
near synchronous speed, the only effective method of controlling speed
's by varying the synchronous speed which is proportional {o line fre-
quency. To avoid magnetic saturation of the iron, as frequency is
reduced, the applied voltage must also be proportionally reduced. A
block diagram of a typical variable voltage, variable frequency inverter
is shown in Figure 3-3. Because the hardware is generally large and
costly, these systems have a limited range of practical applications.
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CIRCUITS LaGic

__~vr—] THREE '
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Figure 3-3 Variable voltage, variable frequency inverier
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Wound rotor motors may be similarly controlled. However, for
this type of motor, speed control is typically achieved by varying the
effective rofor resistance. As shown in Figure 3-2, a constant fre-
quency, constant voltage power source may be used to drive the motor
primary coils and speed control is obtained by varying the effective rotor
resistance. Usually this control technique uses series resistors which
result in relatively high power dissipation in the rotor circuit and
adversely affects overall machine efficiency. There are other techniques
which feed the excess power back to the source and are usefu! for limited
applications. -

Further technical improvements are rnecessary before AC induction
motor controliers can be a practical part of an electric vehicle power
frain.

3.2.3 Direct Current {DC) Motors

Most existing battery powered vehicles consist of industrial vehicles,
such as forklift trucks, tractors, and go!f carts. These market areas
utilize DC (direct current} motors almost exclusively. The characteristics

of direct current motors that are attractive for traction applications include,
high torque at low speed and ease of speed control.

25

S T, TRl TN T SR S S SR SRR SENNNT SRCEE O SENUEE SRR SR SEPIPEST SEPENP SRR SN



in addition, several motors are availahle off-the-shelf in the performance
range recuired for on-the-rond electric vehicles. Suppliers include:

& Baldor e Prestolite

® General Electric ® Relliance

@ Gould v Westinghouse
@ Lawnel ° Century

In general, direct current machines are classified by the method of
energlzing the fleld, The most common types are:

] Series,
® Shunt, and
[ Permanent magnet.

Characteristics for a typical ser.es motor are shown in Figure 3-4,

AMPERES

T RQUE

Figure 3-4 DC series motor characteristics with constant
applied voltage.
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Shunt wound motors ars typleatly used whers speed control is
dasirad, This typo of motor readily lends itsalf to controtlad braking
and reganarative applleations sinee thie powsr In the flald clreult s
mtch lower than the powsar in the armaturs etreult,

Permanant magnet motors are inharently more efflictent due to
the fact that no extarnal flald supply is required. Speed Is divactly
propertional to armatura voltago and the spasd-torgue surve and tha
currant-torgque curva ara guite linear, Parmansnt magnat molors are
avallabla In fractional horsepowar and vary low Intagral horsepower
sizas only,

Diract currant machines using wound flelds have boen gonerally
constructod for spactfic configurations. Serles flield morars are genevally
appllad in torgue demand situations whare preelse spead contrad 1s ot
ragquirad. Shunt wound motors ara generaliy utilized with constant load,
variable speed applications whare preclse spead control 1s requived.
goth conflguraticns have bean utliized In exporimontal electrie passenger
typo vehicles with varled suceess.,

3.2.4 DC AMotor Controtiars

Spoed control of direct current motars may be obtalned by field
control, armature voltnge control, or a combination of both. These
methods result in varying motor spoed: torque characteristics. Fleld
control of a shunt metor can beo obtained with a small rheostat in the
circuit with Hitle loss as the flold current is low. Armature voltage
control can be performed in a simitar manner. Armature currents,
howover, are high, up to 25 times greater than the tield eurremt, so
this method Involves bulky components and Is lass efficlent.

Battery switching Is a stralght forward mothod of direct current
motor control,  Using this method, the armature voltage is varled by
stopping the motor connections across fined Incroments of the composite
battery, Spoctile charactoristics of this technique are:

° Cortrols require only contactors and’or diodes.

1) Without current Hmiting stop changes in valtage
rosult in jorky operation.,

@ High starting currents are shared by several
batteries In pavallel.

@ Withowt care in balancing the battery system loading,
uneveon discharging and premature battery fotlure may
rasuit.
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A typicai four step controller using six balanced battery sections is
shown with a saries motor in Figure 3-5. Operation may be improved
by adding a series resistor in the armature circuit. Unless the
resistance Is removed from the circuit once speed Is attained, speed
regufation will be poor due to the resultant voltage drop across the
resistance as the motor is ivaded. The series resistance must also
be capable of very high power dissipation at reduced motor speeds,

FIELD
FYW'\___@v :
: L T
——— A
— N i i
— ] T
+
;._.__.__.{ / } {1
l__‘-;iL: -l \J“‘“‘ Ill L

Figure 3-5 Six step controller. The contactors are energized
in the following sequence: 182 (IV), 2 § 3 (2V), none
(3VY, 1 8 3 [4V), & (5V), 3 {(6V). V is the individual
battery voltage.

Another method of direct current motor speed control is abtained
by “"chopping". A chopper control applies an effective variable voitage
across the motor through the use of the well known switching technique
shown in Figure 3-6. The duty cycle may be propartioned by cantrolling
the "an" time pulse width, the pulse repetition rate, or both. This
method of control is exfensively used in industrial vehicles such as
forkllft trucks. Characteristics of this type of control include:

¢ Effective motor voltage is proportional to the
battery voltage times the switching duty cycle,

LY Power transfer i: smooth,
» Electronic package has established reliability,
. Technique is considerably more complex

than the battery switching technique, and

Y Control Is attained with low power components but
actual power switching components are large and
expenslve.
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Figure 3-6 Chopper Control Waveforms.

There are a number of manufacturers currentiy manufacturing
chopper contraols for series wound motors. They include:

@ Cableform e Reliance Electric

@ General Electric e Sevcon

Seveon and Cableform offer traction motor contreliers with integral
regeneration capabllity. Since most chopper type controis utilize
thyristors or silicon controlled rectifiers (SCR) they are generallly
referred to as SCR controliers.

The direct current motor control techniques described above
are applicable to the electric vehicle and have been utilized with most
configurations of DC motors.
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3.2.5 Vehicle Control Requirements and Summary

An integrated traction control system for an electric vehicle is
still an unfilled need. Many have been developed utilizing sophisticated
logic packages incorporating both analog and digital techniques to integrate
vehicle controls. A general purpose system is, however, not available.

Experimental vehicle designs vary extensively in the complexity of the
electronics utilized for the controller. The least complex is a simple
transistor gating circuit utilizing discrete components. The most complex
involves a 16 bit microcomputer providing complete real-time control of
alt vehicle dynamic parameters. To date no complete specifications have
been identifiead, nor total package developed, for an integrated traction
control system. The requirements for a total electronic control system
needs definition within such areas as:

® Accelerator ~ If an objective is to duplicate conventional
vehicle behavior, the accelerator position should be a
torque demand control input. However, it is possible
to provide other schemes such as speed control. Also,
the electronic contro! of transmission gear ratios has
not been significantly addressed.

6 Brakes ~ Definition of requirem=nts for blending of
electrical (dynamic or regenerative} brakes with friction
brakes is needed. For example Ycoasting" could result
when releasing pressure from the accelerator or at an
intermediate position so that the "feel" of engine braking
is obtained.

e Operator Override - There are no specifications to require
a means for an operator to disconnect the vehicle in an
emergency. This may be a desirable feature in a practical
electric automobile.

[ ] Battery Monitoring ~ The existing criteria most commonly
used for determination of battery condition is battery
voltage. A specificition for state-of-charge as a function of
charge depletion an.! charge replenishment due to
regeneration should Je developed.

As a summary, Table 3-6 presents an overview of the motor/
contioller assessment for electric vehicle traction applications.
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TABLE 3-6 MOTOR/CONTROLLER SUMMARY

AC INDUCTION

DC SERIES WOUND

DC SHUNY WOUND.
SEPARATELY EXCITED

Primary Application

Constant speed

Variable speed
torque antral

Varable spaed.
speed control

Moty Slae Compazt, Hght Alogderate Mocterxte
weinht

Motor Cost Low Agerate oderate

Motor Reliability High, brushtess Aodderate Moderate

Torque Speed
Chaeacteristic

Low slarling torqus,
maximum at higher
speed

RHigh starting toraue.
decreases with speed

thgh faw - spesd oraue,
decreases with apesd

-Gontroller For
Variable Spead

Complen, multipbass
variabite voltage and
lrestuency

Proven SCR cliopper,
excetlent torque
regquiation

An extension of aeries
matoar (echriques, armature
and field control, escelient
sheed regulation

Controllable
Speed Range

Asx much 2y 8 1 is feasible,
limited by synchronous
speed of the motor

Limited by maximum speed
of motor, loss of loant
resufts i ovarspeed

Limiled! by masximum speed
of motar. toss of figdd
resuils 1N overspent

Reverss and
Regeharation

Complex, part of conteol
elactronics function

Difticult but state of
Uie - art, switdbung Ih
armaturo circudt

Stmple. wwalchiog anct
control of low gurrent
fieid circuit

—t
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3.3 MECHANICAL ELEMENTS OF AN ELECTRIC VEHICLE POWER TRAIN

In addition to the motor and controller, an electric vehicle power
train typically consists oft

] A transmission to transform the high speed, low torque
characteritics of the motor to the low speed, high torque
road load;

e A differential to allow power transfer &s the vehicle negotiates
curves ;

) Bearings, drive shafts, universals and related mechanical
hardware;

L Tires and brakes.

The nature of these components in the conventional automabile is reasonably
well known. However, since littie attention to fuel economy (efficiency) was
required as this hardware evolved, a review of the state-of-the-art was

undertaken to identify systems appropriate for the electric vehicle applica~-
tion.

3.3.1 Transmissions

A simple calculation iliustrates the need for rotational speed
reduction in an electric vehicle power train. For the casecof 0.61m
(24 inch) diameter tires on a vehicle travelling at 88 km/h (55 mph)
the rotational speed of the tire is 770 RPM. Electric motors typically are
designed to operate at severa!l thousand (say 2) RPM. Thus an overall speed
reduction in the order of 3: 1 is required. In addition, empirical motor
data shows higher efficiency in the high speed, low torque region.

Transmissions can generally be classified according to:

e Type of shift

- None {fixed ratio reduction)
- Manual
- Automatic
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® Ratio incrementation

- Discrate
- Continuous
@ Principle elements
- Gear
- Belt or Chain
- Rolling traction

- Hydrodynamic

- Hydrostatic

- Clutches

- Combinations of the above

Table 3-7 lists several sources of transmission components and systems

identified during the present study. Tha list is not, by nscessity, all
inclusive,

Fixed ratio reducers sre numerous and are availabie in many
packaged forms as well as on a builid-to-suit basis. They can be
classified somewhat by the type of gearing, belt or chain elements
used. For example,

® Gear types include
- Spur
- Helical
- Worm
- Bevel

e Belt types include

- V-belt
- Toothed (timing) belts
- Flat belts
a Chain types include
- Standard roller type
o Special

B B ST, L
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TABLE 3-7 MANUFACTURERS OF CANDIDATE TRANSMISSIONS

COMPANY

TYPE

American-Stangard
Dearbarn, Michigan

CVT ~ Nuid drive

Arter and Ce.
Mannedorf, Switzerland

CVT = traction typ:

Em!l Beeklege
Willow ch, Ohic

Multiratio planatary ~ suiomatic shifi

Chryster Corp
Eas! Syracuse. New York, N.Y.

Standard automotive manuz! £ putomaliz
transmissions

Chrysler Maring
Marysvilic, Michigan

Sundard sutomotive manuat £ automatic
transmissions

Dzra Corporation
Auburn, Indiama

Manus! shift, hydrostatic and flixeg rate
QEsr type

Eaton Qorp.
Marshalt, Mizhigsn

Flxed ratic grar reducers

Excelermztis
Austin, Texas

CVT = traciion type

Fafnir Bearing Co
New Britamn, Conmectizul

CVT - tracuan type

Floyd Drivey Ce.
Denver, Coloraan

CVT = tractien type

Fluid Drive Enpinearang Co
Wilmetie. Hanos

Fluid torque converter L variabit speed
lvt belt

Ford Motor Co.
Livorua, Michigan

Standarc gutcmotive manhual £ auiomatic
fransmitsiong

Cates Rubber Co.
Denver, Coloraoe

Belts or variable speed belt draves

Cratam Transmess.ons, Inc
Menomonee Falls, Wisconsin

CVT - traction type

Hans Heynau Gmbh
Germany

CVT = traction and *V" belt types

Industria! Teclorizs, inc.
Ann Arbar, Michipan

CVT - traction type

MeKee Engineering Corp,
Palatine. ihinois

Modified STD automative sulomatic
tranamissions

Marathor - USA Inc.
Starford. Connecticut

CVT-hydroststic type

Morse Chetn Dhy
Ithaca, Hew York

Fixed ratio chain € be!lt types
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‘. “TABLE 3-7 MANUFACTURERS OF CANDIDATE TRANSMISSIONS (Cont'd)

A — 1 Rt Tt e

Jerusslem, lzrael

COMPANY TYPE
Nauvag GmbH CVT-iraction typs
Wueri, West Germany
SRF EVT-hydrostatic

Sumitome AMachinery Co. Ltd.
Carlstedt, Hew Jersey

" CVT-verious traction sfement types

Walter Chery
Meagvitle, Ponnsylvania

VT

Warner Gaar Div,
Munciz, indhana

Fixed ratic guar reducers

Electironiziic incorporated
Cieveland, Ohio

CVT - warlably slip fluid drive

Eisctromatic Drive Corp.
Fort Worth, Texas

CVT = variable ratio *v" belt

Hollon Axlz & Transmisswon
Junsau, Buconsin

Fuxed ratio tramamissions

Fairfield Mpnufacturing Co ., fac.
Lafoyetie, indiorg

Fixed ratio gear regducers

Winsmith
Springfielc, Naw York

EVT - traction type angd fizet ratio gesr
regucers

SEY. - Evurogrive
Bruchsa!, West Cermany

CVT - traction snd setf types, fixed rate
§ear readucers

AVS Lid. _
Englang High efficiency Hobbs @rque oonverter
Su Raite
- CVT hydrostatic type
Rydgrece

CVT hydrostatic type

Ermodrive Inc.
Troy. Ohie

CVT traction type

Lewalian Mig Co
Cofumbus, Ohis

CVT puilley type

Reliance Electrizc Co.
Clevsland. Ohio

CVT - puliey typa

Lovajoy inc,
Downars Grovs, {ilinois

CVT - V" balt type
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The efficiency of gear reducers can vary widely but spur gear sets have
efficiencies that typically exceed 98%. Special gear systems offer high
reduction ratios in small compact packages. These include:

® Planetary
@ Harmonic
6 Planocentric

The planetary system is quite common in transmissions and is attractive
due to an inherently high power to weight ratio.

Belt or chain type reducers are candidates for fixed ratio electric
transmissions as they, also, can be very efficient. A special chain type
produced by Borg Warner, the Morse HI-VO chain bears special attention.
Power transmission efficiencies for this chain used in actual drives,
within rated limits, are claimed to be as high as 99.5%. This chain
has been used as a drive train component in the CDA Van Il{ (Ref. 39)
as well as the Lucas Taxi {Ref. 25). Chains have been proven, by their
extensive use in motorcycles, as an effective vehicle drive train component.

Multiratio transmissions of the type currently used in conventional
automobiles have distinct compatibility and availability advantages.
As such they have found application in many of the conversions discussed
previously. These transmissions include:

° Current automotive manual and automatic shifting
transmissions,

® Standard and automatic transmissions used on other
vehicles such as motorcycles, small tractors and other
specialty vehicles, and

o Standard transaxie assemhlies.

Several conversions have used standard manual transmissions more
for the readily available fixed-r itio reducer than for the multi-

speed feature. In those cases, |.ttle effort was made to select multiple
gear ratios, but rather tne iransr ission was left in a single, "best
overall", gear. In general consuiier trends within the automotive
market clearly discourage the use of a manually shifted transmission.
The successful search for an efficient, automatic transmission will,
therefore, enhance acceptance of the eleciric vehicie.
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Stancard automoble automatlc transmisslons that have bean
applled to electrle vahicles include:

@ The Chiryslar 3-speod automatic (without torque
convarter) as applied to the CDA Van (Ref. 39) and

@ The Renault transaxie as applied to the EVA Metre sedan
(Ref. 12).

The use of thase transmissions in electric vehicles involves consideration
of several factors:

. Tha shift control needs modiflcation te properly interface with
electric controls,

® A power drain 0,76 - 2.2 kw (1 -3 hp} is typical due to the
Internal hydraulic clreult, and

® Although the torgue converter is a source of Inefficiency
it serves to provide some degree of shock Isolation within
the powaer train,

is clalmed to be as much as 25% more efficient than conventional units,

It employs a Hobbs torque converter coupled to a Borg-Warner automatic
transmisslon (Ref. 52 and 53).  This system has been demonstrated in
a dellvary van (Ref, 30} .

|
i Advanced Systems Ltd. of Englond has developed a transmission which
I

Figura 3-7 presents efficlancy data for o typical "Detroit" automatic
transmission wlth a torque converler. This duta serves to illustrate
[ typical transmission behavior. Efficlency dota for the Hobbs torque
| converter is glven in Figure 3-8. In general, o torque converter In
saries with the transmission glves poor low speed efficiency and depresses
the overall efficlency throughout the speed range.

There has been a good deal of interest and activity in the area of
continuously varfable transmissions {CVT) within the past several years.
In essence, the torque converter itself is a form of CVT. Such mechanical
powar transmission equipment has long been avaitable for industrial
applications and sceled deslgns are being offered for vehicle use. A
summary of the state-of-the-art in industrial traction drives is presented
in Table 3-8. The high welight per horsepower rating Is, generally,
due to the fact that these units are packaged for industrial, rather than
vehicular, use. Howewver, the basic drive concepts may be applicable
to the electric vehicle,
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Figure 3-7 Efficency and speed ratio of a typical "Detroit"
automotive transmission with a torque converter. 1, 2 and
refer to speed ratios. This data was taken at the "wide open
throttie™ condition.
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Figure 3-8 Performance characteristics of "Hobbs" torgue
converter built by Advanced Vehicle Systems.
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TABLE 3-8 INPUT/OUTPUT CHARACTERISTICS OF TRACTION DRIVES

T e e R T i e

QUTPUT SPEED WEIGHT, LB, :
RATING RATIO 1750-RPM WITHOUT MOTOR EFFICIERCY

TYPE SUPPLIER HF RANGE INPUT 10 Hp 100 HP %
Ring-Cone
With Graham 1/15-5 3:1 0-500 .- - B85-80
plunetary

Graham-~

Shimpo SCM 1/8-5 4:1 112-450 - - 82
dual with Graham-
planetary Shimpo OM 1/8-5 10:1 300-0-3680 - -- 60
single cone Graham-

Shimpo NT 1/16-2 10:1 5-500 - - 60
Varlator
biell Erton 1/2-16 g:1 600~5400 600 - T5-83

Wingmith-

Allspeed 1/4-15 8:1 600-5200 375 -- T5-80
roller Koppers-

Kopp i-100 12:1 250~3000 265 1275 B3-84

Parker-

Unicum 1/74-20 8:1 300-2500 480 -- 77-82
Free Ball

Floyd 1/8-1 1/2 1:0:1 to ¥ 1750 - - 89

TERK-

Contraves 1-25 40:1 80-3500 180 - 85-90
Disc
planetary IT1 Disco-

Lenze 1/3-15 8:1 200-1200 236 -~ 75-B%
Beier Sumitomo 1/4-220 4:1 360-1440 400 4200 BO-87
Toroidal

David Brown-| 1/3-5.5 T:1 800-4200 -- -~ 80

Sadi
Metnl Belt FMC-PIV 7.5-75 6:1 715-4200 310 1280 B5-90

(75HP)

Souree:

Power Tranamission Deaign, November, 1875,
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Some of the more promising CVT's which were identified during
the search for components are discussed in the following paragraphs.

The basic auvtomotive torque converter is, essentially,
a CVT with slip. The Hobbs (Ref.52} design offers
an efficiency of about 90% at speed ratios from 0.6 to
0.95. See Figure 3-8.

Excelermatic, Inc. of Austin, Texas, offers a cone
roller type CVT which has been demonstrated in an
internal combustion engine vehicle (Ref. 54}.
Efficiencies of about 90% have been obtained above

20 mph. An iliustratiocn of this transmission is given in
Figure 3-9.

A hydrostatic - gear - flywheel hybrid transmission
has been demonstrated by SRF, Jerusalem, Israel,
Eificiencies of 86 to 91% over a speed tatio of 16: 1 are
claimed.

Hans Heynau GmbH, Germany offers a line of
infinitely variable drives with gptional electric
control.

- Cne, based on a ring cone traction system,
is available in sizes to 5 hp and speed ratios
of 9: 1. Figure 3- 10 illustrates the mechanical
portion. Power is transmitted from the steel
ring which, under tensicn, connects each pair
of steel cones on the input and output shafts.
The ring rides on the surface of the cones.
Variable output speeds are provided by an
axial movement of the cones which are
rigidly connected by the rods.

- Another is a variable pitch V-belit drive which
is typical of a generic type available from
several other suppliers. it is rated up to 20 hp
and has an adjustable speed range of 6: 1,
Figure 3-11 iliustrates the system. The output
speed is varied by axial displacement of the
movable side of the input puiley. The spring
loaded output puliey automatically follows the
altered effective radius, Similar systems are
available from such domestic manufacturers as
Reliance Electric of Cleveland and Lewellen Man-
ufacturing of Columbus, Indiana.
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Figure 3-8 Excelermatic Transmission. A continuously variable
ratio of 100:1 is achieved by coupling a traction drive to a

regenerative gear set.
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® Fafnir Bearing of New Britain, Conn., supplies a
manually controlied traction drive which is used in
lawn and garden tractors. It is availabie in sizes up
to 20 hp with a 2.6: 1 ratio change. Flgure 3-12 jl{ustrates
the system. The traction-drive races and regenerative sun gear
are both driven by the input shaft. The traction-drive and re-
generative geats have a common carrier, The traction-drive carrier
ratio is changed by adjusting the outer race spacing which changes
the roliing contact angles. The output ring gear speed is determined
by the summation of the sun gear and traction-drive carrier speeds.
As the traction-drive is reduced the output shaft goes to neutral and,
on further reduction, into reverse. |

e One of the few CVT's available with electrical controls
is offered by Electromatic Drive Corporation. This
transmission is a variable pitch V-belt drive {(based upon
Salisbury Corp. components}. The pitch diameter of the
drive pulley is changed by driving a ball nut on a lead
screw by means of a hysteresis brake. The driven pulley
is spring loaded. An illustration of the CVT is given in
Figure 3-13. The Electromatic weighs 30-40 pounds, and
consumes about 5 watts of electrical power to shift.
Mechanical efficiencies above 80% are claimed and this
system has been demonstrated in the URBA car (Ref. 55)
A similar electrically controlled CVT is manufactured by
Lovejoy, of Downers Grove, lllinois for industrial
applications, [n addition, the DAF division of Volvo has had
a V-belt system in the field for several years.

Hydrostatic transmissions are finding increasing application in
industrial and agricultural machinery. They offer continuous ratio
change by varying the coupling between a hydraulic pump an the input
shaft and a hydraulic motor on the output shaft. Due to the multiple
transfer of power between mechanical and hydraulic circuits the over-
all efficiency of hydrostatic drives are limited and not considered
adequate for the electric vehicle application.

The transmission plays an interacting role with the motor and
control system within a power train, Because of the large time spent
in speed and torque change (accelerating) the relative performance of
transmissions cannot be evaluated without an analysis over a driving
cycle. Size and weight, efficiency, power capability, “ange of ratio

change, controlabllity and reliability are some of the general selection
criteria.
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Figure 3-12 Fafnir continuously variable drive.
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Figure 3-13 Electromatic V-Belt drive transmission
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3.3.2 Differentials and Axles OF POOR QUALITY,

The purpose of a differential as used in a vehicle is to allow
relative motion of the drive wheels to occur during cornering. A
cross section of a typical automotive differential is shown in Figure 3-14.

Variations of this standard type of differential, which are within
the state-of-the-art and applicable to electric vehicles, include the
following:

® Replacement of the power input bevel gear pair
with a belt drive, chain drive or spur gear pair, and

® Insertion of the differential within a transaxle housing
as is typically done in some compact vehicles.

When the vehicle is not cornering, the efficiency of the mating
bevel gears is irrelevant since they are not rotating relative to each
other. The major energy losses in a typical differential occur at
the power input gear pair and because of lubricant viscosity and
splash effects. When the input gear is of the hypoid type,
typical overall efficiency of a differential/axle assembly at
rated capacity is 92%. Chain drive or spur gear inputs yield
98% efficiencies.
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Figure 3-14 Typical automotive differential

Some sources of differential gearing, differentials, and total
differential axle assemblies are listed in Table 3-9. There are few

standard assemblies in this category but many firms are able to build
production versions of special designs.

3.3.3 Brakes

Disc and drum brakes are commonly used on automotive vehicles
with the disc offering superior stopping capability and fade resistance.
For the electric vehicle application, regenerative braking appears attractive
and if implemented, hydraulic brakes will experience a reduced thermal
load. When comparing disc with drum brakes, major considerations are:

® Disc brakes weigh more than drum brakes with the
weight penalty for a set of four approximately 6.8 - 20 kg
(15 - 45 1b).

° Drag losses of 2.6 - 4 N-m (2 - 3 ft-Ib) are typical with

disc brakes and are essentially zero with drum brakes.

Since drum brakes can be designed to be seif-

energizing, pedal pressures are lower than with
disc brakes.

Therefore, the state-of-the-art power train should incorporate drum brakes,

without power assist, based on the benefits of low weight and low residual
drag.

Table 3-10 lists potential sources for electric vehicle hydraulic
brake systems.
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TABLE 3-9 MANUFACTURERS OF DIFFERENTIALS AND AXLES

Chrysier Corporation,
East Syracuse, New York

K-B Axie Co., Inc.
Los Angeles, Californta

Dana Corperation,
Auhurn, Indiana

Lear Siegler, Inc.
Detroit, Michigan

Eaton Corparation,
Clevaland, Ohio

Napco Industries
Hopkins, Minnesata

Fairfield Manufacturing Co.
Lafayette, Indiana

Rockwell International,
Troy, Michigan

Hanaur Machine Works, inc.
Avon, Minnesota

Saginaw Steering Gear Division
Saginaw, Michigan

Holtan Axle and Transmission Co.
Juneau, Wisconsin

The United Mfg, Co.
Cleveiand, Chic

TABLE 3-10

BRAKE MANUFACTURERS

Bendix Corparation,
South Bend, Indiana

Goodyear Industrial Brakes
Berea, Kentucky

8. F. Goodrich,
Akron, Ohio

Gould Inc.
St. Louis, Missouri

Delco Moraine,
Dayton, Ohio

Hurst/Airheart Products Inc.
Chatsworth, California

Eaton Corporation,
Cleveland, Ohio

Mercury, Division of Apre Inc.
Canton, Ohio

Electroid Company,
Union, New Jersey

Midland Ross
Owosso, Michigan

Friction Products,
Medina, Ohio

Minnesata Automative inc.
North Mankoto, Mirnesota

Gerdes Products Company,
Vandaltia, Ohio

Teol-0-Matic
Minneapolis, Minnesota

Girling
Troy, Michigan

Warner Electric Brake & Clutch Company

Beloit, Wisconsin
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3.3.4 Tires

Important parameters pertaining to tire selection for the electric
vehicie include:

® Rolling resistance
e Wheel and tire weight and size
® Stopping performance

® Ride and handling quality
o Wet weather performance

For the preliminary design of the power train, rolling resistance, size and
weight are most significant. The other factors are strongly related to
the overall vehicle and suspension system design.

Wheel and tire weight should, obviously, be minimized for an
efficient vehicle design. One way to minimize weight is to eliminate the
spare tire. Firestone's ACT radial tire, with its "run-flat" capability,
accomplishes this although each tire is somewhat heavier than a standard
radial. Generally, weight is related to size and it would appear that smaller
tires and wheels are optimum. However, the behavior of rolling resistance
tends to cloud this choice.

Tire rolling resistance is generaily defined as the force resisting
vehicle motion due to tire hysteresis and the interaction of the tire with
the road surface, It is usually expressed as resisting force per unit of
tire load. Typical values are .098 to .196 N/kg (.01 to .02 1b/lb) although
data as low as .059 N/kg (.006 15/1b) have been reported (Ref.39). Tire
companies obtain rolling resistance data by means of drum tests under
"free rolling" or "coasting” conditions. Although most of our knowledge
of tire behavior is based on such data, there is some question (Ref. 56)
as to the validity of applying these results to the real case when torque
is transmitted through the tire to the road. Figure 3-15, for example,
illustrates that the use of the "free rolling" data may be significantly in
error when calculating power losses over a driving cycle.
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i (62 mph)
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{37 mph)

ROLLING
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Figure 3-15 Apparent rolling resittance of cross-ply
tires during braking and driving. Both ordinate
and abscissa are normalized with respect to the
supported load per tire. ’

Tire rolling resistance has received a good deal of attention recently
(Refs, 56, 57, 58 &59 }. Investigators have attempted to ascertain
the dependence of rolling resistance on such factors as:

- inflation pressure

® Load

™ Cord design (belt, bias, radial)
] Cord and tread material

° Tire wear

® Vehicle speed

. Operating time

[ Size
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Figures 3-16 through 3-20 present the results of some of this research.
It should be noted from this data that tire rolling resistance:

Decreases with increased inflation pressure
(Figure 3-16),

Increases with load independently of rated capacity
(Figure 3-17),

Is lowest with radial construction (Figure 3-18),
Decreases as wear increases (Figure 3-18),

Increases with vehicle speed in a nonlinear manner
(Figure 3-18),

Decreases assymptoticaily to an equilibrium value
as operation time increases (Figure 3-19),

Is independent of tire size (Figure 3-20), and

Is independent of cord material {Ref. 59).

Coodyear has recently announced the development of an "elliptic"
tire (Ref. 60 ) which features.

An elliptical sidewal! profile

Of steel belted, polyester carcass, radial construction
A relatively low, 65, aspect ratio

A high inflation pressure (typically 35 psi).

Rolling resistance as much as 34 percent lower than
standard radials.

This tire may be vpplied to 1980 model automobiles.
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Some potential sources for tires are listed in Table 3-11. Represen-
tative rol{ing resistance values are presented in Table 3-12. Analysis of
the data indicates that a value of . 098 N/kg (0.01 Ib/Ib) is a reasonable
value for a state-of-the-art radial tire. in general, tires for the eleciric
vehicle should be:

AT T : = e P LR TIE. L s T

) Of radial construction,

° With load capacity well in excess of that
required to support the vehicie, and L

(] Inflated to the maximum safe pressure.
3.3.5 Bearings

Standard engineering practice is to use rolling element bearings
to support the wheels, axles and shafts which are part of a vehicle power
train. Experience has shown that compared to bushings, which,
involve relative surface-to-surface motion and fluid film bearings
{(hydrodynamic or hydrostatic), the lubricated roiling element bearing
offers a good compromise between:

-] Load capacity,

® Friction,

L Lubricant supply power,
@ Size,

® Wear, and

@ Cost

Typical overall values of friction coefficients (ratio of friction force
per pound of load} for rolling element bearings are:

@ Self aligning bali bearings - .0010
® Thrust ball bearings - .0013
] Single row ball bean;'ings - .0015
e Tapered roller bearings - .0018
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TIRE SUPPLIERS

Armsirong Rubber Company
New Haven, Conn.

tee Tire £ Rubber Company
Conshohockert, Pa.

B, F. Goodrich Tire Company
Akron, Ohlo

Mansfield Tire Corporation
Mansfield, Ohio

Cooper Tire Company
Findlay, Ohio

Michelin Tire Corporation
New Hyde Park, New York

Dayton Tire § Rubber Company
Dayton, Ohlo

Mohawk Rubber Corporation
Hudson, Chio

Dunlop Tire & Rubber Corporation
Buffalo, New York

Reynolds Tire € Rubber Corporation
Brooklyn, New York

Firestone Tire & Rubber Company
Akron, Ohlo

The Goodyear Tire £ Rubber Company
Findiay, Ohio

General Tire and Rubber Company

Uniroyal Inc,

Akron, Ohio New York, New York
Hercules Tire & Rubbar Company
Findiay, Ohio
TABLE 3-12 REPRESENTATIVE TIRE ROLLING RESISTANCE DATA
INFLATION ROLLING
MANUFA R
CTURER MODEL LOAD (Ib.} PRESSURE (psi) | RESISTANCE (Ib/1b)
Firestone ACT 940 s
(P185/65R14) 4 -014
Firestone GR7815 700
el 0097
GR7815 1000 — .0102
Goodyear BR7813 980 24 G0
HR7B15 1510 24 .008
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Even with tapered roller bearings, at each of the four wheels of a 1633 kg
{3600 Ib) electric vehicle travelling at about 72 km/h (45 mph}, the power

loss is only 0.045 kw (0.06 hp).

Typically oils and greases increase in viscosity by more than an
order of magnitude as the temperature drops 569C (100°F)}. However,
viscous forces are only a fraction of the tota! bearing friction. For
lubrication of gear systems in differentials or transmissions, viscosity
affects are significant and their variation with temperature will be

noticeable.

Since seal power losses can be several times bearing power losses,
low friction seals such as teflon, should be used wherever practical. In
general, reasonable engineering practice will suffice to keep bearing losses

at a minimum,

Tablé 3-13 presents a list of possible sources for automotive bearings o
systems. T

TABLE 3-13 BEARING MANUFACTURERS

American Roller Bearing Company INA Bearing Company
Pittsburgh, Pa. Cheraw, S.C.
Fafnir Bearing Company Muller Georg of America, Inc. t
New Britain, Conn, Schaumburg, 1. L
FAG Bearings Corp. New Departure-Hyatt Bearings Div., GMC. [
Stamford, Conn. Sandusky, Ohio
FMC Corporation SKF Industries, Inc.
Indianapolis, Ind. King of Prussia, Pa.
Garlock Bearings, The Timken Company
Thorofare, N.J. Canton, Ohio
The Torrington Company ;l" )
Torrington, Conn,
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4.0 STATE-OF-THE-ART POWER TRAIN DESIGN

Having reviewed the state-of-the-art in electric vehicle power train
design, this chapter presents a preliminary design based upon that tech-
nology. Several candidate power train configurations are discussed and
are evaluated using a computer simulation. Finally, a power train which '

represents the state~of-the-art is described and its performance is pre-
dicted,

4.1 R{ JUIREMENTS

The terms of the contract required that a "state-of-the-art" power
train should consist of components which:

® Are available off-the-shelf or by special order without
requiring developmental engineering, but

@ May involve design changes to facilitate mounting without
affecting the intended basic function.

In addition to employing "state-of-the-art" hardware, as defined above,

the electric vehicle power train design must also fulfill a set of performance -
specifications, which were also defined in the contract. These are considered Tof
representative of typical urban passenger vehicle usage and are stated as follows:

® The SAE J227a Schedule D driving < ycle (See Ref. 61 ).
[ A top speed of at least 88 km/h (55 mph).

® The ability to climb a 10% grade at a constant 48 km/h
(30 mph) speed.

The design approach taken was to maximize range over the SAE driving
cycle. A selected power train must be capable of the top speed

and the hill climb, but range over the cycle was used as the overall
measure of power train efficiency.

S e T
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The SAE procedure specifies a cycle of 122 + 2 seconds which
inciudes:

L] Acceleration to 72 + 1.5 km/h (45 + 1 mph} in 28 + 2
seconds,

e Cruise for 50 + 2 seconds

o Coast for 10 + 1 second

] Brake to a stop for 9 + 1 seconds

] Remain stopped for 25 + 2 seconds

Figure U4-1 depicts the velocity-time profile of this cycle. The
shaded areas are drawn to jllustrate that only the end points of each
portion of the cycle are specified. Therefore, the shape of the
accelerating portion of the curve is arbitrary and the speed at the end
of the coast period depends upon the vehicle drag characteristics.

§0 I 1 T ] ]

50 .
wle

SPEED, km/h
SPEED, Miles Par Hour

2 Accalerate Coust ]

0 i=

- Hrake -
10

g = 2 I L] ] 2 L
0 L] &0 ] 1] Lk

TIME, Seconds

Figure 4-1 SAE J227a Schedule D driving cycle

The following vehicle characteristics were specified for the present
study:

] Four passenger, urban type vehicle.*
. Vehicle test weight including chassis, support®
systems, batteries and four passengers but

excluding the weight of the power train is
(1293 kg} 2,850 lbs.
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16 EV ~ 106 batieries

- 11.7 w-h/Ib., 65 Ib./battery *
- 1.04 w-h/in3, 734 in3/battery *
- 96 volts DC system

® Operating temperature = 70 + 10° F. *
® Vehicle frontal area x drag coefficient = 0.56 m? {6 ft.2)*

The power train consists of the motor, controller, transmission,
differential, axles, couplings, brakes, wheels and tires for four wheels,
and any associated cooling equipment.

4.2 PRELIMINARY COMPONENT SELECTION

On the basis of the definition of "state-of-the-art" (SOA) hard-
ware and the review of electric vehicle power {rains (Chapter 3.0} many
elements of the SOA system can be selected. The following paragraphs
identify those components generically and outline a methodology for
completing the preliminary design.

The series wound DC motor and chopper type controller are well
suited to ejectric vehicle (EV) power trains. The technoiogy of DC
motors and SCR type controllers is mature and has been successfully
applied to many electrically powered vehicles. An industrial infra-
structure .exists {o service these systems which are relatively simpie to
understand. The motor can be designed to meet a large variety of
specialized requirements using well known techniques and hardware. In
addition, the solid state controlier is inherently capable of high

reliability and low cost. Motors are available in the range of power
rating which can fuffill the electric vehicie requirements. An analysis

will be presented in a later section to size the motor.

Although shunt wound DC motors and AC motors are available in
the basic rating needed for an electric vehicle, there are no off-the-shelf
controllers for these motors. Hence they cannot be applied to a state-of-
the-art design as defined herein.

Several mechanical transmissions are potentially suitable for electric
vehicles. In general, recent consumer buying trends preciude consideration
of manual gear change units. However, fixed ratio reducers, automatic
gear change transmissions or continuously variable transmissions (CVT)
are candidates. Versions of each of these types have been demonstrated
in electric vehicles.

* Per specification in contract statement of work.

59

Sl okt I & g g - -+ o { T T T e T s TR T O




Mechanical elements such as gearing, differentials and tires
are available which offer improved efficiency over those which have
besp used in conventional vehicles. In general, these utilize rolling
element bearings and high efficiency gearing. Tires of radial
construction, sized with high overload capacity and with high inflation
pressures, offer the lowest rolling resistance.

The rear mounted motor/transaxie or the front wheel drive are
preferred power train architectures. The most common, and practical
approach to packaging the propulsion batteries has been to employ a
central tunnel. Thus a central drive shaft is not feasible. The front
whee!l drive package, which is popular on many foreign internal com-
bustion engine vehicles, and the rear motor/transaxle, typified by the
Corvair, are two practical alternates. The selection of either approach
has little bearing on the efficiency of the power train design and
should be made by the vehicle designer.

The combination of motor, controller and transmission forms a very
interactive system. The characteristics and efficiencies of these components
vary significantly over a typical driving cycle. Even a basic design
approach such as whether to use a fixed or changeable transmission ratio
cannot be decided on the basis of simple efficiency considerations or intuitive
engineering judgement.

Consider, for exampie, the extreme case of a CVT versus a fixed
ratio reduction. The CVT will allow motor operation in iis high efficiency
range, will require less control range of the motor, and hence a simpler
controller, but it is not clear whsther the added weight penalty of the
CVT can be offset through performance gain. The goal is tc maximize
the range over the driving cycle. The battery and motor sizing enters
into this analysis due to the high current draw typical of grade climbing
and acceleration at low motor speeds.

Further implications of the need for a careful, and objective trade-
off analysis can be seen when considering the concept of individual
wheel motors. At first it appears that such an approach is not desirable
on the basis of efficiency because motor losses (i.e., end turn losses)
and transmission losses will be greater for the multiple motor design.
However, if fixed ratio reduction is feasible, then lightweight, high
speed, wheel mounted motors, which are individually controlled may
become viable.

The selection of an optimum power train requires a systems
analysis of the hardware operating over the driving cycle. There-
fore, the next section describes the analytical model to be used for this
study.
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4.3  ANALYTICAL MODEL

As part of work performed for the Environmental Protection Agency

under Contract No. EPA-460-3-74-020 and for ERDA under Contract No.

E (04-3)-1180, the General Reseatrch Corporation (GRC) of Santa Barbara,

California developed a computer program for analyzing the performance
of electrically powered vehicles. This GRC software was employed in
the present study.

4.3.1 Component Mathematical Models

The propulsion system must provide the tractive effort to over-
come the total "road load" on the vehicle and the losses associated with
the power train. For a pure eleciric vehicle the energy required is
supplied by the storage batteries. The calculation of range proceeds
by accounting for this energy consumption as the vehicle operates
repeatedly over a driving cycle until the batteries can no longer
deliver the required power. The power calculation procedes from the
road load to the battery as depicted in Figure 4-2. The following
paragraphs summarize the algorithms used in the GRC model.

Speed and Vehicle
Acceleration | Model

Road

Load Tires

I_ Differential
Shaft l_. Transmission
Power

l—‘ ¥ otor
L Controller

b Batterles

Electricat
Power

Figure 4-2 Sequence for calculating power required.
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Vehicle road load is defined as the sum of aerodynamic drag
and inertia forces. The aercdynamic force FA is given by

= 2
FA“ SODPCDA Ve, N
where:
3

p = air density, gm/cm

CD= aerodynamic drag coefficient

"

A vehicle frontal area, m?

V = vehicle velocity, m/s

and the force due to acceleration, Fj is given by

= W o< dvydt
Fl i—g-wtﬁi.llz /

where: W,g = vehicle mass, kg.

I. = inertia of the ith rotating component
{i.e., wheels, motor armature, etc.) reflected to the
road, kg.

dV/dt = vehicle acceleration, m/s?2

The wvehicle road load is then,

Road Load = 500 ¢ C,DAV2 + {g— + = li% av/dt
i

The term in brackets is an effective mass, since it is the sum of
the vehicle and component inertia. The force due to acceleration
frequently dominates. For example, assume a vehicle whose
total éi"chtive mass is 1633 kg (3600 ib) with a product of frontal
area and aerodynamic drag coefficient,

CpA = 0.56 m? (s ft%)

moving at 72 km/h (45 mph} and accelerating at 0.71 m/sec? (0 to 72

km/h in 28 seconds). The road load, in this case would be 1296 N
{291 Ib) but for steady motion at 72 km/h, it would be only 136 N
{31 Ib).
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A practical approximation for tire rolling resistance is

FR =W {a; + a, V). N (4-4)

where:

vehicle weight, kg

=
l

N

vehicle velocity, m/s

a. and a., are coefficients which can be extracted from
data such as Figure 3-18.

FR/W is usually referred to as the rolling resistance ceefficient.

The torque required at the drive wheels is given by

where:

R = tire radius, m
TD = torgue, N-m

With known values for efficiency and gear ratios for the differential and
transmission, the motor output torque and speed can be calculated.

The motor model is semi-empirical and assumes a DC series
wound machine with current a function of torque only. Losses are
modeled as an equivalent resistance to account for field and armature
ohmic resistance, windage losses and hysteresis losses. The eguivalent
resistance is extrapolated from a set of motor characteristic data. Tha

motor equations are:

Power loss = lch (4-6)

Re = by +w by + by {w/1)? (4-7)
- 2

| = Cy + CT + C,T B
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where:
1 = armature current, amps

RC = equivalent resistance, chms

w

motor speed, RPM

H]

T

1}

motor torque, N-m
bz, by, bj, C1, Co, C3, are curve-fit coefficients

Although this model is not particularly sophisticated, it is not intended

for motor design. MHs utility is in estimating vehicle performance when
the motor has been specified and when characteristics are available. It
does account for the varying efficiency as a function of operating point
which is crucial to a driving cycle analysis.

Figure 4-3 depicts a model of the static controller. Losses are
assumed to occur as a voltage drop across the SCR when it is conducting
and as a voltage drop across the free-wheeling diode during the "off"
time.

CONTROL CIRCUIT 1

FOR SCR GATE - g

{

1 |

. SCR - |

FREE - :

BATTERY WHEELING -{‘
T DIODE -

Figure 4-3 Basic SCR controlier oo
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Range Is calculated by depleting the energy stored in the
batteries until the vehicle cannot operate over the driving cycle.
There are several battery models available. For exampie:

] The Kleckner algorithm based on Peukert's
equation {Ref, 48),

® The Hoxie algorithm based on work conducted by
Taylor and Sinek which allows for recuperation
effects (Ref. 49 ), and

? The fractiona! utilization algorithm based on the
Ragone piot (i.e., plot of specific energy density
versus specific power density} (Ref, 52 1},

The fractional utilization modei, which is a simple pattery depletion
algorithm, agreed well with test data (Ref. 62) and was employed for
the present study. It has been reported (Ref. 5 ) that the apparent
capacity of a battery may increase when regeneration is included.
Polarization and sulphation are suspected to be responsible for this
enhanced regeneration. A recent investigation into the pulsed discharge
characteristics of lead-acid batteries {Ref. 51) suggests that similar
"recovery" between puises may account for an increase in capacity
in some cases. Experiments presently underway at NASA-LERC may
help to increase our understanding of battery behavior. The present
investigation includes an enhanced regeneration utilization factor of
i.99 (Ref 5 } as an upper bound on range over the driving cycle.

A lower bound is given by ignoring this enhancement and accounting
only for the energy regenerated with a 75% efficiency.

4,3.2 Computer Program Description

The computer program simulates the operation of an electrically
driven vehicle by a sequence of time-velocity pairs. For each time
step specified by the user, the model determines the torque required
from the motor to move the vehicle which in turn determines the power
requiréd from the battery to preduce this torque. The distance
traveled by the vehicle and the quantity of energy removed from the battery
during the time step are computed and added to the distance traveled and
energy used in the previous time steps. Wher the driving cycle is completed,
the distance traveled by the vehicle over the one cycle and the amount of
anergy removed from the battery is used to estimate the total range of the
vehicle,

As shown in Figure #4-4 the program consists of several sub-
routines which are described below:
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The input routine (ELVEC) reads in the data required to
run the model and initializes calculations. In addition,
this routine also checks the validity of the data. Input
data requirements include:

- Vehicle characteristic data, such as vehicle
weight, aerodynamic drag, transmission/
differential efficiency, number of gears and
gear ratios, motor data and controller data;

- Battery data, such as battery weight, battery
power and energy density, number of batteries,
number of cells per battery and battery cell
voltage;

- Mission profile data, such as the speed of the
vehicle and the grade for "constant speed"
runs or the driving cycle the vehicle is to
be simulated on for non-constant speed runs.

The load routine (PCWER REQUIREMENTS) serves to calculate the
torque required to drive the vehicle. Using data on the effi-

ciency of the driveline, the mode! accomplishes this by computing:

- The forces exerfed on the vehicle due fo asro-
dynamic drag, tire rolling resistance and
acceleration;

- The torque and speed required to drive the
wheels;

- The torgue and speed required at the input to
the differential and transmission.

The forces exerted on the vehicle, and the power required
at the wheels and transmission, are based on standard
engineering relationships as described in the previous
sections.

The MOTOR and CONTROLLER routines model the electric motor and
solid state controller. The basic functions of the routine are:

- To calculate the armature current, equivalent
resistance and applied terminal voltage required
to match the power input to the transmission;

- To valculate the motor and controller losses;
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- To calculate the required battery output based on
the above two faclors pius motor speed and the
torque required to drive the vehicle (i.e., the
output of the load routine).

The electric motor is modeled as a direct-current series
wound machine and the solid state controller as a
"chopper" type controller,

The BATTERY discharge routine simulates the depletion of
energy from the vehicle's battery. The basic outputs of
this routine are the power discharged from the battery

and quantity of energy consumed, In addition, this routine
also simulates battery recharge during vehicle braking
(i.e., regenerative braking) if desired.

The OUTPUT routine compiles and prints out statistics re-
garding the performance of the vehicle, Primary out-
puts of the model include:

~ The distance traveled {range) by the vehicle
during the driving cycle selected and the
projected range of the vehicle assuming the
vehicle was operated repeatedly over the
driving cycle until tota! battery depletion;

- A summary of aerodynamic road load, transmission
and motor/controller losses;

- A summary of vehicle speed, road ioad, motor
speed, current and voltage, transmission
efficiency, motor/controller efficiency, overall
efficiency and battery power used, with respect
to time;

- The energy efficiency of the vehicle.

The GRC mode! was applied to calculate the range of an ideal
vehicle, to perform a sensitivity analysis, to aid in sizing the motor
and to evaluate candidate power {rain configurations.
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4.3.3 Acceleration Profile

Since the computer model requires a set of velocity-time pairs,
and since the SAE driving cycle only specifies the and points of the
accelerating portion (0 to 72 km/h in 28 seconds), some choice for the

velocity profile must be made.

One choice is to use a constant acceleration of:

}M = 0.71 m/sz
28s

Alternatively the 28 second period could he divided into several time
intervals each with its own constant acceleration. Using this method,
a continuous function was selected which represents reasonable driver
action. Such a profile is illustrated in Figure 4-5.

GE
OF POOR QU ALIT];"S

Acceferation

/G—-—-Wif.h Constant

/ Acceleration

Velocity

Y

—_— [|
Time

Figure 4-5 - Exponentially decreasing acceleration profile for
SAE driving cycle.
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The coefficients for this profile are set by the following conditions:

@ The area undet all acceleration profiles must be the same
since a given velocity must be reached in the same time.

® The fina! acceleration is selected, arbitrarily, at 50% of
the constant acceleration of ¢.71 m/sz.

For the SAE cycle the initial acceleration is approximately
0.125 G and at 72 km/h the acceleration drops to 0.037 G.

With the exponential profile the power drain from the battery
is more nearly constant when compared to the constant acceleration
case. Figure 4-6 illustrates this point for a typical simulation run.

50

4o

BATTERY
DORAIN
(KWw)

30

20

10

Figure 4-6 - Battery drain with different acceleration profiles.

The area under these two curves is approximately equal since it
The acceleration profile would not
affect energy drain directly but since higher speeds are associated
with greater motor windage and aerodynamic friction ane might anticipate
a small difference in favor of the constant acceleration profile.

represents energy consumed.
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since the vehicle traveis farther with the exponential profile and because
of the desirability of using the battery at constant power drain, the expo-
nential profiie is preferred. Simulations have shown that the exponential
profile improves range over the SAE cycle by about 5%.

4.3.4 Range of an ldeal Vehicle

The total energy contained in the 16 EV~106 batteries is
(16 batteries) x (65 ib/battery) x(11.7 watt-hr/Ib) or 12.168 kwh.
By assuming that the power train weighs 340 kg (750 Ib), the
total test weight is 1633 kg (3600 fbs). If the rolling resistance is
0.098 N/kg (0.01 Ib/lb) and the preduct of the aerodynamic drag
coefficient and the frontal area is 0,56 m? {per Section 4,1) the trac-
tive power necessary to propel a vehicle over the SAE cycle is shown
in Figure 4-7. The power required for the 88 km/h (55 mph) cruise
and the hill climb is also indicated in Figure 4-7.

30
SAE J227a ——— 108 grade,

0 L SCHEDULE D 58 km/h (30 mph)
3
s w T —— 88 km/h (55 mph)
¥
g o \ : 1 L i iy
§ 20 a0 60 0 100 120
H>J TIME , Seconds Braking
E -2 |
g
l-

-"u -

P

Figure 4-7 Tractive power required for a 1633 kg (3600 Ib)
vehicle.

I¥ we assume, further, that all other drive line elements (such as '
motor, transmission, differential, etc,} are perfectly efficient the
range achievable with a fully charged set of batteries can be estimated.
Table 4-1 presents the resuits of such a calcuiation.
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TABLE 4-1 COMPUTED RANGE OF IDEAL 3600 POUND VEHICLE

CYCLE ~ RANGE km (miles)
SAE J227a, schedule D 82/96* (51/60%*)
55 mph constant speed 120 (75)
30 mph, 10% grade 24 (15)
® Without regeneration/with regeneration but no enhancement.
4,3.5 Sensitivity Analysis

In order to develop a feel for the relative importance of the
basic power train features a sensitivity analysis was performed. The
parameters studied were:

& Vehicle weight

® Transmission efficiency
o Tire rolling resistance
° Regenerative braking

Variations in aerodynamic drag were not investigated since the product of
aerodynamic drag coefficient and frontal area (0.56 m2) was a given vehicle
parameter and is not part of the power train. The results of these simulation
runs are presented in Figure 4-8. The height of each bar represents the
improvement in range as the particular factor varies from minimum to maximum.
In moving from left to right (case to case} the mean value of the previous
parameter was maintained. Since the vehicie used in the simulation was
arbitrary, the absolute values of range are not significant.

This analysis serves to illustrate that different features 1mpact
different portions of the driving pattern. For example:

] Regenerative braking improves range over the SAE cycle.
(Figure 4-8 (a)).

[ Tire rolling resistance is the major factor affecting
range at top speed. (Figure 4-8 (b)).

© Vehicle weight strongly affects gradeabilily. (Figure 4-8 (c)).
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Figure 4-8 (c) Sensitivity of range up a 10% grade at 48 km/h (30 mph)

In addition, the analysis is useful as a method to approximately scale
calculated range as parameters vary, For example, the sensitivity
of range up a 10% grade at 30 mph to vehicle weight is approximately
4/(20x500)=0.000%4 mi/mi/lb., so that if a vehicle weighing 1633 kg
{3600 Ib) achieved a range of 2.5 miles up this grade, a similar one
weighing 1542 kg (3400 Ib) should achieve about 2.7 miles (0.0004 x
200 x 2,5 + 2.5).

4.3.6 Motor Sizing

The tractive power data presented in Figure 4-7 can be used to
approximately size a motor for the power train. This curve is based
on a set of vehicle characteristics which inciude a maximum vehicle
weight and reasonable tire performance. W should, therefore, represent
a worst case requirement.

To arrive at a motor size note that the 88 km/h (55 mph) top
speed requires that the motor deliver about 9 kw to the road. By
conservatively assuming an overal! driveline efficiency of 50%, a motor
rated at 18 kw (24 HP) can be expected to provide the 25 kw needed for
the gradeability.
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4.5 POWER TRAIN DESIGN

ORIGINAL PAGE IS
OF POOR QUALITY

The selection of an optimum power {rain is based on engineering
judgement as well as the computer simulation and Is representative of

what can be achieved with off-the-shelf, state-of-the-art hardware.
discussed in Section 4.2, the assessment of the state-of-the-art identified

those components which are available for the electric vehicle

application.

In the following sections, specific hardware is selected for

the major elements of the power train. The simulation study was
employed to select & motor/transmission system.

4,41 Power Train Components

The DC series wound motor is the most common machine used in

traction applications and is recommended by most motor manufacturers
for electric vehicle use. Since suitable state-of-the-art (as defined

for this contract) controllers for elther separately excited shunt wound
or AC motors are not commercially available, these types of motors

were preciuded from consideration.

The Prestolite EO-26747 motor was selected as a representative

SOA motor,

Detailed performance daia is availabie and a shunt wound
version may be ordered in the same frame size.

its features and Figure 4-9 gives calculated characteristic data for

several fixed voltages.

This information was used in the computer

As

Table 4-2 summarizes

simulation.
TABLE 4-2 MOTOR SPECIFICATION
Type Series wound DC with interpoles
Manufacturer Presiolite
Model EO-26747
Weight 93 kg (205 Ib)
Size 28.6 cm OD % &3 cm L (113Y OD x 17" L)

Power Rating

18 kw (24 hp) continuous

Voltage

100 volt nominal

Maximum Speed

4000 RPM
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Figure 4-9 Prestolite EO-26747 motor characteristics.

A solid state chopper with integral regeneration circuitry was
gelected. A suitable unit is manufactured by Sevcon and Table 4-3
summarizes its features.

TABLE 4-3 CONTROLLER SPECIFICATION

Type SCR chopper, logic unit, coil and capacitors

Manufacturer Sevcon

Model 7650-4

Rated Voltage 80-130 volts

Rated Current 750 amps max, 500 amps continuous

Weight 27 kg (60 Ib)

Size Choppper: 36 ¢m x 25 cm x T8 em (14" x 106" x 7")
Logic: 8 om x 28 em x 15 em {3" x 11® x &%)
Coli: 15 em x 10 om x 13 cm (6" x &" x 5")
Capacitors: 25 cm x 13 cm x 15 cm (10" » §* x g")
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Table 4-4 lists a typical set of line and directional contactors and
Table 4-5 lists typical mechanical driveline components other than
the transmission. With these elements an overall value of 0.98 N/kg
(.01 Ib/Ib} conservatively accounts for both tire rolling resistance
and mechanical friction within the bearings and axies. (See Section

3.3.84and 3.3.5).

TABLE 4-4 CONTACTOR SPECIFICATION

TYPE DIRECTIONAL CONTACTOR PAIR LINE CONTACTOR

Manufacturer HB Electric HB Electric

Coil Voltage 12 Volits 12 Volits

Weight 4.5 kg (10 1b) 2.3 kg (51b)

Model ) HE 33BA123LIB HB 39BD122L1B

TABLE 4-5 MECHANICAL DRIVELINE COMPONENTS
UNIT WEIGHT

COMPONENT SUPPLIER kg (Ib)
Modified Differentiat Dana Spicer 15.9 (35)
Chain Drive Morse £.8 (15)
Drive Shaft and Universals (2) Dana Spicer 6.8 (15)
Wheal {4) Keisey-Hayes 5.1 (20)
Drum Brake (4) Delco-Moraine 8.1 (20
Radial Tire (4} Goodyear 9.1 {20)
Miscellaneous &5 {10)
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5.4.2 Motor/Transmission Selection

The characteristics, features and performance of ten power train
configurations are described in this section. Each system described was
simulated in operation over the SAE cycle, at a contant 88 km/h (55 mph)

speed and while climbing a 10% grade. These quantitative results
are augmented by several qualitative considerations leading to an
objective choice for the optimum state-of-the~art power train design.

in each case simulated:

° The motor was the Prestolite EO-26747 DC series
motor,
® The tires were of 0.32 m {12.8 in) radius,
e The rolling resistance assumed was 0.98 N/kg (0,01 ib/lb),
[ The transmission and differential efficiencies were
estimated from manufacturer's data,
® A weight penalty (or benefit) was assigned with
respect to a baseline of 1633 kg (3600 lbs),
. Preliminary computer runs were made to determine
the best gear/transmission ratio, and
] Regenerative braking was included both with and without

Figures 4-10 through 4-19 depict the configurations and list the simulation

conditions.,

"enhancement" (See Section 4.3.1).
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Case 1: DC motor directly coupled %v a hypoid differential.
(Figure 4-10) . This is the most common arrangement
found on existing conversions where the internal
combustion engine and transmission is repiaced by
an electric motor. Construction is simple and
rugged. However, little concern for matching motor
efficiency to the load is apparent in this approach.
Hypoid gearing is inefficient and efficiency is sensitive
to lubricant temperature.

le——mOTOR Simulstion Parameters

. Waight Panalty ]

Overat! Drive Rauo k.21

® Driveline Efficiency 0 92
HYPOID .
GEARING [
TO 1_|: 2 TO
WHEEL .-WL s WHEEL
\
- "‘—J UNIVERSALS

Figure 4-1C DC motor directly coupled o a hypoid differential .
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Case 2:

R

Figure 4-11
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Fixed ratio reduction with a high efficiency chain.
(Figure 4-11) This example serves to iliustrate

the benefit of replacing the inefficient hypoid

gearing with a chain drive such as Morse Hy-Vo.
Construction is simple and lightweight. Efficiency of the
chaln drive is high and relatively insensitive to tempera-
ture. Motor characteristics are poorly matched over most
of the driving range.

MCTOR

HIGH EFFICIENCY
CHAIN

5

Stmuiation Parameters

] Weight Penally

° Cverall Drive Rotio

T0 TO . Driveline Effictency
WHEEL WHEEL

UNIVERSAL
PIFFERENTIAL

Fixed ratio reduction with a high efficiency chain.
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.
Case 3: Dual Motor drive with fixed reduction chains. (Figure 4-12) ; «‘
This configuration, or an alternate using coaxial gearing, RS
offers a weight advantage. The chain drive version should
result in the more desirable condition of lower unsprung weight
To compute the range for this case the motor mode! was that r

of a single Prestolite unit but the power train weight was
reduced by 45 kg (100 fbs). It can be expected that
since smaller motors are generally less efficient than a
single large motor, the predicted range is optimistic. In :
addition the technique best suited to control this pair of ‘
motors has not been defined. A series connection from a
single controller offers an inherent differential action but

may result In unbalanced driving forces. Dual controllers, on
the other hand, subtract from the apparent weight benefit,
The chain drive approach offers high efficiency but the use Py
of fixed reduction results in poor matching of the motor
to the variable load.

oy T vy ".‘r‘i::",’,‘: ‘g?l
vored paldTY

A Simulation Peramalers
- Waight Penalty -85 g (100 1.} :
H e Cveratt Drive Ratio 5211
- © Driveline Efficlancy o.8 *
]
q ! o
HIGH )
EFFICIENCY
CHAINS

Figure 4-12 Dual motor drive with fixed reduction chains
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Case 4: Standard 3-speed automatic transmission with a torgue
converter. (Figure 4-13} This power train configuration
utilizes a standard "Detroit” transmission. This is an
example of an off-the-shelf, multi-ratio system with
automatic ratio change. Due to the internal hydraulic
pump circuit, losses are of the order of 0.75 kw (1 hp)
to 2,2 kw (3 hp) depending cn vehicle speed. The
torque converter adds significant loss to the drive train
during both acceleration and constant velocity operation.
The lubricant in both units causes efficiency to vary with
temperature. The efficiency was modeled by using discrete
values for each gear ratio which are probably optimistic.

MOTOR
o =
i Simutation Parameters
. Weight Penzity +£% kg (100 ib)
TORQUE o  Transmssion Ratio  3.5:1 0 - 32 km/h (20 mph)
CONVERTER 1.7 1 37 km/h (20 mph) - 56 km/h (35 mph)
1.0.1  above 56 km/h {315 mnph}
| TRANSMISSION
| . Transmission Efficiency 0.70 #
0.5 Same speeds 83 abovd
0.8
L] Differential Ratio 4.2.1
L] Difierential Efficiency  0.52
TO TO .
WHEEL -+ WHEEL
HYPOID TYPE
DIFFERENTIAL .
o A
/'f ”

Figure 4-13 Standard 3zfpeed automatic trirylﬁission with a

. torque converter,
&
/ /
/

/‘i
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Case 5: Standard 3-speed automatic transmission without torgue
converter, chain coupled to the differential. (Figure 4-14)
This example combines the "Detroit" automatic with the
high efficiency chain coupling. Although this approach
eliminates the torque converter loss, field experience
with such configurations indicates that shock leading
can reduce transmission reliability. The transmission
efficiencies used in the calculation are realistic, discrete
values at each gear ratio.

j=—  MOTOR

TRANSMISSION

Simuiation Paramelers

T0 a  Weight Penalty +a5 kg (100 1b}
v WHEEL

o Trangmission Rautio 2.751 0 - 32 km’h 20 mph)
1.57:1 321 ken'h (20 mph) - 56 Lm/h [354pph?
1.01 above 56 km/h {35 ]
. Transmission Efficiency .76
0.%0 Same specds as abave
o.k2
- @ [ Cifferentis! Rato 5.0.1
L1
-y
i| e Differential Efficiency  0.98
L
1

Figure 4-14 Standard 3-speed automatic transmission without
torque converter, chain coupled to the differential.
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Case 6: Standard 2-speed automatic transmission without a
" torque converter. (Figure 4-15} This case illustrates
what can be achieved with a simpler "Detroit" auto-
matic. The efficiency used in the calculation is
optimistic, therfore, the absolute values of computed range
are probably high.

{ i~ MOTOR Simulation Paramsaters
. Weight Penxity +38 kg (75 1b)
® Transmission Ratio 2.78:1 0 - 32 km/h (20 mph)

1.0:1 above 32 km/h (10 mph]

| [+ TRANSMISSION

. Transmission Efficlency 0.%0
[ ] Difiarentizl Ratic n.2.1
° Differential Efficierncy 0.92

T0 70
WHEEL + WHEEL

HYPOID TYPE
IFFERENTIAL

Figure 4-15 Standard 2-speed automatic transmission without
a torque converter,
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Case 7:

Torque converter alone directly coupled to the differential

(Figure 4-16) The torque converter is a form of variable
ratio transmission. Although the motor can operate at
higher, more efficient speed at low vehicle speeds, the
absolute value of torque converter efficiency is quite low
since it achieves variable ratio by a dissipative process
(fiuid coupling) . The continuous ratio and efficiency change
were modeled as four discrete levels.

Simulation Parameters

le— MOTOR a

TORQUE
| CONVERTER

TO L To
WHEEL WHEEL

HYPOID TYPE
IFFERENTIAL

Waight Penally

Transmisslon Ratio

Tranamisgion Ethciency

Dilgrential Ratio

Pifisrentiat Ethciency

+23 kg (50 IB)

1 0 - &km'h {2.5 mpht

\ & km'h (2.5 msh) - $ km h (5 mph}
1§ kmfh (5 mph' té km'h (10 mahl
1 above 16 kmsh 0 mphl

Same spreds 83 abave

Figure 4-16 Torque converter alone directly coupled to the

differential
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Case 8:

Hypothetical infinitely variable speed transmission

of the rolling element type. (Figure 4-17) This case
uses the industrial type of rolling element CVT. The
drive train can be well matched with the motor charac-
teristics to offer high efficiency over a wide range of

torque and speed. Such transmissions are not
available off-the-shelf for vehicle use and would probably

be relatively heavy. The continuous ratio and efficiency
variation were modeled as six discrete levels.

Simulation Parsmeters

MOTOR . Weight Penaity +31 kg (200 tb)
® ‘Transmission Ratio 2.1 0-8&km/h

6.2 1 & km/h (2.5 mph) - 8 km'h {5 mph}

1 8 km/h (5 mph)] - 16 km‘h (10 mph)

16 km/h (10 mph) - 32 km'n (20 mph)

-
ocooao
LBl
WA = O

61
&1 32 km/h (20 mph) - KB km’h (38 mpr)

3
1
]
5
1
1.0.1 above 88 km/h (30 mph)

(=N R

TRANSMISSION

Transmission Efficieney 0.76

Same spreds as above

o Diflerential Ratio 811
L Differential Efficiency 0.92
TO "l" - TO
WHEEL Y WHEEL
HYPOID TYPE
DIFFERENTIAL

Figure 4-17 Hypothetical infinitely variable speed transmission
of the rolling element type.
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Case &

Variable speed V-belt transmission. (Figure 4-18)

The Electromatic Drive variable speed V-belt trans-
mission has been designed for electrical actuation and
nence is compatible with the control system of an electric
vehicle. As a variable ratio transmission it offers all the
benefits of motor/load matching. Efficiencies in the range
of B6-94% are claimed and these would be relatively in-
sensitive to temperature since the unit is "dry". The
device has been produced in limited quantity and so field
reliability has not been documented. The transmission ratio
was modeled at five discrete values for the simulation.

Simulstion Parameters

MO rOR"'"'_\_ [ Welght Panalty +45 Kg (100 [b)
e Transmission Ratio K.8:1 0 -1& km/h (1D tmph}
_u\-fﬂ.‘ X.0:1 16 km/h (10 mph) - 32 km/h (20 mph}
- e 1.0.1 32 km/h {20 mph) - &8 km’h (30 mph)
¥ \34 2.0:1 X2 km/h {30 mph) > && km/h 40 mph)
1.0:1 abave §& km/h (40 mph)
CHAIN . Transmizsion Efficishey 0.90
- @ Differential Ratio 521
o TO 0 Differential Efficiency  0.99
WHEEL 1 WHEEL - e
DRIGINAL PAGE
DIFFERENTIAL OF POOR QUALITY

T T . [T v e S S S Tt T Tt SRETIepes o

Figure 4-18 Variable speed V-kelt transmission.
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Case 18:

Two-speed transmission using electrically actuated clutches.
(Figure 4-19}  This power train combines the desirable
multi-ratio gear change with efficient chain drives or

helical gearing, and electrical actuation. It is comprised

of standard industrial components arranged in a special
package. Although this system is not off-the-shelf it
promises to be reasonably efficient. The case simulated

had two speeds but more are feasible depending on available
space and weight.

».

CHAIN
CHAIN
ER
= ;F, Simulation Parameters
IE% s & Weight Penaity +15 kg (100 Ib)

‘) mn =

= EH [] ‘Transmission Ratio 501 0 - 32 km/h [20 mph)
PR g== 1.0:3  above 32 km'h (20 mph)

Transmission Efficiency 0.92

CLUTCH ° Differential Rauo I A1

;r'l?'lEEL T '{VC:IEEL o Difierentist Efficiency  0.88
# %'\ DIFFERENTIAL
ALTERNATE. HELICAL GEARING IN PLACE
OF CHAINS

Figure 4-19 Two-speed transmission using electrically actuated

cluiches.
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PRECEDING PAGE BLANK NOT FILMED

Table 4-6 presents a summary of the simulation results for these :
ten cases. The greatest range over the SAE cycle and up the grade o
was predicted for tha power train with the variabie speed V-belt trans- y
mission {Case 9)}. The high efficiency fixed reduction power train '
(Case 2) gave the greatest range at a constant 88 km/h (55 mph).

TABLE 4-6 CALCULATED RANGE FOR TEN POWER TRAIN CONFIGURATIONS

CASE

1. DC motor directly coupled to a hypoid differential, !

2. Fixed ratio reduction, high efficiency chain drive.
3. Dual motor drive, fixed reduction.
q, Standard 3-speed automatic transmission with

a torque converier.

5. 3-speed automatic transmission chain coupled to the
differential without torque converter.

6. Standard 2-speed automatic {ransmission without
a torque converter.

7. Torque converter coupled directly to the differantisl.

8. Hypothetical, infinitely variable speed transmission,
rolting element type.

a. Variable speed V-belt transmission.

10, 2-speed transmission using electrically operated
clutches.
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TABLE 4-6 CALCULATELD RANGE FOR TEN POWER TRAIN CONFIGURATIONS
{cont'd)
RANGE OVER SAE J227a/D
RANGE UP 10% GRADE
WITH ENHANCED | RANGE AT CONSTANT AT CONSTANT
WITH REGENERATION REGENERATION 88 km/h (55 mph) 48 xm/h (30 mph)

km {mi} km (mi) km (mi) km (mi)
4B(30) 58(36) 76 (47) 6.9 (4.3)
50({31) 66(21) 82(51} 7.4 (4.6)
51(32) 68 (42) 82(51) 7.7 {4.8)
40 (25) 63(39) 71(44) 7.9 (4.9)
45(28) 68(42) 68 (42) 6.4 (v.0}
50(31) 64 (45) 74 {46} 6.8 (4.2)
48(30) 5B(36) 77 (48) 7.1 (4.8)
47(29) 56(35) 72 (45) 8.4 (5.2)
53{33) 74 (46} 72 (45) 8.2 (5.7)
52(32.5) 72 (45) 79(49) 7.2 (4.5)
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4.4.3

Since the variation from greatest to shortest calculated range
over the SAE cycle was only about 30%, the selection of Case 9 as
the optimum state-of-the-art power train configuration needs further

support.

In Table 4-7 those cases with the greatest range are tabulated as
well as the peak battery current drawn during the SAE cycle. The two

Recommended State-of-the-Art Power Train

values tabulated for range are with regenerative braking and enhanced
(See Secticn 4.3.1). The significance of the

regeneration respectively.
peak current lies in the fact that the available energy from a lead-acid

battery decreases when large bursts of power are drawn. The Kleckner

battery model (Ref. 48) accounts for this effect and, although not included

in the present study, it is anticipated that greater range will result from
those cases requiring lower peak currents.

TABLE 4.7 RANKING OF CALCULATED PERFORMANCE

Range aver

Peak

Range at

Range Up 10%

SAE cycle Battery Current 88 km/h grade, 48 km/h
Case km Case amps Case km Case 473
9 53-74 9 375 2,3 82 9 9.2
10 52-72 5 400 10 79 B 8.4
3 51-68 4 425 7 77 4 7.9
2 50-66 10 450 1 76 3 7.7
] The variable speed V-belt transmission with the DC series motor
orms

Good efficiency,

High calculated range ,
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® Compact and lightweight transmission, 18 kg (40 Ibs),

® Electric controllability,
o Design based on proven components, and
® Mounting arrangement well suited to transaxle configuration.

The state-of-the-art power train is iilustrateé in Figure 4-20 and a
typical vehicle installation is shown in Figure £~21, The major
components described earlier as representative of the state-of~the-
art, are listed in Table 4-8.

TABLE 4-8 PARTS LIST FOR THE STATE-OF-THE-ART

POWER TRAIN

Motor Prestolite model EOQ-26747

Transmission Elactromatic Drive Corparation variable
ratio V-beit transmission with automatic
ratio control system.

Drive Chain Morse Hy-Vo

Difierentizl Dana Spicer 15-18, modified for chain drive
input :

Drive Shaft (2} Dana Spicer universais and torque tubeas

Wheels (&) Kelsey-Hayes

Brakes {4) Delco-Moraine drum type

Tires (&) Goodyesr HR-78-13

Controller Sevcon model 7650-4

Contactors HEB Eilectric. mocde! HBI3BAI123L1B (directiona!
pair) and HB3I9BD122L1B {line)
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Figure 4-20 State-of-the-art power train.
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Figure 4-21 Typical installation of 2 power train in a vehicle.
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344 Predicted Range of the State-ci-the-Art power train

The total weight of the state-of-the-art power train Is estimated to
be 295 kg (650 Ib). Since this configuration was analyzed in the previous
section [Case 8) at a weaight of 385 kg {850 Ib), the sensitivity values
of Figure 4-8 can be used to approximately scale the predicted range for
the lower weight csase.

Table 4-5 summarizes the predicted range for a vehicle with the
state-of-the~-art power train. The total vehicle weight is 1587 kg {3500 Ib).
Absolute valuas for range are quite sensitive to compenent modeiling and
cantrol strategy. The control assumption here is that the power train
instantaneously provides needed tractive effort and that al! braking is
regenerative, The results given hare (Chapter 4.0) are sel{-consistent
and primarily intended for relative comparison. In Section 5.3.2 the
state-of-the-art power train is subject to another analysis based on &
different set of component models and with a constant current contro! scheme.
The range pradicted there is only 50 km {31.2 mi)} over the SAE cycle,

In general, caution should be taken to review the conditions and assumptions
underlying absolute range predictions when diverse sources are ccmpated.

TABLE &-3 VEHICLE RANGE WITH STATE-OF-THE~ART POWER TRAIN

CYCLE RANGE, km (mi)
SAE J227 =/D 58 (38 - B0 (50)%
88 km/h (55 mph) 76 (47)
108 grade, 48 km/h (30 mbh) io {6.2)

*  With regenearation - With enhanced regeneration.
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5.0 IMPROVED POWER TRAIN DESIGNS

In the previous chapter a preliminary design was presented for
a slate-of-the-art electric vehicle power train. This chapter identifies several
areas which have the potential to improve that design. These are
reviawed and sevaral are subjected to a more detailed esvaluation.

Two classes of improvements are considered. One class
will improve the range and performance of the vehicle and the other
class encompasses features which tan enhance the commuercial success
of an electric vehicle. Such {eatures include smooth, safe operation within
a comfortable driving package. Sections 5.1 thru 5.3 are concerned with the
former class., The latter are discussed in subsequent sections.

5.1 PERSPECTIVE ON RANGE IMPROVEMENTS

In order to put the subject of impraved range into perspective, Table
5-1 compares the performance predicted for a vehicle based on state-of-the-art
components with that of the ideal vehicle described in Section 4.3.4. For
the ideal case, asrodynamic drag was based on an effective frontal area of
0.56 m? (6 ft2) and the assumed rolling resistance was 0.098 N/kg (0. 01
Ib/th) . With a motor, contrallet, transmission and differential which have
100% efficiency, the range of a 1633 kg (3600 Ik} vehicie is only 96 km
(60 mi) over the SAE cycle. The range penalty due to actual component
efficiencies is about 45%, However, the absolute range achievable even
with an ldeal system is limited due to battery energy density and total
vehicle weight.

TABLFE 5-1 CALCULATED RANGE OF IDEAL AND STATE-OF-THE-

ART VEHICLES.

CycLe RANGE, km_ {miles) 1
Idnn.l State-of-the-ort Dosign l
1633 kg (3600 Ib) 1633 kg 1587 kg (3500 1b)

SAE J227 a/D* 4 96 {60 53 (33} 58 (36)
B8 km’h (55 mphl | 120 (75) 72 (u5) 76 {47) ,

} S -+

B8 kmsh (30 mph), 24 {15) 9.2 (5.7) 10 (6.2} |
10% grade E

*  With Regenosrative Braking
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In addition to the energy required to accelerate the vehicle,
losses are due tot

@ Aeradynamic drag
® Tire rolling resistance
@ Transmission/gearing losses
o Motor/controller losses

For each of thae three driving schedules the major losses tend to
occur In differett parts of the system. For the stote-of-the-art
design, presented in Chapter k.0, these can be ranked in “major
loss first order®.

® Over the SAE cycle the major losses are due to:
- Motor/controller
- Tires
- Aerodynamics
® During the 88 km/h (55 mph} cruise the major losses are
due to:
- Aerodynamics
- Tires

e When climbing a 10% grade at 48 km/h (30 mph} the major
losses are dua to:

- Motor/controller
- Tires
- Transmisssion/gearing

Although aerodynamic drag is a significant factor at higher
speeds, the effective frontal area (area x drag coefficient) of 0.56 m?
{6 ft‘?] represents a value typical of the most streamlined body
shapes. As such it will be difficult to affect aesrodynamic im-
provemants. Motor/controlier, transmission and tire efficiency
gains are, however, achievable and will result in increased
vehicle range.

5.2 NEAR TERM TECHNICAL IMPROVEMENTS

In the course of reviewing electric vehicle technology and
developing a preliminary state-of-the-art design, seversl potential
Improvements ware identified. The following paragraphs describe

those near-term technical advances which could Increase vehicle range.
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Py The separately excited * DC motor with the Electromatic
CVT represents a combinatlon of two recent trends.
There has been significant interest in the separately
excited motor, which appeared as a trend in the state-
of-the-art assessment. The separation of field and armature
controls should offer advantages in reducing controller
complexity. sinca the low current field circuit can be used
to implement vehicle reverse speed and to control regenerative
braking. The Electromatic CVT is a derlvative of a reliable
snowmobile transmission and has been built into the Mechanics -
Hlustrated "URBA" car {Ref.55). By combining a CRNE
separately excited shunt wound motor with this V~belt type of it
transmisslon, a more efficient and driveable power train may
resuit.

8 Since decreasing weight directly improves vehicle per-
formance, light weight power train components are
desirable. Candidate materials include plastics, composites,
and other high strength to weight ratio materials.

® Sgveral manufacturers have noted that it is feasible to ok
achieve lower rolling resistance in a tire dssigned e
especially for electric vehicles. Parameaters to be ,;
optimized include: L

- Aspect ratio

- Sizing

- Inflation pressure
- Cord angie

- Compound selection

- Tread contour
- Rim width
@ A greater range can be achievad for a vehicle with a greater

ratioc of hattery mass to overall vehicle mass. This ratio
Is referred to as the "battery mass fraction."

8 Since the size of most electrical components is R R
proportional to current, higher voitage batteries should E
result in a smaller system which is lighter and more AL
compact. e

¥ In this report "separately excited" refers to a shunt wound motor
with separate armature and field controls,
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@ Several studies (i.e., Ref. 63, 64 and 65)
indicate that an AC motor and controllier package will
offer weight and cost benefits aver the DC systems.
The weight reduction alone can Increase vehicle range
if efficiency Is not sacrificed.

® A trade-off analysis should be performed to ascertain the
potential for using a dual set of hatteries. One set would
be capable of fast charge and discharge to provide
power for acceleration and to accept regenerated power,
The other set would be suited for steady charge and
discharge and would Be relied upon during cruise
operation. This approach was attempted with the GE
Deita vehicle (Ref. 21} and in some recent Japanese
vehicles.

@ Battery development has been recognized as a8 key to
the success of the electric vehicle program. Efforts to
improve the energy storage capacity should be encouraged,

® Mechanical storage of energy in high densily, composite
flywheel stryctures can provide effective battery load
ievelling. Power needed in surges for acceleration or
generated during deceleration can be transferred from,

ar to, the flywheel,

In order to evaluate any of these potential improvements, more detailed
study is required. Due to limited funds and time on the present contract,
only the most "“important" area(s) could be analyzed. Therefore a
set of preliminary evaluation criteria were established to rank the
improvements by priority. Improvements were sought which:

@ Represent near-term state-of-the-art rather than advanced
technology,

Offer some potential for range improvement which has not heen

@
fully evaluated (For example, since tire improvements have
already been shown to increase range, there is little to add
to our understanding in this area short of a prototype electric
vehicle tire developmeant program),

© Present minimal risk to the immediate objectives of the electric
vehicle program.

@ Are technically feasible, and

@ Represent a reasconable level of evaluation effort.
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A matrix is presenied in Table 5~2 which compares the areas of v
patential himprovement, The separately excited DC motor was selected _
for further study on the basis of this comparison since It represents

2 near-term, feasible advance of moderate risk and unquantified range |
Improvement. s

TABLE 5-2 COMPARISON OF POTENTIAL IMPROVEMENT AREAS I

1

Eo g

Comnwrcial- Estimatad I

State-of- improved | Developmgnt Yechnical {ization Eltory To N

Evaluation Tash Ares the-Art Range Rlsk Feasibility | Eotential Astiey B

1. Sapacately sacited DC motor Near ¥ Modarate Yos Yas Mosdarale

2. Componant waight reguction Curvant Yas Low Yes [ Yai Aodacate ; s ‘

3. Efectric vah -2 28 Nuar Yas Low Yes Yas High 1
&, tncrease bAtleey mess (raction) Now Yeas ' 1 Yes n=-

5. Battary voliegs change Near t Mpderste ? ? Moderate ;

& AC motor system nasr H Righ ' 1 High

7. Supplamatital load lavaling Advanced t Low ? 4 High L
batigrias o

§. limprovsd batteries Advsnzad Yes High Yas AL 1Y Righ :
ok

9. Flywhaals for load-teveling Advanced Yas High Yes ? High f
o

4

5.3 SEPARATELY EXCITED MOTOR SYSTEMS

In this section several power train configurations employing 5
separately excited, shunt wound DC motors are described. These were ‘
simulated with o computer program to estimate the range over the SAE
driving cycle. The added flexibility provided by separate control of the

motor field, either with or without a transmission, allows a better match [ (.
batween the motor and the load and, as a result, vehicle range is o
improved by approximately 20% over o comporable power train using a i ;
series motor. ' 1
B

.
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5.3.1 Computer Simulation Model

An iterative simulation with empirically adiusted component
models was used to investigate the performance of the separately
excited motor systems. This computer program is proprietary to
TRIAD Services, !nc. of Dearborn, Michigan., The state-of-the-art
power train design using the series DC motor (Case 9 of Chapter
4.0) was also simulated with this program to provide a direct
comparison bstween the series and separately excited, shunt wound
motor systems with the same analytical tool.

The computer program simulates a given vehicle, drive train
and control strateqy using an iterative preocess based on current
feedback. The accelerator pedal position controls motor current.
Since the most efficient manner of extracting a given amount of energy
from a battery is to do so at constant current, motor current is held
constant during the accelerating portion of the cycie. The sequence
of program execution is, generally, as follows:

o The speed range (i.e., 0-72 km'h for the SAE cycle)
is divided into 1% velocity steps;

o A first "guess" is made for motor current and the moator
torque is colculated;

& By looking "ahead" 1/2 of a velocity step an average
road load Is computed from the vehicle model and the molor
speed is calculated from the drive train ratio;

. The motor torque is reflected through the power train and
a net vehicle acceleration is obtained (acceleration =
{tractive effort - road load) =+ wvehicle mass);

- From the acceleration, the time to reach the end of the
velocity step can be calculated;

s At =ach step wvehicle speed and drive ratio is used
to compute mctor speed and, since current is Known,
the moior voltage is calculated from the motor model;

a If an armature chopper is employed, the duty cycle is
calculaied from the ratio of motor voitage and battery
voltage (ot the battery current).

" The battery discharge characteristics, and the time at
discharge, are used to compute the percentage enerqgy drawn;
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® The procoss is continued until the "eruisa" spead 72 km'h
(45 mph) Is reached;

™ The time o reach the eruise speed is compared to the
specification (28§ sea), the motor cvevant is then adjusted,
up or down, and the process is berated until the time to
reach aruise Is as required.

@ Range at constant spead is ealeulated by woerking from
the road load "backwards®, through the drive train, 1o the
battery.

For ench of the power trains with separately excited moters,
and for tha series motor design (Case 9}, soeveral sinwdation runs
wera made to seleat the bast {ins! drive ratie.  Common parameters for
thase studies were:

e Vehiele tost weight was 16833 kg {3600 1bs.)

a The vehicle dynamic model Included: o
- An effective frontal area of 0.58 m* (8 ft ¥
- A tire radius of 6,30 m {12.6 in.)

A rolling resistance of 0,98 N 'ka (0.01 Ib. Ib.).

® The efficiency of the armature choppar controller was
assumed to bo 96%.
® A motor mathematical model was developed from the

Prestollte EOQ-26747 data (shown earlier in Figure 4-9).
and Included:
- Armature resistance = 0.012 ohms.
Maximum torque constant = 0.292 ft./lb. per amp.
Minimum torqua constant = 0,087 ., 'lb. per amp.
- Field strength variation = 311,

& The Electromatic CVT was shifted over a range from
JAT L 1.0 to 0,88 ¢ 1.0, Rs ossumed efficioncy is
shown in Figure § 1.

. For regensrative braking the current was fimited to 150 amps.
Based na tosts performed with the CDA town car, the
regenaration efficlency used was 83%.  Due to the current
Hmit, some Kinetic energy was dissipated in the friction
brakes to achieve the braking regquirement of the SAE
cycle,
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Qeseription and Parformance Calcutations

The Ssower traing studiad in this section are distinguished by
armature .ontrol, field contral or the incorporation of the Electromatic
CVT. Four cases enploving shunt wound motors were considered,

Flgure %~ ig a bidcck diagram of the pawer train with the series
mator ang OV (Case 9). The battery current and motor speed for this
case Is shown In Figure §-3. A possibie comirol scenario begins with
the transmisgion ratio at 3.41: 1 when the vehicle iz at rest. Armature
ehopping 18 used o actelerate the vehicle until the duty eycle reaches
100% (motar voltage < batlery voltage) and further acceleration, above
about 18 kmoh {11 mph), s accomplished by upshifting the transmission
at a constant motor gpaad, Since the road load s approximately constant
during this part of the driving eycle (see Figure &-7) the battery current
is congtant, Since the vehicle is no tonger accelerating, there is a reduced
dad demand for eruising at 72 km’h (45 mph}, the tranamission is down-
ghifted. the motor spead increazes o a "base" spead limited to 4000 RPM
and the current drops subatantially. With the motor at this speed the
transimission ratio ts 1,585: 1, Further decreases in damanded torgue
(eperator gontrollad through pedal position) are accommodiatag by
¢hopping the armature voltage, Bagically, the contrad logic responds to
acvaterator padal {torgue) demand by a hlerarchy of armature chopping
and transmission contrat with the motor speedt detining an additional
decision path., If motor spead is at its peak (000 RPM) increased torque
demand is met by upshifiing and decreasedt toad is achieved by chopping
iy the armature cteauit.
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Figure 5-2 Power train with series motor and CVT {Case 9) .
The "F" contactors are activated for forward, ete,
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Figure 5-4 is a block diagram of a power train with both armature
and field chopping and the Electromatic CVT. Figure 5-5 shows the
battery current and motor speed for this case. In operation the system
starts with the battery voltage across the field and the transmission
at its highest numerical ratio (3.41:1). Armature chopping
is used to accelerate the vehicle to about 8 km’'h {5 mph). At this
speed the duty cycle is 100%8. Further demands for speed are met by
upshifting the CVT until about 45 km h {28 mph) is reached. At this
speed the transmission ratio is 0.68:1 and field weakening, by the fieid
chopper, provides additional speed. The control strategy is a hierarchy
in order of .armature chopping, shifting and field weakening.

Bypass

\ e~ Contacior

Armalure
Chopper

Fiold o A AU ©

Chopper ! } ] )
F R

Baltery

CvT

~ Diterontiat

N

-

Figure 5-4 Power train with both armature and field control
and the CVT (Case 11). The armature chopper would
use SCR's whereas the field chopper, since it is in a
low power circuit, could be implemented with transistors.
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Figure 5-5 - Battery current snd mator speed for power train with
separately excited motor, armature and ficld chopper and CVT

(Casa 11).
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Flgure 5-§ shows & block disgram of a puw&r traln which eliminates

the armature ghopper. The calgulated results for battery current and
motor spaad for this case are given In Figurs 57, Tha system starls
with the batiary voltage across both the armature and the field of the motor
and the transmission ratlo at 3. 71 1, Some degraa of belt slipping must
aaour whan siarting and currens Himlting is also needed. The Mechanix
IHustrated URBA car [Ref. 58) amployed a simllar control method but the
high starting speed of the motor was disturbing and the clutching actien
of the Eleciromatlc was rough. Above about 8 km/b (5 mph) this system
aperates similariy to that of Case 11, h

Field
Chapper

g Armature

Bellery

vy

\~.m Difterential

Figure 5-6 - Power train with field contro! and CVT. Case 12,
is similar to Case 11 but eliminates the armature chopper and
connects the battery direcily to the armature.
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Figure 5-7 - Battory current and motor speed for power train
with separately excited motor, field chopper and CVT  (Case 12).
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Flgure 5-8 deplcts a block diagram of a poweasr tealn which faatures
an armature chopper, fixed field voltage and the Electromatle GVT.
The battery current and motor speed for this case is shown in Figure
58,

Bypass
r‘ Cantactur
Armature
Choppar
= Armature
¢ = -
; SR
Battary T
: Freid
T T

Dilterantial

Figure 5-8 Power train with srmature contrel ang CVT. Casa 13
faatures an armature chopper, fixed field voltage and the
Electromatic CVT.
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Figure 5-2 - Battery current and motar speed for power train
with separately exclted motor, armature chopper and CVT {Case 13} .
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In this configuration the motor has a linear torque-speed characteristic
similar to a permanent magnet field motor. Reverse can be implemented
by switching the low current field circuit. The control hierarchy consists
of armature chopping to about 18 km/h (11 mph) and transmission control
at higher speeds.

Figure 5-10 is a block diagram of a power traln which performs
all control electrically and features a fixed gear reduction. The baitery
current and motor speed for this case is given in Figure 5-11. For this
Ball electric” power train the maximum field voltage and armature chop-
ing is employed until the battery voltage is impressed on the armature.
Further control range is achieved by field weakening.

Bypass

i Contaclor

Armatury
Chopper
Field Armature
Chopper "
F == 7T"ﬂ

Battery

Differential S

Figure 5-10 - Power train with all electric control. Case 14, is

similar to Case 11, but eliminates the CVT and does all control
electrically.
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The resuits of range calgulations for these five cyses are summarized
in Table §5-3 for the SAE J227 a/D driving schedule. The primary objective
of this comparison was to idontify relative improvemants in range over the
SAE eycle,

TABLE 5-3 - COMPARISON OF CALCULATED RANGE OVER THE SAF
CYCLE FOR SEPARATELY EXCITED AND SERIES MOTOR SYSTEMS.

CASE 9 n “ 13 b
P st L M- S s s+ st i 42 b 1 i e Ak g e et = 47 mt ara i et e it Tadns Sy bR
Motor Typn Surles Shunt waund, Saparamly axeitud
Arlmtum Cummi Chop Chap Fhme! L.h\\p } L.hop
Flﬁld Gnlml - Chnp lahop Fl\nd ? Cmr\
’I‘rm\su\lsslan ‘I‘ypa EACVY EM t,\'i‘ E-;M CVT [;M;'C\:T' [ o=
Dl!faw:nlmt R-mu f.3.1 I ’3;1 R i oa.2 I 8.1
R.mga Qvor SAE J32%a-0, a8 ke | 58 ke | 59 km S6 km | BE km
1633 k;; n 600 b l vemh.t l\t\ lm] lSu mn) P33 s mi} e (e an) o {36.) on)
A\t\mr Sp@cd ut G4 l\u\ h T i i
{55 mph) HOOO RPAL T 3091 RPM O 5u%) RPARLT 200a RPAL Y B8Y0 RPAL
| F— . b o e e s i e bttt

Thore Is a difference tn the calculated range for the series motor
design shown here and that presented as Case 9 in Chopler 2.0, This
ts primacily the result of assumed efficlencies snd transmission shifting
range as follows:

€ The shifting range of the Electromatic used here is
narrower (3.41 to 0,686 ve 4.8 to 1.0) and the ovor-
all drive ratio is lower {(2.3:1 vs 8,2:1),

@ A lower transmission officlency was assumed hare
(see Figures 5=1), particularly at higher ratios.

) Regenercative braking was limited to 150 amperes.
Less energy, therafore, was recoverad during
decolaration.

For the state-of-the-art power train which waighs 295 kg (850 1bs)

scating the present resulis prediots a range of 50 km (31.2 wml) over
tha SAE eycle. The results shown in Table 5-3 ars conststont since
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thay are based on the same component madels and computer analysis,
and lHustrate that the use of o separately excited, shunt wound motor
offers a definite benefit In range over the SAE eycle. This is
renasonable on physical grounds as discussed below,

Conslder an electric vehicle which must oporate bath over the
SAE cycle and at a stoady top speed of, for example, 88 km/h (55 mph).
For a powar train consisting of a fixed ratio reducer and a series wound
motar, the top speed of the vehicle will correspond to the maximum
motor speed and, with armature voltage control, will be reached &t full
battery veltage. This top speod establishes the overall drive ratlo,
Since the efficlency of a series motor is maximum in the region of high
speact and high veltage, the power train s well matched to the load for
steady high spead operation. However, In order to deliver the power
peaks of the accelerating portion of a step-and-ge driving cycle, the
motor must be controlled to operate at reducad armature voltage and
speed for a significant part of /s duty cycle. This Is a region of lower
metor efficlency. Thus, the requirement to reach a top speed sets
parameters In the series motor power train which are in conflict with
achieving optimunm range over the SAE cycle, One cannot, for example,
match the motor efficlency te the peak power demanded during acceleration.

The separately excited, shunt wound motor and control system,
provide the flexibility to match motor characteristics to the diverse
recuiraments of both top speed and stop-and-gqo operation. Typlcally
a shunt wound motor achieves maximum efficiancy at "base spred" whan
full armature and field voltage are applied. Tho controller can be designed
to deltver the power peaks while the motor is at its maximum effictency. This
mure effectively {(although perhaps not optimally) matches the load and results
in improved range over the SAE cycle, Top spoed operatlon Is achioved by
weakening the field, which decroases the generated voltage (back EMF) and
aliows higher motor speads.

The acdvantage of the separately excited, shunt wound motor system
ovar the series wound motor is the result of the motor; controtier system
flexibillty, and not inherent to the machines alone.

In addition to absolute predictions of range, several qualita-
tive factors merit consideration in an electric vehicle power train
design. Key among these are reliability, maintainability and dovelop-
ment risk.

The absence of an armature chopper in Case 12 requires that
the V-helt slip in order to start the vehicle from rest, Excessive
wear and poor driveability can be expected from the Electromatic
transmission under these conditions. This case is therafore,
rejected for the electric vehicle application.
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The tradeoff considerations between Cases 11,13 and 14 are
more subtle. All of the range predictions shown In Table 5-3 were
made assuming a 1633 kg (3600 Ib) vehicle which ifxuplies a power
traln weight of 340 kg (750 Ib). Since the CVT weighs gbout 18 kg
{40 1b) and the field chopper about 2.3 kg (5 Ib), the Case 14 power
train will weigh 279 kg (615 Ib). This should result in a range
over the SAE cycle of 61 km (38 mi). Moreover, one can axpect
greater reliability and lower maintenance costs to be associated with
this "all electric® drive. However, the high motor speed ptesents
an offsetting consideration. Traction motors are not normally built
for operation much above 4000 RPM. Special designs are available
which incorporate high strength armature construction and high
spead hearings, but these tend to be more costly and field experience
is limited. A low speed motor for Case 14 is feasible but it will,
necessarily, be larger and heavier. Cases 1! and 13 are attractive
due to the lower motor speed; however, there still remains some
development tisk associated with refining the Electromatic CVT.

Separately excited motors can provide a range advantage over
comparable power trains with series machines. The motors are
available, at least by special order. These systems require tailored
controller designs which are within the near term state-of-the-art.

In view of a rapidly advancing electronics technology, the all electric
system with a high speed motor (Case 14) is the most viable design
approach., Development of the Electromatic transmission should continue
and as positive experience is obtained, the power train with fixed

field voltage (Case 13) may be a good alternate.

‘The continued development of high speed DC shunt motors and
electronic control packages will enhance the potential success of the
"all electric" drive concept. In this context, the dual motor drive {Case
3 of Chapter 4,0) with separately excited machines and a single controller
warrants some reconsideration. In addition to these power train developments,
further research Is needed fo provide better batteries, expanded use of
lightweight materials and low rolling resistance tires, since these have
the major potential for improving range.

5.4 MISCELLANEOUS IMPROVEMENTS

Several other improvements will lead to features which should
enhance the commercial success of the electric vehicle. These may
not increase range but are desirable in order to satisfy the general
expectations of the potential electric vehicle buyer. The following
paragraphs describe these miscellaneous improvements:
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@ Smoanth stopping of an slactric vehicle wiilizing
alectrical dynamic or reganerativa brakes in con-
junction with hydraulic brakes requires a brake
blending control system. Consistent with safety,
stich a system would blend the alectrical and hydraulic
brakes ln responsge (o deiver input.

o The raliabillty of electric vehicle power traln components
should be carefully assessed. Areas of weaskness should
bha identifiad and improved.

Py The Issue of safely needs to be carefully addressed to
ensure compiiance with applicable standards. Current
dasigns, that hava primarily been vehicle conversions,
generally mest applicable DOT and SAE vehicle require-
ments. Qther vehicles, especially those that are based
on golf cart and similar technology, are not viewed as
favarably. Compllance with the National Electrical Code
may alse ba a requiremant.

¢ In orcer to schieve the maximum weight and wvolumetric
aconomy for the wvehicle package, the motor and irans-
mission (or gear reduction) should be designed as a
single mechanical unit,

8 The state-of-the-ari assessment presented in Chapter 3.0
indicated the need for off-the-shelf, sfficient and raliable
automatic transmissions for electric vehicle use. The
Electromatic CVT, when used in conjunction with a
variable speed electric drive {as in Case 9) promisas
to fulfill this nead. Efforts to refine the develop-
ment and prove the field reliability of this type of unit
should be pursued.

Another system based on off-the-shelf electromagnetic clutches,
{used in Case 10 of Chapter 3.0) also shows promise as an
officient and reliable automatic transmission. A preliminary
dascription of this latter concept is presenied in the next section.

5.5 DISCRETE GEAR CHANGE AUTOMATIC TRANSMISSION

A two speed, discrete gear change automatic transmission,
based on Formsprag dry slectromsgnetic cluiches, is shown In Figure
5-12. The disc clutches couple alternate gear trains to the drive motor.
Low gear is &1 and high is 1.03:1. The transmission cutput gear is
coupled to a standard Dana differantia!l with a modified housing through
a ring gesr of 4.5:1 ratlo.  The differential outputs are coupled through
two univarsal shafts typlcal of the Corvetie and VW transaxie approach.
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Power flow in the two gears is shown in Figure 5-13 and a typical
vehicle mounting is shown in Figure 5, 14.

Some of the features of the electromagnetically shifted, discrete
gear change, automatic transmission are listed here.

@ The design is based on off~the-shelf hardware.
Formsprag electromagnetic clutches are shown.

@ The unit is compact and is estimated to weigh
less than 100 pounds.

P Low electrical power is required to activate or
maintain the clutches. Only 31 watts (.04 hp) is required
as compared to 0.75 - 2.2 kw (1-3 hp) loss of conven-
tional hydraulically actuated automatics.

o Low drag loss, dry clutches are employed. Slip
friction losses are 0.2 N-m {0.15 Ib-ft) or
75 w (0.1 hp) at 88 km/hr (55 mph). This loss
can occur only during shifting.

® The gear design is conservative, stress levels and life
expectancy is consistent with standard automotive
practice. The gear sets are {ubricated.

P Motor synchronization with the shift function is
required to maximize reliability and smoathness. Each
ciutch can dissipate 360,000 N-m (282,000 |b-ft). Under
a worst case assumption of 120 shifts per hour, the
change in motar rotor inertia requires that 1,240,000 N-m
{850,000 1b-~ft) per hour be dissipated. Motor speed control
during shifting is, therfore, desirable. The details of such
a control system need to be evaluated although they do not
appear to be conceptually difficult.

Further development and testing of the electromagnetically shifted
design appears warranted.

If the electronic synchronization during shifting can be achieved with
a high degree of accuracy, the slip type disc clutches can be replaced by
positive engagement tooth type clutches, such as menufactured by Bendix.,
These are significantly smaller and less expensive than the disc type
clutches and their use would permit 2,3 or 4 speeds to be designed in a
relatively small package. They can be operated wet {in oil) and there-
fore, need not be isolated from the gearing. The efficiency of such a trans-
mission would be comparable ta the divc clutch design. A 3-speed trans-
mission concept using this desion =approach is depicted in Figure 5-15,

118



k
: il
AR S — =
7 & — )
% t
- ' L
ys %
n =1
H
i -
|
i
I}
LCY GEAR
N
b
/
4 7,
¢
2']

i \J |
L
i
N ! 7
' g
HIGH GEAR

Figure 5-13 Power flow in the electromagnetic transmission.

] ORIGINAL PAGE IS
20 OF POOR QUALITY

i L

i
i
1)
H

=

S o vk

el AT it T v

mgmee gt s i s

]
r



ORIGINAL PAGE IS
OF POOR QUALITY

r—T" BATTERIES ! BATTERIES
T i e
1 {
}
1

CONTROULER

Figure Z-14 Typical installation of power train in a vehicle.

121



1st nd ard
Gear Cear Gear

“Traction Mctor |

B

N N ST

bifferential-l: | Ratia

Universal
A : Coupling

Figure 5-15 Tooth type electromagnetic 3-speed transmission.

ORIGINAL PAGE IS
OF POOR QUALITY

122

Lt 1 e e s © e g . o



§.0 CONCLUSIONS

This report has prasented a preliminary design of an electric vehicie
power train based on an gbjective assessmeant of the state-of-the-art, and
has identified and evaluated technical advances which can improve vehicle
performance. The primary standard of performance was range over the
SAE J227a schedule D driving cycle.

Most state-of-the-art electric vehicles are conversions of conventional
highway vehicles. Very few completely original designs exist. Prototypes
such as the Copper Development Associztion town car and the McKee
Sundancer, howeaver demonstrate that carefully designed, fightwaight
vehlcles can achieve superior performance.

Several state-of-the-art AC and DC motors are available in the size and
power range required. However, the only state-of-the-art controllers
commercially available are for DC series wound motors,

One technique of optimizing the range of an electric vehicle over a
stop and go driving cycle is to match the motor characteristics to the load
through an efficient, lightweight multiratio automatic transmission, The
number of useable compenents is qulte limlted and include modified
conventional transmissions and an electrically controlied, V-helt, continuously
variable system. A promising aiternate design Is based on off-the-shelf,
electrlcally activated clutches.

The recommended state-of-the-art power train design employs an
18 kw (24 hp) DC series wound motor, SCR controller, V-belt CVT, drum
brakes, radial-ply tires and regenerative braking. A power train based on
a separately excited shunt wound DC motor will achieve about 20% greater
range over the SAE cycle than one with a series wound motor. In order to
implement this system, technical development is needed in the areas of
higher speed, shunt wound motors and electrical controllers featuring
bath armature and field control.

Even with power train components which are perfectly efficient, a
highly streamlined 1632 kg (3600 lb) electric vehicle, with state-of-the-
art tires, would have a range of only 96 km (60 mi) over the SAE cycle.
In arder to significantly extend range, improved batteries, expanded.
use of lightwelght materials and low rolling resistance tires are needed.
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