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FOREWORD

The Electric and Hybrid Vehicle (EHV) Program was estab—
lished in DOE in response to the Electric and Hybrid Vehicle

Research, Development, and Demonstration Act of 1976. Respon-
sibility for the EHV Program resides with the Office of Electric

and Hybrid Vehicle Systems of DOE. The Near-Term Hybrid Vehicle
(NTHV) Program is an element of the EHV Program. DOE has assigned
procurement and management responsibility tor the Near-Term Hybrid
Vehicle Program to Jet Propulsion Laboratory (JPL).

The overall objective of the DOB EHV Program is to promote

the development of electric and hybrid vehicle technologies and
to demonstrate the validity of these systems as transportation
options which are less dependent on petroleum resources.

As part of the NTHV Program, General Electric and its sub-

contractors have completed studies leading to the Preliminary
Design of a hybrid passenger vehicle which is projected to have
the maximum potential for reducing petroleum consumption in the

near term (commencing in 1985). This work has been done under

JPL Contract Number 955190. Modification 3, Phase I of the Near—

Term Hybrid Vehicle Program.

This report is Deliverable Item 7, Final Report. The ma~

terial included in this report summarizes all of the effort in

Phase I. In accordance with Data Requirement Description 1 of

the Contract, the following documents are submitted as appendices:

APPENDIX A is the yission Anal sis and Performance 5 ecifi-
cation Studies Re ort. 'Efiis is Deliverable Item I and reports
on the work of TasE 1. It presents the study methodologY: the
vehicle characterizations; the mission description, characteriza-

tion, and impact on potential sales: the rationale for the selec-
tion of the ICE reference vehicle: and conclusions and recommenda-

tions of the hission analysis and performance specifications
studies.

APPENDIX B is a three volume set that constitutes Deliverable

Item 2 and reports on the work of Task 2. The three volumes are:

0 Volume I -- Design Trade—Off Studies Report

0 Volume II w- Su lement to Desi n Trade-Off Studies

Report, Volume T

9 Volume III -- Computer Program Listings.
MM”

 

 MIN-h..-

Volume I presents the study methodology; the evaluation and comm

parison of candidate power trains: the control strategy and the

selected design concept. Volume 11 presents reports submitted by
subcontractors on heat engines, battery power sources, and vehicle

figditjru
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technology along with detailed background on motors and controls.

Volume III consists of listings of computer programs used in
analyzing the various design Options.

APPENDIX C is the Preliminary Desi n Data Packs o. This is
.rw—l‘l'

Deliv3?aBIe Item 3 and reports on EHEHwor o ”TEEE'3. It pre-
sents the design methodology. the design decision rulionale. the
vehicle preliminary design summary, and the advanced technology
developments. Included in the Preliminary Design Data Package
are five appendices which present the detailed vehicle design: the

vehicle ride and handling and front structural crashworthiness
analysis: the microcomputer control of the propulsion system: the
design study of the battery switching circuit, the field chopper,
and the batter charger; and the recent HYVEC program refinements

and computer results.

APPENDIX D is the Sensitivity Anal sis Report. This isDeliveraEle Item 8 and reports on TasE i. It presents the study
methodology. the selection of input parameters and output vari-

ables, the sensitivity study results, and the cenclusions or the
sensitivity analysis.

The three classifications - Appendix, Deliverable Item, and
Task Number - will be used interchangeably in these documents.

The work accomplished on this contract. which is fully described

in this report and its appendices, was performed by the Electric
Vehicle Program in the Power Electronics Laboratory of General
Electric Corporate Research and Development in Schenectady, New

York. Subcontractors and their areas of support were:

 
ggbccntractor Area of Support

3 EBB, Inc. Batteries

3 General Electric Space Heat Engines
Systems Division

I Professor Gene Smith, Mission Analysis and

University of Sensitivity Analysis

Michigan

0 Triad Services Vehicle Design and

Analysis

Other contributors to the General Electric Vehicle Program

whose consultations were applicable to this study were:
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”1.1 INTRODUCMDN

This report in Dnlivorablc item 7, Fiasl,flsu0££* and is the
summary report of a series which document the rcdfilts of Phase I
oi the NcarmTcrm Hybrid Vehicle Program. This pnasc oi the pro-
gram was a study loading to the preliminary design of a 5=pascon=
gar hybrid vehicle utilizing two energy sources (electricity and
gasoline/diesel fuel) to minimize petroleum usage on a fleet
basis.

 

The procram is spensored by the US Department of Energy

(DOE) and the California Institute of Technology, Jet Propulsion

Laboratory (JPL). Respousibility for this program at DOE resides

with the Cities of Electric and Hybrid Vehicle Systems. Work on
the Phase I portion of the prOgram was done by General Electric

Corporate Research and Development and its subcontractors under
JPL contract 955190.

This report presents a complete summary of the work done on

Phase I, in the following manner:

8 Overall summary of the Phase I activity

I Summary of the individual tasks

‘ Summary of the hybrid vehicle design

0 Summary of the alternative design options

0 Summary of the computer simulations

' Summary of the economic analysis

C Summary of the maintenance and reliability
considerations

0 Summary of the design for crash safety

0 Rib], iography

Those summaries are based on and are supported by the series

of task reports that were submitted as deliverable items during the
contract, The task reports are being resubmitted as appendices to

this Final Report. The interrelationship of appendices, deliver"
able items, and tasks is tabulated below:

|-—l
I]

|—‘
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Deliv*” Ele

éflflflflgii .hfilfigm EEEE ELEM?

A 1 1 Mission Analyaie and Perfiormw

ance Specification Studies Report

B 2 2 Vol. I — Design Trade-Off

Studies Report

Vol. II — Supplement to Design

Tradew0ff Studies Report

Vol. III — Computer Pregram

Listings

C 3 3 Preliminary Design Data Package

D B 4 Sensitivity Analysis Report

1-2
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1 .2 OBJECTIVES

The objectives that were set forth for this effort are iden-
titluu in the following subsections.

1.2.1 OVERALL DOE EHV PROGRAM OBJECTIVESIa-  

The overall objective of the DOE EHV Program is to promote

development of electric and hybrid vehicle technologies and to
demonstrate the validity of these systems as tranSportation

options which are less dependent on petroleum resources.

The Near—Term Hybrid Vehicle Program is an element of the
EHV Program. DOE has assigned procurement and management re—

sponsibility for the NearvTera Hybrid Vehicle Program to JPL.

1.2.2 DOE EEARWTERM HYBRID VEHIELE PROGRAM OBJECTIVFS
  

The DOE Near-Term Hybrid Vehicle {NTHV} Program Objectives
are summarized as follows:

Advance the state of the art in hybrid vehicles

I Show that hybrid vehicles can be

Practical

Energy efficient
Safe

Producible

Affordable

Functional

' Develop validated vehicle designs that can be
useful candidates for the demonstration program

I Provide analytical and test methodologies and
tools for general application to hybrid vehicle

technology.

The NTHV Program is planned as a multiyear project of two

phases:

0 Phase I =~ Design Trade=0ff Studies and Preliminary
Design

a Phase II == Final Design and Fabrication of Test Vehicles

1.2.3 sesame PHASE I OBJECTPIVEE
..“_.._...__...__._..._....____..._.—.._._.._..=u _.._‘.._.==__.__ _

The specific objectives of Phase I of the Near=Term Hybrid
Vehicle Program are to:

1‘3
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0 Identify missions for hybrid vehicles that
promise to yield high petroleum impact,

0 Characterize the single vehicle concept which
satisfies the mission or set of missions that

provide the greatest potential reduction in
petroleum consumption.

0 Deve10p performance specifications for the
characterized vehicle concept,

0 Develop, through trade-off studies, a hybrid
vehicle preliminary design that satisfies the
performance specifications,

0 Identify technologies that are critical to
sucCessful vehicle development,

0 Develop a proposal for the Phase II activities
that include vehicle design, critical technology
development, and vehicle fabrication.

Page 16 of 572 FORD 1234
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1.3 DESCRIPTION OF MAJOR TASR'S

The Phase I program was divided into discrete tasks in
accordance with the contract. The work consisted of the follow-

ing major tasks:

Task 1 — Mission Analysis and Performance Specification
Studies

Task 2 — Design Trade-off Studies

Task 3 - Preliminary Design

Task 4 _ Sensitivity Analysis

Task 5 - Proposal for Phase II

Task 6 — Phase I Documentation

Task 7 - Program Management and Integration

The work done on this program is described in subsequent

sections of this report. Section 2. Summary of the Phase I

Tasks, describes how the tasks interrelate and gives details of

the four major tasks (Tasks 1 through 4). These sections include

the specific tasks objectives. and a discussion of the methodology,
and the major findings, conclusions. or recommendations. In addi—

tion, the complete reports associated with Tasks l, 2, 3, and 4

are submitted as appendices to this report. A brief summary
description of the major tasks and identification of the task

reports follows.

1.3.1 TASK 1, MISSION ANALYSIS AND PERFORMANCE SPECIFICATION
STUDIES

The major elements of Task 1 included the following: {1)
definition of the missions or set of missions which maximize the

potential for reduction of petroleum consumption by a single
hybrid vehi-le, (2) identification of Vehicle characteristics

associated with these missions, and (3) preparation of specifics“

tions defining the performance requirements which the vehicle

should achieve to safely and efficiently perform the mission or

set of missions identified in the mission analysis. The work

done on this task is reported in its entirety in Appendix A.
  “sup-«WW ._....._... . ___....‘___.=_._-...,__

1.3.2 258K 2, DESIGN TRADSrOFF STUDIES
MVMHo-h‘fl-  ... ”N..~.._..____..__._...._m .._.

Task 2 included tradoeoff studies of alternate system cons
figurations and components in order to arrive at a hybrid vehicle
design concept which best achieves the vehicle specifications

Page 17 of 572 FORD 1234
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developed in Task 1 and offers the greatest promise of reducing
petroleum consumption. The work done in this task is reported in

its entirety in Appendix B. Design Trade—off Studies Repeat;
Volumes I, II. and III.
 

1.3.3 TASK 3. PRELIMINARY DESIGN 

Task 3 carried out a preliminary design of the most promising
hybrid vehicle concept identified in the Task 2 studies. It in-
cluded definition of all major parameters and components, such

as internal and external dimensions; all power train components:

materials for body and chassis: weight breakdown by major sub—
assemblies; projected production and life cycle costs; performance
(including all categories specified in Task 1); and identification
of technology development required to achieve this preliminary
design. The work done on this task is reported in its entirety

in Appendix C. Preliminary Design Data Package.

1.3.4 TASK 4, SENSITIVITY ANALYSIS 

Task 4 carried out a sensitivity analysis which determined
the impact of variations in selected parameters on the utility,
the economic attractiveness. and the marketability of the hybrid
vehicle. The parameters varied included travel characteristics,

energy costs. hybrid vehicle lifetime, maintenance cost, and fuel
economy of the Reference ICE Vehicle. The work done in Task 4 is

reported in its entirety in Appendix D, Sensitivity Analysis Report.

1.3.5 TASK 5. PROPOSAL FOR PHASE II

Task 5 consisted of p-eparing a proposal for Phase II of the
program which included a final vehicle design based upon results
of Task 3 preliminary design. Subject to JPL approval of this
final design, two hybrid vehicles with spares and support equip=
ment will be fabricated in Phase II. The Phase II-effort also

includes testing the vehicles, delivering them to JPL, and provid-

ing field support during acceptance testing. The Phase 11 pro-
pOSal was prepared in response to RPP JC—2—2974—305 issued by JPL

on July 6. 1979. The proposal, Phase II of the Near-Term Hybrid
Vehicle Pro ram, Proposal RFP JC:§-§§VI—35§, was submitted to JPL
on August 22, I9?9. It consisted of three volumes which were:
Volume I = Technical Proposal; Volume II ~ Management Proposal;
and Volume III — Cost Proposal.

1.3.6 TASK 6, sense I nosusgnen'rlgy
.wfimg...“   

Task 6 consisted of preparation of monthly status reports:
the separate reports for Tasks I, 2, 3, and 4. respectively:
the proposal for Phase II: and this final report for all of Phase

lefi
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I. These reports have been identified where appropriate in the

preceding paragraphs.

1.3.7 TASK 7, PRO‘EEAM MANAGEMENT AND INTEGRATION
    

Task ? consists of the program management and integration
effort required to maintain technical and cost control and assure
achievement of the Phase I objectives. This is mentiOned for

completeness, since it played a vital role in the successful

execution of the program. It is not covered in this final report

or in the technical reports which were submitted previously.

'l—r'o’
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1.4 SUMMARY OF PHASE I PROGRAM RESULTS

The completed Phase I Program has resulted in the Prelimin=

ary Design of a hybrid vehicle which fully meets or exceeds the
requirements set iorth in JPL Contract 955190. This work is

fully documented as discussed in Section 1.3. Highlights of the
preliminary design are presented in the following sections along
with the alternative options which were considered.

1.4.1 PRELIMINARY DESIGN sum-1AM 

There are many aspects of the preliminary design that are
considered important. The following sections discuss those deemed
to be most relevant.

1.4.1.1 General Layout and Styling

The general characteristics of the vehicle layout and
chassis are:

' Curb weight

— 1786 kg (3930 lb)

0 Body style

- Four-door hatchback

— Drag Coefficient — 0.40

- Frontal area - 2.0 m2 (21.5 ftz)

0 Chassis/Power Train Arrangement

- Front wheel drive

- Complete power train, including the batteries, in front
of firewall

- Fuel tank under rear seat

' Baseline ICE Vehicle

— 1979 Chevrolet Malibu

A threewdimensional cutaway of the hybrid vehicle indicating
the placement of the power train is shown in Figure 1.4.lvl. Note

that the complete hybrid power train is located in front of the
firewall with no intrusion into the passenger compartment. The

drive train consists of an 30 hp {peak} 1.6 liter fuelwinjectcd

gasoline engine, a 45 hp (peak) separately excited do motor, on
automatically shifted transmission, clutches, and accessory drive

components. An artist's rendering of the vehicle styling is Shown

lufl
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in Figure 1.4.1-2. A fourmdoor hatchback body type was selected
because it maximizes the allwpurpose character of the five—

passenger vehicle and hence its marketability.

1.4.1.2 Energy Use

The primary goal of the hybrid vehicle program is to conserve
petroleum. The vehicle which was designed in Phase I offers great
promise in meeting this goal. Figure 1.4.1—3 shows that the fuel
economy of the near-term hybrid vehicle is in excess of 6G mpg for
trips of 30 miles or less. Figure 1.4.1—4 illustrates the petro—

leum fuel enery savings when compared to the Reference ICE Vehicle

(1985 model}. The total energy used (fuel and electricity. inn
cluding generating efficiency) by the near-term hybrid vehicle is
about 5% less than the Reference ICE Vehicle.

1.4.1.3 Coat Considerations

A second important goal of the hybrid vehicle design was to
be competitive with the Reference ICE vehicle in first cost and

equal or lower in total ownership cost. The hybrid vehicle

sticker price is estimated at $7600 in 1978 dollars, versus
$5700 in 1978 dollars for the Reference ICE Vehicle. The owner—

ship cost advantage of the hybrid vehicle can be seen in Figures
l.4.1»5 and 1.4.1—6 which show the ownership cost and net annual

dollar savings as a functiOn of gasoline price. The hybrid
vehicle has the advantage of lower ownership cost as gasoline

prices exceed $1/ga1.

1.4.1.4 Major Features of the Design

The major features of the design are summarized in this sub-
section. In Section 3 of this Final Report. the Vehicle Per-

formance characteristics and the Energy Consumption Measures are

given in the format provided by JPL. These features are discussed

in the following sections.

1.4.1.¢.l Vehicle Design — The Vehicle Design features which
are considered to be of greatest importance in reducing technical
risk while meeting JPL performance requirements are:

(l) h microprocessor—based controller evolv-ed Ercm vehicle
and electrica.E system controlsdeveloped 8! GE/CRD for the Near-
Term Electric Vehicle Program and the highlyerefined electronic
engine controls developed by VW,

(2) .A drive motor based on the motor developed by GB DC Meter
-.«...—-.._Mama»:-

and Generator Department for the NearaTeim El.ectric Program,

[-—| Hln
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Left Rear Quarter View

 
Left Front Quarter View

Figure 1.4.1-2. Artist's Rendering of the Hybrid Vehicle
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(3) A pagtggyflflgbgyntom based on the battery developed by
Globe-Union for tho Noaerorm Electrio Vehicle Program and racont
developments on electrolyte circulation for the Argonne National
Laboratory Near~Term flattery Program,

(4) An Engine based on e vs prndnotiOn engine, VW advanood
studios and osperimonts on emissions, and VW proprietary work on
quick start for on/off engine operation,

mu

extensive use of major cemponents from late model production cars
with a minimum of new design,

{6) A hybrid propulsion subsystem (including the battery)which is pac aged entirely under the hood with no intrusion into
the passenger compartment or the luggage compartment.

(5] A vehicle subsystem design by Triad Services based on the

(7) Performance analysis models and computer programs which
have been developed and validated by GE/CRD for second-by—second

analysis of system performance during the Phase I Hybrid Vehicle
Program.

1.4.1.4.2 Power Train Design

The Hybrid Vehicle designed in this study has the following

power train characteristics:

{1} The propulsion subsystem is a parallel configuration
in which the heat engine and the electric motor can deliver

mechanical torque to the drive shaft, either together or indie
vidually.

(2) The electric motor (45 hp peak} will be used primarily

for urban driving with moderate accelerations, speeds below 30
mph, ranges of less than 35 miles, and regenerative braking at
all speeds.

(3) The heat engine (80 hp peak) will be used primarily for

highway driving at speeds above 30 mph and to augment the elec=
tric motor for East aCCelerations at lower speeds.

(4) The electric motor will augment the heat engine for fast

accelerations at high speed and to maintain speed on steep grades.

(5) The engine can power the vehicle and drive the motor as

a generator to recharge the batteries for extended range in urban
areas. it can also be used to recharge the battery at rest when
a source of electric power is not available. This use of the

engine is not recommended except when no other method of recharg-
ing is available.
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(6) Either tho electric motor or the hoot engine can Opflrfitfl
the Vehicle with reduced performance nhonld nun of the systems ho
inoperative.

1.4.1.4.3 Vehicle Performance

The hybrid vehicle has the following performance nharac=
tcristics:

(l) I: can oerform all the driving missions required of a
Supassenqer family sedan.

(2) It overcomes the range and acceleration limitations of
the all-electric car.

(3) It offers acceleration, cruising speed, and passenger
comforts comparable to the Reference ICE vehicle {1979 Chevrolet
Malibu).

(4) It results in 35% to 70% savings in petroleum (depending

on daily travel) in normal urban driving compared to the Reference
ICE Vehicle.

(5) It uses significantly less total energy in urban driving

for the first 30 miles of travel and essentially the same energy
for daily travel in excess of 75 miles compared to the Reference
ICE Vehicle.

(6) The hybrid has a first cost of $7600 in 1978 dollars
compared to $5700 for the Reference ICE Vehicle. For an annual

mileage of 11,350 miles, electricity costs of 4.2 c/kwh, and

gasoline costs of Sl/gal or higher, the hybrid vehicle has an

ownership cost which is slightly less than that of the Reference
ICE Vehicle.

1.4.2 MAJOR ALTERNATlEg DESIGN UPTIONQ

A number of design options were evaluated in considerable

depth before making the final decisions on the preliminary den
sign. These are discussed in Section 4, Alternative Design

Options Considered and Their Relationship to the Design Adopted.

1.4.2.1 Summary of Major Design Options Considered
  

The power train design options considered in depth and the

onus chosen for the nonrwtorm preliminary design are listed in
Table 1.4.2F1.
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Table 1.4.2n1

POWER TRAIN DESIGN OPTIONS CONSIDERED IN DEPTH*

 

 

  

Principal

  

 
 
 

 
 

 
 

 
 
 
 

 

 

_ Selected Alternate

considerations/Component 0 tion notion 
 

Type of Hybrid Arrange- Parallel Series
ment

Use of Secondary Storage Yes

(flywheel)

Fraction of Peak Power 2/3 -

from Heat Engine

Battery Type ISOA LeadHAcid Ni—Zn*

Engine Type Fuel-injected, Turbocharged

naturally aspirated diesel*
gasoline

Electric Drive Type dc separately dc separately
excited motor.

field control,

battery switching

excited motor

with armature

control and

field control

Transmission Type and Automatic, gear Synchromesh

Gear Ratios box {3—speed) gear box
(4-speed)

Power differential

Torque Combination l Single shaft
* Options considered in depth means those analyzed using detailed

vehicle simulatiOns (HYVEC).

 

In some instances, more than one of the options evaluated were
found to be attractive, and the selection of the preferred option was
difficult. Those attractive options which were not selected for use
in Phase II are discussed briefly in two categories, (1} technology
which is not likely to be available for 1985 production but which
would be monitored in case of a breakthrough, and {2) technolOgy which
is marginally near term and could be a good candidate for the Nears

Term Hybrid Vehicle Program if technical uncertainties were resolved.

104.2.lrl Alternative Options which Should Be Monitored — The
following Options were identified which warrant monitoring during
the Phase II Program:

1—15
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Egectric Drive
  

A contender for the electric drive was the ac induction motor

with a pulsed—width modulated inverter. This option is attractive

because of lower weight, smaller size, and higher efficiency of
the motor. However, the probability of this type of system being
in production in 1982, particularly at a competitive cost, is low.
There is development work beiwg done on this type of motor and in--
verter (ref. Appendix B — Vol. II. Section 4} and this work should

be closely monitored.

Transmission

One of the attractive possibilities ior improving the fuel econ-
omy of the hybrid VEhicle and at the same time reducing the control

complexity is the steel-belt continuously variable transmission

(CVT). This type of transmission has been tested in a subcompact
car by Borg~Warner, but the torque rating of that CVT was signifi—
cantly lower than the torque required in the hybrid vehicle. As
stated in subsection 4.8, there is little likelihood that a CVT

of the proper size will be in production by 1985. This work, how-

ever, should be closely monitored.

1.4.2.1.2 Options Which Should Be Evaluated Further - The follow—
ing options were identified as warranting further evaluation and
development in Phase II. Such additional work was proposed in
Task 5 m Phase II Proposal.

Turbocharged Diesel Engine Evaluation

Section 5.1 of Appendix C, Preliminary Design Data Package, dis-
cusses the significant improvement in fuel economy of the diesel en-

gine powered hybrid compared with the gasoline engine powered hybrid.
There is uncertainty that the diesel engine will meet the potential

EPA particulate and Box emission standards and that the diesel en-
gine can be operated in the on—off mode. This mode requires very

fast starts under a range of engine temperature conditions. It was

recommended in the Phase II proposal that a study be undertaken

to evaluate engine emissions and cold starting on an engine dynamo-

meter for operating cycles appropriate for the hybrid appl.cation.

Nisan Batteries

Section 5.2 of Appendix C, Preliminary Design Data Package,

discusses the significant reduction in vehicle weight and improve~
ment in fuel economy for ranges over 30 miles that would result
from the use of Ni—Zn batteries rather than the 130A leaddacid

batteries used in the preliminary design. However, there has been
relatively little operating experience to date with Ni=Zn batteries

in electric vehicles. Even more important, there is also uncer—

tainty regarding their energy density and power characteristics,
cycle life, and cost.

It was recommended in the Phase II Proposal that a two part de»
velopment program be undertaken to furnish Nisan batteries which

1H1?
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meet the requirements of the preliminary design. Part I of the

program would be to design and fabricate a first—generation

battery specifically for the hybrid application. These batteries
would be evaluated and, if found suitable, Part 2 of the program

would be undertaken. Part 2 would consist of design and fabri—
cation of the second generation Ni—Zn batteries for use in the

Neaererm Hybrid Integrated Test Vehicle.

1.4.3 INTERFACE COMPONENT AND SYSTEM COHTROL DEVELOPMENTS 

A key feature of the hybrid vehicle designed in Phase I is
that it offers excellent performance at relatively low technical

risk. Design and analysis problems which are not considered high
risk from a technology point-ofnview but still must be solved in
Phase II were identified. The approaches which would be taken to

solve these problems are discussed in the Phase II Proposal.

Those considerations are repeated in this section because they

are not covered as a separate topic in any of the reports. yet
their consideration constituted an important part of the tech—
nical effort in Phase I.

l.4.3.l Identified Problems Requiring Development

The following important interface components and control

developments have been identified:

(1) Design and fabrication of a reliable torque transfer
unit for combining the electric motor and heat engine
outputs for input into the transaxle/gearbox,

(Zinesign and test of an automatic clutch for starting the
vehicle from rest and operating it at low speeds on
the electric drive,

(3)Design and test of an automatic clutch for on/off oper-
ation of the heat engine when the vehicle is in motion,

(4) Smooth and efficient blending of the electric motor and
heat engine torques when both units are required to

power the vehicle,

(5) Development of the detailed control strategy for all

vehicle operating modes and the software to implement

it in the system microcomputer.

(GJSimulation of Component and power train transients on
the computer,

{?)Deve10pment and debugging of the system microcomputer
hardware.

(B)Development of the heat engine emission control system
to meet the 1981 Federal Emission Standards during on/

off operating modes of the engine.

l=lB
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(9) Modification of the automatically shifted gearbox using

input signals from the system microcomputer.

(10) Development of the shared accessory drive system and
heater/defroster/air conditioning Systems compatible
with the hybrid application.

1.4.3.2 Solution/Approaches to Identified Problems Requiring
Development

The approaches to the solution of the design/analysis prob—
lems are discussed in the following paragraphs. These will have

to be solved before the Phase II Final Design and fabrication is

undertaken. Each of the design/analysis problems is treated

separately.

(1) Tor ue Transfer Unit. The torque transfer unit. which

combines the outputs of the electric motor and heat engine and
transfers the resultant torque to the transaxle/gearbox must be

developed. Preliminary drawings for this unit, which includes
the clutch and Hy—Vo chain drive for each of the prime movers,

were prepared in Phase 1, Task 3.

[2) gutomatic Clutch for the Electric Motor. Start—up and
low-speed operation of the hybrid vehicle in the electric drive
mode involves the use of a slipping clutch, much the same as a

conventional ICE vehicle with a manual transmission. In the hy-

brid vehicle, this clutch operation should be made automatic with

modulation of clutch pressure based on driver torque command (i.e.,

position of the accelerator pedal). The basic hardware for this
clutch could be a standard automotive. dry clutch, but its control

must be developed. Initial work will involve laboratory tests,
but the final development should be done in a mule vehicle.

{3} Automatic Clutch for the Heat Engine. The operation of
the clutch that couples and decouples the heat engine into the
power train will be commanded by the system controller and should
be automatic both with respect to timing and rate of engagement/

disengagement. The basic hardware for this clutch will likely be
a standard automotive component. Its Operation will be developed

with initial work done on the engine dynamomcter. but the final
work should be done in a hybrid test bed mule vehicle.

(4) glending of Electric Motor and Heat Engine Torgues.
There are several operating modes in which-the outputs of the
electric motor and heat cnqino must be blended (1.0., power

sharing). The blending involves both the phasing in of one of

the prime movers when the other is already operating and also
phasing out one of the prime movers when it is no longer needed.
This load sharinq will be done using the system controller and
will involve determining the proper torque rise time, decay

time. and sequencing procedure needed for smooth vehicle opera“

  

1-1“
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tion. The tOrgue blending studies should be done in a hybrid test
bed mule vehicle.

(5) Control Strata and Software for Its Im lamentation.

Much work has been done in Phase I on developing the control
strategy for the hybrid vehicle. This work will continue in

both the computer simulation studies and the mule vehicle programs.
The control strategy developed will be implemented in software
for both the ITV system controller and the microcomputer for the

hybrid test bed mule vehicle. All of these studies and controller

developments should be coordinated so that the final control

strategy and software used in the ITV are thoroughly evaluated and
tested. The microcomputer for the hybrid test bed mule vehicle

will be programmable so that the effect of changing control
strategy parameters can be determined in the vehicle.

(6) Simulation of Power Train Transients. Power train tran»

sients are important in a number of vehicle operating modes (for

example, blending of torques during acceleration, braking, passing
maneuvers, shifting, etc.). These transients should be studied
analytically as well as on the digital and hybrid computers.

The results of these studies are needed to guide the design of
the clutches, shifting mechanism and logic. and system controller

logic and circuits.

(7} System Microcomputer Hardware. Microcomputer hardware
development is needed for both the ITV and the hybrid test bed

mule vehicle {HTBM}. The hardware for the HTBM must be fabriw

cated during the early part of the program. Development of the

system controller hardware for the ITV will involve building up

a specially designed microcomputer system from commercially

available chips, interface units, etc. The ITV microcomputer

must handle all operating modes of the hybrid vehicle while the

microcomputer for the HTBM can include only those modes critical

to the mule program.

 

(8} Heat Engine Emission Control System. The emission con—
trol system for the VW 1.5 i EFI-L gasoline engine utilizes a
three—way catalyst and feed—back control of A/F ratio using an

Oznsensor. This is the standard emission control approach for

that type of engine, but since the on/off operating mode of the

engine in the hybrid application is quite different from that in
the conventional ICE vehicle, some development work is needed

to ensure that the hybrid vehicle will meet the 198] emission

standards. Initial studies will be done on the engine dyna»

mometer to determine the required catalyst size, substrate, and
location relative to the engine exhaust for an appropriate engine

cycle for the hybrid application. Particular attention should be

given to catalyst warmeup and cooledown. Data should be obtained
so that the emissions calculations made using HYVEC can be val—

idated for the various driving cycles. Emission measurements
should include the effect of cold start.
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{9) shifting Automatic Gearbox. The transaxle/qearbox to
be used in the mule program and the ITV will be adapted from the
three—speed automatic transmission used in the General Motors

"x“ body cars. This gearbox is a wide-range, lightweight unit
especially designed for those recently introduced cars. In the
hybrid application, the gearbox is shifted on command from the

system microcomputer, but the shifting mechanism and internal

clutches are essentially unchanged. Some adjustments might be
necessary, but they can be kept to a minimum. The high-pressure
hydraulic fluid needed to shift the gears is provided from a
central accumulator that will be part of the closed-centered

hydraulic system. Modifications to the automatic gearbox and de-
velopment of the hydraulic system will be made early in Phase II.

An early version of the modified gearbox is needed for the hybrid
test bed mule vehicle. After further modifications, the final

design will be tested and verified in the mechanical/electric

mule vehicle before releasing units for the ITV.

(10} Accessory Systems. The operation and thus the design of
the accessory systems on the hybrid Vehicle will be significantly
different from those en a conventional ICE vehicle. For example,

the heater and defroster must operate satisfactorily even when

significant waste heat is not available from the heat engine.
This necessitates a gasoline burner to augment waste heat
from the engine. Second, the accessory drive system must permit

either the heat engine or the electric motor to drive the acces—

sories (e.g., air~c0nditioner, alternator, hydraulic pump} or to

share the load when both the heat engine and electric motor are
operating. Further, it is necessary to design the accessory
systems such that they require a minimum energy to operate. This

requirement leads to the use of a closed-center hydraulic system

and accumulator to supply high pressure fluid to the power steer-
ing, power brakes, and tran5mission shift systems. available

automotive components have been identified from which the acces—

sory systems can be built, but considerable effort will be ren

quired in Phase II to design and test them.

1~21
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1.5 ORGANIZATION OF THE FINAL REPORT

The remainder of this report is Organized to be consistent
with the Data Requirement Description 7 in the contract. Refer-

ences to the Task reports given in the appendices are made where
apprOpriate. A short statement is made in each section to re-

late the work discussed to the Data Requirement Topic and to
the proper Task and Appendix.
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Sacfion 2

SUMMARY OF PHASE I ACTIVITY

2.1 INTRODUCTION

A summary of all Phase I activities is presented in this
section. It is structured around Tasks l, 2, 3. and 4. For each
task the objectives are given, the methodology is discussed,
and the findings, conclusions, or recommendations are presented.
The material describing the work in each task is summarised from
the appropriate appendix which is referenced. The Near-Term

Hybrid Vehicle Program. Phase I. was divided into five tasks:

Task 1 - Mission Analysis and Performance Specification
Studies

Task 2 - Design Trade-off Studies

Task 3 - Preliminary Design

Task 4 - Sensitivity Analysis

Task 5 - Proposal for Phase II

A flowchart of the Phase I activities is shown in Figure 2.1-1.
As indicated in the figure, Tasks 1, 2, 3. and 5 were conducted

in sequence with the output of one task being used as input to the
next one. Task 4 was conducted concurrently with Task 3. Formal
documentation was prepared at the conclusion of each task. The

task reports for Tasks l, 2, 3. and 4 are included under separate
cover.

2-1
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2.2 TASK 1 - MISSION ANALYSIS AND PERFORMANCE

SPECIFICATION STUDIES SUMMARY

This Subsection summarizes the work on Task I which is given
in Appendix A, Mission Analysis and Performance Specification
Studies.

2.2.1 OBJECTIVES 

The major objectives of the Task I study were to

0 Characterize ICE vehicles in terms of weight, fuel

economy, and performance,

0 Characterize the use patterns of automobiles for various
mission combinations.

' Determine the power requirement and electric range of

the hybrid vehicle,

' Select and characterize the 1985 Reference ICE

Vehicle.

2.2.2 METHODOLOGY

In the present study, passenger cars were categorized by
size and passenger capacity. Four size classes were defined:

small, compact, mid-size, and full size. Vehicle weight for each

size class was estimated but was not used in defining the size
class. Vehicle performance specifications were examined in terms
of

Top Speed

Acceleration

Gradability

Low- and HighuSpeed Passing Capability

Performance (acceleration) required for safe Operation was
differentiated from performance required for ready acceptance in

the marketplace. Performance requirements for the 1985 cars were
then estimated based primarily on safe operatiOn. Performance
specifications for the hybrid/electric vehicle were determined and

compared to the minimum requirements Specified in Exhibit 1 of

the contract (see Figure 2.2.2=l}.

Projected characteristics of cchentional ICE passenger cars

were collected and examined. The characteristics of particular
interest were:

2“]
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Exterior llinmnsrirmn

Curb Weight

Fuel Economy

6 Exhaust Emission Standards

Data were correlated for the 19?fl models and prujnutfid for 198?.

The EPA urban and highway driving Cycles were assumed to he roprum
Sentativt of urban and highway driving in 1985 and were used to
detorminv vehicle composite fuel economy for the conventional

cars (see Figure 2.2.2e2). The 197? sales mix of the four size
classes was used as the basis for the 1935 sales mix in order to

target the size class for the hybrid/electric vehicle {see
Table 2.2.2-1).

2.2.2.1 Methodology for Mission Description and Characterization
  

In order to assess the effects of mission analysis on hybrid/
electric vehicle design and marketability, local and regional car

use was studied. Two regions were considered:

0 Inside Standard Metropolitan Statistical Areas £5MSAs)

0 Outside Standard Metropolitan Statistical Areas (SMSAs)

Data sources used include {1) national census surveys, (2}

national transportation use-pattern surveys, and (3) car regis=
tration statistics. It was assumed that the sales mix by size
class would be about the same during the next decade even though
the actual size of the cars will be smaller in the future than at

present.

The use pattern of the automobile varies over a wide range

in terms of trip length. trip frequency, and trip purpose. Four

general categories of trip purpose are defined:

' Earning a Living (Work Travel}

I Family Business

9 Civic, Educational, or Religious

0 Social or Recreational

The last three trip purposes were consolidated and called Personal
Business. Use patterns of automobiles were characterized in terms

of regular travel (e.g., work travel} and random travel (e.g.,

personal business). Mission sets were then described in terms of

both random and nonrandom trips. A total of eight mission sets
were Specified and analyzed (four each for travel inside SMSAs
and outside SMSAS).

2-5
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Characterization of automobile travel requires the following
main factors:

' Annual Mileage (statistical distributions)

' Daily Travel (statistical distribution of trip length
and number}

‘ Driving Mode

Since data pertinent to some of these factors is very limited, con—
siderable judgement had to be used in developing inputs for the
travel analysis. In the absence of data, for example, an estimate
had to be made for annual mileage versus percent autOmobiles. Daily

travel patterns were determined when at all possible through use of
the Nationwide Personal Transportation Study. A computer program was
written to simulate daily travel by using a Poisson distribution and
a Monte Carlo simulation. The Poisson distributiOn determines both

the number of days per year in which a specified number of trips is
taken as well as the total number of trips per year. The Poisson

distribution requires as input data the average number of trips per

day and the average trip length. The Monte Carlo simulation uses a
random number generator to predict trip length and requires the use
of distribution functions for percent trips and percent vehicle miles
in terms of the trip length. The results of the Monte Carlo trip
simulation are used to determine the fraction of days and vehicle

miles for which a hybrid/electric vehicle having a specified “elec-

tric" range can be operated primarily on the battery. Such correla"

tions were deVeloped for each of the mission sets. The travel and
trip statistics are summarized in Tables 2.2.2—2 and 2.2.2-3.

Driving mode is usually described by a driving cycle or a

combination of driving cycles. The EPA urban (FUDC) and the EPA
highway (FHDC) driving cycles were examined as the means to

represent urban and highway travel. The two parts (transient and
stabilized) of the FUDC are used individually and in combination

to describe city and surburban trips, and the FHDC is used to

describe intercity travel which is considered as trips of over
100 miles.

2.2.2.2 Methodology_Used in the Selection of the Reference ICE
¢_t|

yéhicle

 

In order to properly assess the hybrid/electric vehicle it
is necessary to identify a conventional internal combustion engine

(ICE) vehicle having the same passenger carrying capacity and per*
formance. The criteria for selection of the Reference ICE Vehicle
were;

3 Passenger Capacity

fl Sales Volume

9 Acceleration Prrformance

2=1
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Table 2.2.2—2

DAILY AND ANNUAL TRAVEL DISTANCES INSIDE SMSAS
FOR VARIOUS MISSIONS
 

Annual Distance Daily Distance (miles)
Mission (miles) Percentile'

50 ?5 . 90

Personal business only
50th percentile 20

T5th percentile 25

90th percentile 32

Personal business plus

work trips

50th percentile 21

75th percentile 26

90th percentile 32

All—purpose {excluding
intercity travel)

50th percentile 34

75th percentile 52

90th percentile >100

Allepurpose (including
intercity travel)

50th percentile 36

75th percentile 50

90th percentile 70

 
*Percentiles are for vehicle miles

2=a
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Table 2.2.2-3

DAILY AND ANNUAL TRAVEL DISTANCES OUTSIDE SMSAS

FOR VARIOUS MISSIONS

_ Annual Distance Daily Distance (miles)
Mission (miles) Percentile“

50 75 90 
Personal business only

50th percentile 4,400

75th percentile 6,500

90th percentile 9,300

Personal business plus

werk trips

50th percentile 6,275

75th percentile 8,375

90th percentile 11.175

All~purpose (excluding

intercity travel]
50th percentile 1,800

?5th percentile 10.600

90th percentile 12,700

All—purpose (including

intercity travel}

50th percentile 9,000

75th percentile 13,700

90th percentile 20,500

 
_________fiL_J“&______

*Pcrcentiles are for vehicle miles
 

2e9

Page 44 of 572 FORD 1234



Page 45 of 572 FORD 1234

ceauuchmc

Selection of the Reference ICE Vehicle was directed to mid-size

cars because hybrid/electric cars of that size class were judged
to have the greatest potential for reducing gasoline consumption.
Interior dimensional criteria noted by Consumers Union (April
1979} were used to identify several 1978/1979 model mid-size cars

which would be acceptable as Reference ICE Vehicles. Fuel

economy and acceleration characteristics were used for further

narrowing of the list_of potential Reference ICE Vehicles. The
final selection of the Reference ICE Vehicle {19?8/1979 Hodel)* was

based on the availability of detailed information on the ICE ve-
hicle which was selected.

2.2.3 CONCLUSIONS 

GENERAL CONCLUSIONS AND OBSERVATIONS 

The following general conclusions were formulated based on

the work done on mission analysis:

(1) The statistical character of automobile use is important

in determining the ”electric" range of the hybr dielectric vehicle
and the fraction of potential car buyers whose transportation
needs would adequately be met by a specific hybrid/electric
vehicle design.

(2) Statistical data on annual mileage including the rela-
tionships between annual mileage and trip length frequency along

with fraction of vehicle miles in trips of specified length are

important in calculating auto use statistics, but the available

key input data is very limited.

(3) The auto use patterns in terms of daily travel and
annual mileage are significantly different inside and outside

of SMSAs, and these differences can significantly affect the

selection of design range for hybrid/electric vehicles.

(4) The fraction of vehicle miles rather than the fraction

of days on which the car can be operated primarily on the
battery is the critical factor in selecting "electric“ range.

(5) The EPA urban and highway cycles can be used to describe

vehicle use, and the "stabilized" portion of the EPA urban cycle

is a better representation of central city driving than the SAB
J227a (B) cycle.

*Reference ICE Vehicle (1935 Model): GM mid-size: 2600 lb curb

weight: length — 185 inches, width - 73 inches: fuel economy -
29/42 EPA uncorrected. 23/33 EPA corrected: acceleration u Oa60

mph, 16 sec.
'*A 653/353 annual split between urban and highway mileage is used

rather than the national average of 55/45 because owners of hy=
brid/electric vehciles would more likely live in or near urban

areas (inside SMSAs) and thus no proportionately more urban/
suburban driving than the national average.

2e10
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{6} The urban/highway mileage split of 65/35 is more realis-
tic for metropolitan areas in which hybrid/electric vehicles will

be most attractive than the more customary 55/45 split.**

SPEC Igrc CONCLUSIONS
  

(l) The Chevrolet Malibu (19?8) with a V-6, 231 CID engine, a
S-passenger mid-size car made by General Motors, was selected as
the Reference ICE Vehicle. The projected characteristics of the
1985 model of that vehicle are used for comparison with the corre—
sponding characteristics of the hybrid/electric vehicle.

(2) An "electric" range of 35 to 40 miles for the hybrid/
electric vehicle is needed so that at least 50% of the potential
midsize car buyers would drive at least 75% of annual urban

Vehicle miles using the electric drive as their primary propulsion
means.

(3} A 0-96 km/h (0-60 mph} acceleration time* of 16 seconds

was selected for the acceleration performance specification._ The

critical factor in this selection was safe, high-speed passing on
two—lane roads. This level of performance resulted in more than

adequate gradability, freeway merging capability, and top speed.

“Acceleration performance is given in terms of 0w96 km/hr {0=6O mph}
rather than 0w90 km/hr (O=50 mph} as in the contract exhibits hem
cause it conforms more closely with the current practice of autOu
motive publications for stating conventional vehicle performances
Thus most readers would have a better feel for the performance or
the hybrid vehicle relative to conventional ICE vehicles if its
performance is given in terms of the U=fin mpl acceleration time.

2&11
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2.3 TASK 2 - DESIGN TRADE-OFF STUDIES

This subsection summarizes the work done on Task 2 which is

reported fully in Appendix B - Design Trade-Off Studies Leport,
Volumes I, II, and III. '

2.3.1 OBJECTIVES

The major objectives of the Task 2 study were to

' Characterize the major power train components including
heat engines, electric motors and controllers, batteries,

transmissions and torque combination units, and microw
processors,

' Evaluate and compare various hybrid power train con-
figurations and component combinations in terms of total

vehicle weight and initial cost,

I Simulate on the computer second—bywsecond hybrid vehicle
operation over_various complex driving cycles, and

0 Select a hybrid power train and packaging arrangement
for detailed preliminary design in Task 3.

2.3.2 METHODOLOGY

The approach used in the Design Trade-off Studies consisted

of several steps. The first step involved the synthesis of total

vehicle weight and cost from the Specific weights and costs of
individual components for a large number of candidate configurations.
In this initial screening of components and drive—line configura-
tions, the component and vehicle energy-use characteristics were av-
eraged over the driving cycles of interest. In this first step, a

wide range of drive—line components and combinations was considered
using a Hybrid Vehicle Design Program (HYVELD) for the computer

calculations. The objective of the vehic1e~level screening was
to identify those driveeline components and arrangements which
are most attractive for more detailed consideration in the next

step of the screening procedure.

The second step of the trade=off study involved second—by=

sec0nd simulation of the hybrid/electric vehicle designs operating
over several driving cycles. This simulation required detailed
modeling of the various drivewline components and the control

strategy for operation of the electric and heat engine drive sys=

tems. In this second step. vehicle characteristics, such as drag
coefficient, frontal area, weight, etc., were fixed. The major

emphasis was to determine the effect on electricity and gasoline
use of power train changes, such as battery type and weight, enw

gins type, motor voltage control technique, and variations in con=
trol strategy. The second—byesecond vehicle simulations were perw

2w12
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formed using the Hybrid Vehicle Calculations (HYVECJ computer
program.

The third step in the Design Trade—off Study was to deter-

mine whether attractive hybrid power train arrangements could be
packaged in a five-passenger car and if so, what were the primary

considerations in comparing one power train layout to another.

2.3.2.1 Power Train Com onents and

Configurations Considered

There is a myriad of possible hybrid/electric power train
configurations and components which could be considered in design
trade-off studies. Hence, some technical judgment was used at
the outset of the study to reduce the contenders to a manageable

number. For instance, the following generic hybrid arrangements
were considered and then excluded:

0 Electric drive through individual wheel-mounted
motors

' The split power train in which one set of wheels

is driven by the heat engine and the second set

by the electric motor

Wheel—mounted motors were excluded because it was felt that

for passenger-car size vehicles such motors are collectively

less efficient, heavier, and more expensive than a single motor
of the same combined horsepower. The split power train arrange-

ment was ruled out because the control of such a system when

there is power sharing between the heat engine and electric
drives would present great difficulty with respect to flexibility

and smoothness. In addition, the split power train arrangement

is inherently heavier and more expensive than single drive shaft
configurations.

The hybrid power train configurations and components con-

sidered in the present tradewoff studies are listed in Table
2.3.2—1. As indicated in the table, both series and parallel

configurations were analyzed in the first screening step, and a
number of candidate components were studied for each function in
the drive line. The effect of vehicle range and power—to-weight

ratio on the relative attractiveness of the various component

candidates from both the vehicle weight and cost points—ofeview

were investigated using the HYVELD computer program.

2.3.2.2 Component Characterization
mum    

In order to perform the tradeeoff studies it was necessary

to characterize each of the components in Table 2.3.2a1. The
degree of detail required for each component depended on whether

it was included only in the vehicle level (first step} screening

2w13
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or in both the vehicle level and second-hyvsecond simulation
screenings. For the initial screening, each component was
characterized in terms of specific weight (lb/kw: and specific
cost ($/kW). For the second—hywseccnd simulations, detailed
characterization of the components was required including
efficiencies {and/or losses) over the complete operating range
(power and speed) of the component. For the batteries it was

necessary to obtain charge/discharge characteristics over J wide
range of charge/discharge currents. For the most part, the com—
ponents were characterized using data taken on existing hardware.

Extensive characterization data for each of the power train compo-

nents is given in Appendix B {Volume I, Section 3).

In order to synthesize the power train, it is necessary to

specify a number of vehicle characteristics and the degree of
power sharing between the heat engine and electric drive systems.
For the hybrid vehicle design calculations using HYVELD, the
vehicle characteristics required are baseline chassis weight,
payload, energy consumption per tonemi, fraction of the energy

from heat engine, and the performance parameters -- power-to-

weight ratio and range on electricity. The power sharing between
the heat engine and electric drive systems is specified in terms
of the fraction of the peak power attainable from each drive

system. The efficiency of the drive—line is specified as a single
value averaged over the driving cycles of interest. As noted
previously, the effect of the vehicle and power train Specificam
tions on the attractiveness of the various components is of

particular importance.

2.3.2.3 Methodolo for the Evaluation and Com arison d!

gandidate Power Trains

During the initial screening of the candidate hybrid/electric
power trains, comparisons were made in terms of total vehicle
weight, initial and operating costs, break—even gasoline price,

and total energy used. These comparisons were made for fixed
baseline vehicle chassis weight and vehicle performance specifi—
cations. The vehicles utilizing hybrid/electric power trains

were also compared with the 1985 model of the Reference ICE Vehicle
and an allmelectric car having similar utility to a car owner. For
all of these comparisons, economic factors such as interest rate,

discount rate, finance period, payback period, inflation rate, etc.

were held constant. In addition, the fuel economy of the Reference

ICE Vehicle was fixed. Complete lists of the design and economic
factors which were varied or held constant in the initial screen-

ing study are given in Table 2.3.2-2.

Candidate power trains included in the second—byusecond
simulation studies were compared in terms of range primarily on

batterymstored electricity, fuel economy (mpg), heat engine
emissions, and energy use. These comparisons were made for urban/
surburan. highway, and intra=city driving using appropriate coma
binations of the Environmental Protection Agency's urban and higha
way cycles and the SAE J227a Schedule B cycle. In addition, the

Zelfi
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Table 2.3.2-1

HYBRID POWER TRAIN CONFIGURATIONS AND COMPONENTS

CONSIDERED IN THE DESIGN TRADEmOFF STUDY

General Power Train Arrangements

1. Series

2. Parallel

Heat Engines

1. Fuel-injected Gasoline (naturally aspirated)
2. Diesel (naturally aspirated and turbocharged)

3. Uniform Charge Rotary
4. Single-shaft Gas Turbine

5. Stirling

Transmission/Clutches

1. Power Addition with Differential Action

2. Multi-speed Shifted Gearbox with Clutch

3. Torque Converter with Lock-up
4. Continuously Variable Transmission (CVT)

Electric Drives

 

 

1. DC Separately Excited with or without Armature
Control

2. AC Induction with Pulse-width Modulated Inverter

Batteries (Primary Storage}

1. Lead-acid

2. Ni-Zn

3. Ni—Pe
4. LiAl-FeSx

Secondary Storage

1. Flywheel
2. Lead-Acid Batteries

2=15
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Table 2.3.2-2

VEHICLE AND ECONOMIC FACTOR INPUT PARAMETERS

FOR THE DESIGN TRADEwOFF CALCULATIONS

Hz'bridgfliectric Design Parameter

Banal. ine Chassis Height It

Payload weight '

Power-to—Height Ratio

Range (Benign! - All-electric

Range {Design} - Hybrid

Electric Drive-1 ine Efficiency

Coat of additional Classic lWeight "

Height Propagation Factor "

Hiiea Traveled per Rear "

fraction of Miles in City ‘

Energy consumption in City (him/ton—mi) *

Energy ConSanption on Highway (kWh/ton—mil "

Fraction of Energy from Engine in City *

Fraction of Energy from Engine in Highuay *

Price of Electricity *

Specific cost of Motormenerator (WW1

Spflific Coat of Generator {$11M}

Specific Cost of Controller {when

Specific Height of Motor/Generator {Sflbl

Specific Height of Generator (5111:)

Specific Height of Controller {$11M

Average Engine bsfc in City ‘

Average Engine bsfc on Highway *

Time for Santa ined Power from the Flywheel '

Co nvent iona1_vehicle Des ign Paramet er s
 

Power-to—ueight Ratio

Specific Height of Engine

Specific Height of Tranmiesion

Specific Coat of Engine
Specific Cost of Transmission

Fuel. Ecommy in City "

fuel. Economy on Highway '
Consumer Cost ‘

Price of Gasoline °

Maintenance Coot per Hilo '

Economic Factor 6 

Dinccunt Rate. '

Inflation Ratc- *

Interest Rate ‘

Payback Period '
Fin-3:11: For iod "

To: Rate- ‘

Sales Tax 0

*Inpul Pnramnlcm ill-1d Vmuolnnt in Uuhiclv Synthesis.
I‘ulculntluns

Zwlfi
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onsn mph and 40—60 mph acceleration times obtained for the various

candidate hybrid power trains were compared.

2.3.2.4 Vehicle-Level Power Train Layout gogsiderationg
 

The results of the design trade-off studies yielded the power

ratings of the heat engine and electric drive systems and the
weight of the batteries needed to meet the vehicle performance

and range requirements set forth by the Mission Analysis (Task 1).
In additiOn, the trade-off studies identified particular com—
ponents, such as heat engines, electric motors, and batteries.

which are prime candidates for use in the Preliminary Design
(Task 3). In order to investigate various options for packaging

power train components of the required size into a five-passenger
car. preliminary vehicle layouts were made using the 1979 Chevrolet
Malibu (chassis and interior seating arrangement) as the baseline
design. Various placements of the motor, engine, and batteries were

made including front~andarear-wheel drive and fore—and-aft-position—
ing of the batteries. These layOuts formed the basis for trade—off
considerations involving crashworthiness. service accessibility.
handling, vehicle weight. and ease of battery maintenance.

 2.3.2.5 Control Strate and Vehiele 0 eration on Various

Driving Cycles

Selection and evaluation of power train components must in—

clude careful consideration of the control strategy to be used.
The control strategy involves coordinating use of the heat engine

and electric drive systems. The power and speed requirements of

the vehicle must be matched to the capabilities of the engine

and motor. Pewer matching is accomplished by means of a trans-
mission and/or power combination differential. The control

strategy should be selfaadaptive to varying levels of battery
charge and rates of acceleration and deceleration. In addition,

the control parameters for the various components should be
easily sensed and used as inputs to the system controller. All

of these aspects of developing and implementing a control stra—
tegy for the efficient, flexible, and smooth operation of the

hybrid/electric power train were considered in the trade—off
studies.

2. 3 . 3 MAJOR FINDINGSmmfl

The major findings* from the Design Trade-Off Studies are:

(13 The parallel configuration with a 60/40 split between

peak power of the heat engine and electric drive systems is nearm

optimum from the standpoints of vehicle weight, ownership cest,

and energy usage (fuel and electricity).

Tfiétfiiffia’results of the design trade=of§ studies are given in
Appendix B (Vol. 1, Sections 5 and B).

2wl7
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(2) Based primarily on economic considerations, a do elec—

tric drive system utilizing a separately excited motor with field
control and bhttery switching was selected for the NoaroTerm

Hybrid Vehicle.

(3) The prime heat engine candidates are a fuelwinjected

gasoline engine and a turbocharged diesel. Both engines are 1.6

l in displacement and develop about 80 hp. The diesel engine
yielded 25 to 30% better fuel economy in the hybrid application
than the gasoline engine. but technology does not currently exist

to reduce the sex and particulate emissions of the diesel to
levels being considered by the Environmental Protection Agency
for 1985 {0.2 gm/mi for particulates). The diesel also has pos-
sible cold-starting problems when used in an on/off mode.

(4) A complex control strategy involving integrated power

sharing between the heat engine and the electric drive systems

is required for the hybrid vehicle to have acceleration per-
formance equivalent to a conventional ICE vehicle and at the

same time high fuel economy and acceptable electric range.
Implementation of the control strategy developed in the computer
simulations will require the use of microprocessors in the hybrid
vehicle control system.

(5) The initial hybrid vehicle simulations showed that ?00

lb of ISOA lead-acid batteries yielded satisfactory electric

range and vehicle acceleration performance.‘ The Ni«Zn batteries
were found to be the most attractive for the hybrid application,
but there is considerable uncertainty concerning the cycle life—

time and cost of Ni—Zn batteries in the 1982 to 1985 time period.

(6) The Vehicle layout studies showed that the complete

hybrid power train including the lead—acid batteries can be
packaged in the engine compartment of the 19?? Chevrolet Malibu

without any intrusion into the passenger compartment.

(1) The initial Selling price (in 1978 dollars) of the hybrid
vehicle was calculated to be about $7000 compared with $5?00 for

a conventional ICE vehicle of the same performance and passenger—

carrying capacity.+ The ownership (life cycle) cost of the hybrid
was calculated to be 17.8¢/mi compared with lB.5¢/mi for the

Reference Vehicle for energy costs of $1.00/ga1 for gasoline and
4.2¢/kWh for electricity. The lifetime of the hybrid vehicle was

taken to be 12 yrs compared with 10 yrs for the conVentional ICE

vehicle because of the long life of the electrical components,
the reduced use of the heat engine, and the improved vehicle com»

ponents at 5% increase in cost.

(8) Detailed hybrid vehicle simulations showed that for the

first 30 mi (the electric range of the vehicle) in urban driving,
yum-H...“a...“

* flattery weight was established as ?70 lb during Preliminary Design.
+ Selling price was nmdified to 57600 during Preliminary Design.

2=18
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the fuel economy was 33 mnq using a gasoline engine and 100 mpg
using a diesel engine. Over the first 75 mi the average fuel

economy of the hybrid was 42 mpg for the gnsaline engine and 55
mpg using the diesel engine. The highway fuel eeonumy of the
hybrid vehicle is slightly better than that 0? the Reference ICE
Vehicle (1935 model}. In urban driving the hybrid would save about

?5% of the fuel used by the conventional vehicle and in combined
urban/highway driving the fuel saving is about 50%.

2=19
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2.4 TASK 3 . PRELIHINARY DESIGN

This subsection summarizes the work done on Tank 3 which in

fully reported in Appendix C - Preliminary benign DQEHHEFFEHQ¢-
  

2.4.1 OBJECTIVES—-:.—v:yr-¢- 

The major objectives of the Task 3 effort were to

o Develop a detailed preliminary design (including full—
scale layouts and styling} of the hybrid vehicle using

the power train arrangement and components selected in
Task 2,

0 Perform ride and handling and barrier crash computer
simulations of the hybrid vehicle design,

0 Contact potential suppliers of major power train compo-

nents and refine the sizing of those components,

0 Perform the preliminary design of electric drive system
components, including the power electronics, battery
charger, and microcomputer,

0 Refine the second—by~second hybrid vehicle simulation
program, and

0 Determine the performance and energy—use characteristics

and ownership costs for the Neaererm Hybrid vehicle.

2.4.2 METHODOLOGY 

The preliminary design activities were concerned with

developing detailed designs of the vehicle and power train sub=

systems from the design concepts evolved in Tasks l and 2. The

primary activities undertaken in Task 3 were the following:

0 Fullescale layouts of the vehicle and power train

0 Vehicle styling

a vehicle handling and crashworthiness simulations

0 System microcomputer software study

0
Battery switching, field ch0pper, and battery charger
circuit design

a Refinement of HYVEC simulation calculations.

in Task l, the Chevrolet Malibu {mid~size GM car} was selected

as the Reference ICE Vehicle. Subsequent work in Task 2 indicated
that the Malibu would also be a good choice For a base vehicle from
which to build/fabricate the NcarnTerm Hybrid Vehicle.* Hence all
the preliminary design layout work in Task 3 was done using the 1979 

Elhiemvchicle is to be built by 1982 and thus must use materials and
automotive components available at that time.

2=20
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Malibu as the starting point for the hybrid conversion. The

Malibu was extensively redesigned with only the passenger oom-
partment, window and door mechanisms. front and side glass, and

door and roof metal being used essentially unchanged from the
stock Malibu. The exterior of the Malibu (front and rear) was

redesigned for improved aerodynamics and a fresh new look, and
the front and underbody structures and front and rear suspensions
along with the power train were replaced. The conversion approach

significantly reduces the Cost of building/fabricating the hybrid
vehicle with a minimal sacrifice in vehicle attractiveness and

utility. Experience gained with the General Electric Centennial
and the DOE/GE Near—Term Electric Vehicle (which were essentially

from—the-ground«up designs} has indicated that those parts of the
vehicle being used from the stock Malibu (interior, window and

door mechanisms, etc.) were Particularly expensive and troub1e~

some in the building of the new vehicles. Hence, the approach
taken in the Near-Term Hybrid VEhicle Program is to redesign only

the power train, running gear, load carrying structural members,
and exterior styling of the vehicle and to utilize the interior
and windows/doors of the stock Malibu. The introduction of front-

wheel drive, downsized luxury cars, such as the Buick Riviera and

Olds Toronado, by GM has provided some of the mechanical com-

ponents required in the hybrid vehicle.

At the completion of the Design Trade—Off Studies, two
options were still being considered for several of the hybrid

power train components. These components and the options were:

0 Heat En ine ~ fuel injected, gasoline (vw 1.6 i) or a
turbocharged diesel (VW 1.6 i)

0 Transmission — multi—speed, automatically shifted gear—

box or a steel belt, traction drive continuously
variable transmission {CVT)

Torgue Combination Unit — Single shaft or power
differentia

9 Egtteries - leadeacid or Ni-Zn

t‘

In all cases it was decided to proceed in the Preliminary Design

Task with the more readily available and more highly developed
component and to include the alternative option in an advanced

technology development ontogory. Hence, the detailed Vehicle
layouts were prepared using {1} a fuel-injected gasoline engine
(1.6 R), (2) a multiwspeed, automatically shitted gearbox: (3} a
single shaft (fixed speed ratios between input/output shafts]
torque combination unit. and (é) ISUA leadeaéid batteries.
Further discussions of the use of a turbocharged diesel engine,

the steelehelt CVT, and Ni=in batteries in the hybridfeleetris
power train are included under advanced technology decelopments.
The power differential torque Combination was dropped from further
consideration, because of the complexity of the control oi such a
unit and the belief that development of the singieushaft unit
would permit adequate smoothness in power blending from the heat

2-21
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engine and electric motor. The advantages of the diesel engine,

CVT, and Ni—Zn batteries are significant, and they would have
been included in the design except for the following disadvan—

tages in each case: {1) diesel engine - Nox and unregulated
emissions (smoke and odor} and uncertainty regarding cold start

in the on/off operating mode, (2) steel—belt CVT - uncertainty
regarding the availability of a unit with desired overall speed

ratio and torque capability by mid—1981, and (3] Ni—Zn batteries -

uncertainty in performance, cycle life, and cost of cells avail-
able by 1981. The hybrid vehicle layOut is such that the ad—
vanced-technology components can be substituted for their near-
term counterparts. For example, the Ni-Zn batteries could re-
place the lead-acid batteries with little or no change in the

rest of the electric drive system.

2.4.3 MAJOR FINDINGS/ACCOMPLISHMENTS

The major findings/accomplishments of the Preliminary

Design Task were the following:

{1) Detailed vehicle layouts showed that the complete power

train, including the batteries; could be packaged under the hood

ahead of the firewall resulting in no intrusion into the passenger
compartment.

{2) The ride, handling, and crashworthiness of the hybrid

conversion were found to be comparable to those of the 1979
Chevrolet Malibu.

(3) The acceleration performance of the hybrid vehicle was
calculated to be 0—30 mph in 5 seconds and 0—56 mph in 12.6
seconds.

(4} Energy-use calculations showed that the NeareTerm Hybrid

Vehicle* would use 41% less petroleum fuel and 5% less total energy

(including electrical energy generation inefficiency} compared
with the Reference ICE Vehicle in 1985 for 11,852 miles of annual

driving (65% urban).

(S) The use of a turbocharged diesel and/or Ni—Zn batteries

in the hybrid power train would lead to a more attiactive hybrid
design (25% better fuel economy and 400 lb lighter vehicle,
respectively} than the baseline design which uses a gasoline
engine and lead—acid batteries.

(6) The use of a steel-belt CVT in the hybrid power train

would improve the 0w60 mph acceleration by about 1 second and

reduce fuel consumption by about 20%, but such a transmission is

not likely to be available before 1985.

wfihe powermtrain for this vehicle is not fully Optimized because it
must utilize automotive components available in 1982. Thus its fuel

economy and resultant petroleum savings are less than those of the

more highly optimized hybrid vehicles discussed in Appendix B (Vol-
ume I, Section B).

2m22
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t?) The operation (3f the heater/defraster and air-conditioner

significantly increases the energy-115a of the hybrid vehicle when
the electric motor is the primary propulsion unit.
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2.5 TASK 4 - SENSITIVITY ANALYSIS

This subsection summarizes the work done on Task 4 which is

fully reported in Appendix D - Sensitivity Analysis Report.

2.5.1 QBJECTIVES
 

The major objectives of the Task 4 study were to determine
the impact of variations (from nominal values) in

0 Travel characteristics

Energy costs

Component costs

Vehicle lifetime

Maintenance costs

Fuel economy of the Reference ICE vehicle

on the

Utility

Economic attractiveness

I Marketability

of the 5—passenger hybrid vehicle selected as neareoptimum in
Task 2.

2.5.2 METHODOLOGY

The sensitivity studies were performed using the Hybrid

Vehicle Design (HYVELD) computer program which was also employed
extensively in the Design Trade—off Studies. HYVELD was developed
so that the important parameters on which the vehicle design and

economics depend could be easily changed by simply altering the

inputs to the program.

A summary of the parameter sensitivities studied using
HYVELD is given in Table 2.5.2-1. About 50 runs were made —

divided into the groups indicated — to investigate the effect of

one or, at most, three parameters at a time. All the studies

pertain to the parallel hybrid configuration {Without secondary
energy storage) and are for a power-teeweight ratio Hp equal to
0502 kW/lb. The Sensitivity of hybrid vehicle design to power
train configuration and component characteristics was studied

in detail in Task 2 and was not repeated in Task 4. The HYVELD

calculations yielded parametric results for other hybrid/electric

vehicle configurations. but those results are not discussed in

this task because the Design Trade=0ff Studies indicated clearly

that the parallel hybrid approach was far superior to the others.

2e24
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Thus, it is the sensitivity of the parallel hybrid results to the

parametric variations that is of prime importance.

2.5.3 CONCLUSIONS  

The major conclusions drawn from the r~nsitivity analysis
are the following:

(1} Changes in annual mileage are reflected directly in the

fraction of the miles that the hybrid vehicle can be driven pri-
marily on electricity with the marginal effect increasing rapidly
when the fraction falls below 50%.

{2) For the lowest cost dc electric drive system and high—

volume production, the initial cost of the hybrid vehicle would
be $1200 to $1500 higher than that of the conventiooal ICE
vehicle. This cost differential would be $1600 to $2100 fOr low-

volume production of the electric components.

(3} For nominal energy costs ($1.00/gal for gasoline and
4.2¢/kWh for electricity}, the ownership cost of the hybrid
vehicle is projected to be 0.5 to l.0¢/mi less than the conven-
tional ICE vehicle. To attain this ownership cost differential,

the lifetime of the hybrid vehicle must be extended to 12 years

and its maintenance cost reduced by 25% compared with the con~
ventional vehicle.

(4} The ownership cost advantage of the hybrid vehicle in—

creases rapidly as the price of fuel increases from $1 to $2/gal.
The effect of the cost of electricity on ownership cost is small

for electricity prices between 2.5¢ and B.5¢/kWh.

(5) Annual mileage and fraction of miles in urban driving do

not significantly affect the ownership cost differential between
the hybrid and conventional vehicles.

(6} Changes in general economic conditions (i.e.. the infla-
tion rate) do not significantly affect the ownership cost differ*
ential between the hybrid and conventional vehicles.

(7) Annual fuel savings using the hybrid vehicle are strongly
dependent on the fuel economy baseline used for the Reference ICE
Vehicle (1985 model). Using projected 1985 fuel economy values, the

hybrid vehicle would have a fuel savings of about 55% or 250 qal per
vehicle per year.

{8) Hybrid vehicles would be economically attractive to u wide
group of new car buyers with the ownership cost and fraction of

fuel saved varying only slightly between the 35th and 00th por-
ccntile of car owners,
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(9) The economic attractiveness of the hybrid vehicle is

not a strong function of design electric range for changes in
range between 30 to 40 mi.

{10) Hybrid vehicles using diesel engines have a slight
advantage in ownership cost (0.5 - 1.0¢/mi} compared to those
using gasoline engines. but the gasoline engine-powered hybrid
has a slightly greater ownership cost differential advantage c0m—
pared to the corresponding conventional ICE vehicle {1985 model}.

2=27
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Soctlon 3

SUMMARY OF THE NEAR-TERM HYBRID

VEHICLE DESIGN

A summary of the Neaererm Hybrid Vehicle preliminary design
is presented in this subsection. Topics addressed include the gen-
eral layout and styling, the power train specifications with dis—

cussion of each major component, vehicle weight and weight break—
down, vehicle performance, measures of energy consumption, and
initial cost and ownership cost.

3.1 GENERAL LAYOUT AND STYLING

The general characteristics of the vehicle layout and chassis
are:

0 Curb weight

- 1786 kg [3930 lb)

I Body Style

- Four-door hatchback

— Drag Coefficient — 0.40 [effective wind weighted)

2
~ Frontal area — 2.0 m (21.5 ftz)

0 Rolling Resistance

- .Oll lb/lb (tires plus wheel bearings)

o Chassis/Power Train Arrangement

- Front wheel drive

— Complete power train, including the batteries,
in front of firewall

- Fuel tank under rear seat

a Reference ICE Vehicle

- Chevrolet Malibu (1985 model]*

Fullwscale drawings of the nearmterm hybrid vehicle have been

prepared and 1/5 Scale reductions are included in Appendix C, Pre-

liminary Design Data Package. The starting point in preparing  

*Tne Reference ICE Vehicle (1985 model) is assumed to have the

same frontal area, drag coefficient, and rolling resistance as

the hybrid/electrie vehicle,
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the drawings was the 1979 Malibu. No changes were made in the
seating package. A three-dimensional cutaway of the hybrid ve-
hicle indicating the placement of the power train is shown in
Figure 3.1-1. Note that the complete hybrid power train is lo-
cated in front of the firewall with no intrusion into the passenger
compartment. An artist's rendering of the vehicle styling is

shown in Figure 3.1-2. A four-door hatchback body type was se»
lected because it maximizes the all-purpose character of the five-

passenger vehicle.

 

  

'IOP UtSlOII BATTE HY

HEATER

FUEL Tam:

Heat meme

E LEI: [RIC MINOR

Figure 3.1—1. Near—Term Hybrid Vehicle,
Three—Dimensional Cutaway
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Left Rear Quarter View

 
Left Front Quarter View

Figure 3.1u2. Artist's Rendering of the Near-Term
Hybrid Vehicle
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3.2 POWER TRAIN SPECIFICATIONS AND WEIGHT BREAKDOWN

Specifications for the heat engine, electric drive system,
batteries, and transmission and axle differential are presented

in this subsection. Control strategy and the system microcome

puter are discussed and the vehicle weight breakdown is pre-
sented.

3.2.1 POWER TRAIN SPECIFICATIONS 

Full—scale drawings of the hybrid power train were pre-

pared in Task 3. A one—fifth scale drawing of the power train
is shown in Figure 3.2.1-1. As indicated in the figure, the

hybrid vehicle uses front-wheel drive with both the heat engine
and electric motor mounted in a transverse orientation above the

transaxle. This is clearly a parallel hybrid configuration.
Clutches are required to permit decoupling the drive system from
the vehicle drive shaft and operating the heat engine and elec—

tric motor in combination and separately. A schematic of the

power train is shown in Figure 3.2.1-2.

Specifications for each of the power train components are
discussed in the following subsections.

3.2.1.1 Heat Engine

The heat engine used in the preliminary design of the hybrid

vehicle is the Volkswagen fuel-injected 4—cylinder, 1.6 liter

gasoline engine. This engine equipped with the Bosch KwJetronic

fuel injection system is used in the VW Rabbit and Audi 4000.
The K~Jetronic System is often referred to as the CIS (Continuous

Injection System} and utilizes a mechanical airflow sensor and
distributing slots to control fuel flow to the engine. The UN

1.6 liter engine can also be equipped with the Bosch L—Jetronic

system which utilizes solenoid—operated injection valves associ-

ated with each cylinder. The amount and timing of the fuel in-
jection is controlled by a microprocessor which requires inputs

from measurements of airflow, rpm, engine temperature, etc. The

L—Jetronic system is a true electronically controlled fuel inject-

ion system and for that reason is more compatible with the over—

all implementation of the hybrid vehicle Control strategy using

a system microprocessor. Volkswagen does not currently market

the L~Jetronic fuel injection system. However, discussions with

VW indicated they are currently fleetctesting cars using the

L-Jctronic system and have done much laboratory testing of engines
using that system. HenCe it is appropriate to use the more ad-

vanced L—Jetronic system in the NcaruTerm Hybrid Vehicle Program.

Considerable fuel consumption and emission data were avail-

able to characterize the electronically fuel—injected {EFI}, 1.6»

liter engine. Those data were u5nd in the HYVEC simulation

3*4
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studies. The RF: 1.6-litnr engine is rated at an hp at 0500 rpm
with a maximum torque of 84 ft/lh at 3200 rpm. Hence, the engine

is sized almost exactly to meet the hybrid vehicle power ruguirPM

ment and is an ideal choice for the hybrid application.

3.2.1.2 gee-mic: sags SYSTEM
r-ax': m—v‘h   

The electric drive system in the hybrid vehicle utilizes

a do separately excited motor with battery switching and field
weakening to control motor speed and torque. The system uses a
nominal voltage of 120 V with peak currents of about 400 A except

during battery switching when the currents reach 500 A for a few
seconds. The electric motor has a continuous rating (l-2 hours)
of 18 kW (24 hp} and a peak rating (1-2 minutes) of 32.8 kw {44 hp).
Discussions with the General Electric DC Motor and Generator

Department indicate that the dc motor for the hybrid vehicle can

be developed by a modest redesign of the electric motor used in
the Near-worm DOE/GE electric car. The resultant motor for the

hybrid vehicle would be essentially the same size {length and
diameter] and weight as the one for the DOE/GE electric car, but

it would be worked harder {with slightly higher currents and

flux) in the hybrid application. Testing of the original design
has indicated this is possible without significantly reducing the

reliability and life of the motor.

The dc motor is controlled using field weakening and battery

switching. The battery is arranged in two parallel banks so that
it can be operated to yield 60 V or operated in series to yield
120 V. The base speed of the motor is ll00 rpm at 60 v and 2200

rpm at 120 v. A resistor is used when starting the motor and

during short periods of battery switching. Field weakening is
accomplished using a transistorized field chopper in essentially

the same way as in the DOE/GE electric car.

The motor rating may be summarized as follows:

Design No. 2366—2913

Frame OD l2 1/4 in.

Name Plate Rating 24 HP, Peak Power 44 hp (1 min.)
Weight 220 lb

Rated Voltage 108 V
Rated Current 190 A

Rated Field 8.2 A

Rated Flux 0.84 Megalines

Base Speed 2200 rpm

Maximum Speed 6000 rpm

3-5
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ACCESOSRIES

OVER-RUNNING '
CLUTCH-1

__ OVER-RUNNING
CLUTCH-2

  

  
  
 

  

HEAT ELECTRIC

ENGINE MOTOR

c1 ' C2
CLUTCH CLUTCH

TRANMSSISINO .

WDFERTI - - -

VVHEEL

Figure 3.2.1*'-E+ Schématic of Drive Package
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3.2.1.3 Batteries 

The hybrid vehicle is designed to utilize ??0 1b of Improved
State-of-the—Art (ISOA) leadwacid batteries. The batteries are

positioned under the hood in front of the firewall as shown in

Figure 3.2.1-1. The battery container has dimensions of 36 in.
length, 26 in. width, and 13 in. height. The preferred battery
module is 12 V, 105 AH/cell at the 8/3 rate. The 770-lb battery
pack stores 12.5 kWh at the C/3 rate for an energy density of

16.4 Wh/lb. The power characteristics of the battery are based
on the voltage-current relationship for a 15 second pulse at 50%
statenof—discharge during a C/3 rate discharge. The power

characteristics specifications are the following:

  Pulse Current. A Volts/Cell Volts/Module

210 l.82 10.9

315 1.71 10.3

420 1.61 9.6

For the maximum current pulsa of 420 A, the corresponding power
density is about 53 W/lb with a voltage droop of 20%. The lead-
acid batteries used inihe preliminary design of the hybrid vehicle

have energy density and power characteristics comparable to those
of the batteries developed by Globe—Union for the DOE/GE electric
car. The cell capacity (AH) for the hybrid vehicle battery is

considerably smaller, however, which means that new batteries

must be designed and fabricated especially for the hybrid appli—
cation.

3.2.1.4 Transmission and Axle Differential
 

For front—wheel drive vehicles, the transmission and axle

differential are usually combined in a single unit termed the

transaxle. Nevertheless, the speed change characteristics of
the transmission and axle differential can be described separ—
ately. The transmission is an automatically shifted gearbox
taken from an automatic transmission. In the Design Trade~off

Studies, a four—speed transmission having an overall gear ratio
of 3.46 was used. Such a gearbox Would be part of a four—speed,

overdrive automatic transmission. Unfortunately, such a trans'

mission in a transaxle unit is not currently being marketed by

a U.S. or foreign auto manufacturer or supplier. Such a unit might
become available as auto manufacturers seek to improve fuel ccone

omy. The gearbox used in the preliminary design studies of the

Near—Term Hybrid Vehicle is part of the threesspcud automatic

transmission used in the new GM x-body cars (c.g., Chevrolet Cita-

tiOJ). That gearbox has ratios of 2.34/1.6/1 in 15k. 2nd, 3rd
gcar respectively. An axle ratio of 1.3 has been used in most of

the HYVEC calculations. That value is compatible with maximum

motor and engine speeds 0| bUUD rpm and yields good fuel coondmy
in both urban and highway driving.

3-10
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3.2.1.5 Igrque Combination
-wo  

The outputs of the heat engine and the electric motor are

combined using the single-shaft approach in which there are fixed
ratios between the rotational speeds of the heat engiie, electric
motor, and vehicle drive shaft. HYVEC simulation studies have

shown that the heat engine and electric motor can be Operated

near optimum efficiency by varying the power split in the
neighborhood of 50%. This can be done using the system micro-
processor and avoids the need for a power differential which
would vary the shaft speed ratios as a function of the desired

power split between the heat engine and motor. The power differ~

ential is much more difficult to control than the single-shaft

(fixed speed ratio} arrangement for torque combination. A pre—

liminary drawing of the torque transfer unit, including the

clutches required, is shown in Figure 3.2.1-3.

3.2.1.6 Control Strategy and the System Microprocessor

A detailed control strategy for operating the heat engine

and electric motor has been developed as indicated in Figure

3.2.l~4. The key features of the control strategy are:

a On/off engine Operation

0 Regenerative braking whenever the battery can accept the

charge

' Regenerative braking whenever the battery can accept the charge

Electric motor idling when vehicle is at rest

Electric drive system primary (battery state of

discharge permitting) when vehicle Speed is less
than VMODE*

I Equal sharing of load between motor and engine
when both are needed.

0 Batteries recharged by heat engine in a narrow

state-of-charge range (0.?~S<O.B)

0 Electric motor dominant in determining shifting
logic when it is operating

0 Heat engine primary for highway driving

a Electric motor always used to initiate vehicle

motion from rest and in lownspeed maneuvers (e.g.,
parking)

0 Vehicle operation controlled by a system micro-
processor.

Q Accessories driven by heat engine or electric
motor, whichever is primary, and accessory load

shared when both are operating.

Considerable work has been done to develop the nicroprocessor

control logic (software) correSpondinq to the control strategy

3V5hiclc spEEd at which the heat engine becomes the primary
source of power
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used in the HYVEC simulations. The general approach taken is to

develop a system controller which receives inputs from the micro~

processors gOverning the heat engine and electric motor and which

in turn eende control signals to those prime movers. The various
microcomputer functions are shown in Figure 3.2.1.5.

3.2.2 VEHICLE WEIGHT AND WEIGHT BREAKDOEE
 

A weight breakdown for the Near—Term Hybrid Vehicle is given
in Table 3.2.2—1. A vehicle curb weight of 3923 1b is projected

leading to an inertia test weight of 4223. This is 228 lb greater
than the 4000 lb used in the HYVBC calculations diven in the De-

sign Trade—Off study Report.* The hybrid vehicle simulations have
been rerun using HYVEC to include the effects of the increased
vehicle weight and other changes in power train component charac~

teristics made during the Preliminary Design Task. The HYVEC
results for the Near-Term Hybrid Vehicle design are used in the
discussions of vehicle characteristics presented in subsequent
sections.

 

itThe weight used in the Design Trade=0ff Studies assumed optimum
use of 1985 automotive technology and materials and a complete

ground—up design. All the automotive components needed to do

this will not be available by 1931/82 for use in the Neaerorm
Hybrid Vehicle. Hence its weight is greater than that of the

optimum design.

3-14

Page 76 of 572 FORD 1234



Page 77 of 572 FORD 1234

statutflmwmc

VEHCCLE CONTHOLLER
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Figure 3.2.1—5. Hybrid Vehicle Microcomputer Control
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Table 3.2.2-1

WEIGHT BREAKDOWN " MALIBU BASED HYBRID

  Chassis/Running gear Weight (lb)

Structure . 806

Bumpers 164

Suspension 230

wheels and tires 254

Brakes lag

Subtotal

Exterior/Interior/Contrgi

Seats ' 104

Skins 15;

Human factor and control 484

Air~conditioner ii;
Subtotal

Power train

GaSOline engine (VW 1.62} 284

Fuel system (incl. 10 gal. gasoline) 78

Transaxle 90

Electric motor 220

Power electronics and controller 50

Lead—acid batteries :13

Subtotal

Total curb weight

3=16

1582

854

1492

3928 lb

(1735 kg)
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3.3 VEHIC'LE PERFORMANCE

A format for presenting and discussing the performance spec-
ifications of the hybrid vehicle and how well the preliminary de-
sign meets or exceeds the minimum specifications was set forth by
JPL in the RFP for the contract. That format was followed in this

and subsequent sections of this report, but for convenience of dis-
cussion the complete list (P1 to P17) will be divided into several

parts. In this subsection, items P1 to P9 are considered. These
items deal directly with vehicle performance, operation, and cost

under normal (or routine) operating conditions and have been stud-
ied in considerable detail in the Phase I effort. Some of the

other items which refer more to nonroutine vehicle operation, such
as cold weather conditions, have not been studied in as great
detail.

Vehicle performance characteristics of the preliminary design
are given in Table 3.3-1 for items Pl through P9. In all respects,
the Near—Term Hybrid Vehicle design meets or exceeds the minimum
requirements. This includes minimum requirements R1 through R6
and constraints Cl through C6. The values given in Table 3.3-1
were taken from the updated HYVEC Calculations.

Initial estimates of battery rechargeability and maintenance

(P11, P12) and cold/hot temperature operation (P10, P13) are given
in Table 3.3-2. Considerable work is needed in Phase II to refine

the estimates given in the table, especially in the area of bat-
tery warm-up after long soak periods at subsero temperatures.

3=17
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Table 3 . 3"].

VEHICLE PERFORMANCE CHARACTERISTICS

Pi Minimum Nonrcfuolud flunqe
  

 

 

 

91.1 wane {Gasoline — 10 gal. tank} 359 umta’
91.2 FUDC 120 km,‘b}
91.3 J22?aiBJ (all-ulectric operation} an kmlal

F2 Cruiae_Seeed 130 km/h

P3 Maximgm Sgeed
93.1 Maximum Speed - 150 km/h

P3.2 Length of Time Maximum Speed Can 1 min
He Maintained on Level Road

P4 accelerations

94.1 0'50 km/h {0—30 mph} 5.9 a

P4.2 0-90 km/h {0-56 mph} 12.6 s

94.3 40-90 km/h {25-56 mph} 8.6 3

PS §£2Qabilitx

9514.2 .3399.

P5.1 3% 100 km/h <90}‘°’
P5.2 51 95 km/h

P5.3 8% 39 km/h (501‘°}
P5.4 15% 40 km/h (25}1‘:1

P5.5 Maximum Grade ‘25% __fl_ ____

P6 Rfliiflfig Caeacigx {including passengers)

P? targgniayacitx

PB QQEEEWET Cosfifi
P8.1 Consumer Purchase Price (19?8 S)

P8.J Consumer Life Cyclv Cost (l9?0 5}

P9 Emissions - Federal Test Procedure‘d, {Gasoline Bnqinol

P9.1 Hydrocarbons ("U1
v9.2 Varbon Monoxide [cu]

P9.3 Nitrogen oxides (N03!

(a) Range at which the 10 gallon tank is empty.

(5.0}‘c’

{15.oa‘c’

(12.01‘c’

Distance

(Unlimited}{°)
{Unlimited}

{Unlimited}

[Unlimited]

535 kg

$?bue

0.11 5/hm

0.09 qm/km, 0.1} qukm

0.62 qukm, 0.19 um/km

0.43 qua/km. 0317 qma’km

(6) Range at which the battery is first recharged by the heat engine.

(c) JPL minimum specifications.

{d} The t.rat number corresponds to first 50 km. second to 120 km.

to] on heat aninc alone.

F4 Page 80 of 572
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Table 3.3-2

VEHICLE PERFORMANCE CHARACTERISTICS

P10 Ambient Temperature Capability

Temperature range over which

minimum periornance requirements
can be met.

-20 °c to 40

P11 Rechargeahility

Maximum time to recharge from

80% depth—of—discharge (rentine

charge to 96% capacity)
6

P12 Required Maintenance (Battery)

Routine maintenance required

per month

Watering (l or less, depending 15 min/ea.
on use)

Equalization charge (2-4, de- 12—15 hr/ea.

pending on use}

P13 Unserviced Storability

Unserviced storage over ambient

temperature range of —30 0C to
+50 °c

P13.1 Duration

P13.2 Warm-up time required

Battery heating (-20 0

Engine starting <30 5

3~19
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3.4 MEASURES OF ENERGY CONSUMPTION

The energy use of the Near—Term Hybrid Vehicle on the various

driving cycles has been calculated using the HYVEC simulation pro-
gram. The updated results are given in Figures 3.4-1 and 3.4-2_

A format for summarizing the measures of energy consumption
of the hybrid vehicle was given by JPL in the RFP for the contract.

Values for these energy-use measures (El through EB} are given in

Table 3.4-1. No values are given for life cycle energy consump—
tion per vehicle compared to the Reference ICE Vehicle, because

information was not available concerning the energy required to
fabricate and to dispose of the hybrid vehicle. Since the hybrid

vehicle is about 1000 lb heavier than the Reference ICE Vehicle,

it is reasonable to assume that the energy needed to fabricate

the hybrid vehicle would be higher, but the net difference in

fabrication energy will depend on the recycle pattern of those

compenents which cause the weight difference between the vehicles.

For example, much of the lead in the batteries and copper in the
electric motor would be recycled with a significant favorable ef-

fect on the life cycle energy consumption of the hybrid vehicle.
The material used to fabricate the exterior shell (doors, fenders,

hood, etc.) of the vehicle will also have a strong influence on
life cycle energy use. Life cycle energy use, including fabrica—

tion and disposal, will be considered during material selection

in Phase II, but to date that subject has received only minimal
attention.

3-20
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Table 3.4=1

ENERGY CONSUMPTION MEASURES

(Near-Term Hybrid Vehicle)

El Annual petroleum fuel energy conuumptlon per vehicle

compared to teleconoe vehicle ever controctotudovelopod mloolon‘a) 25,710 Hot”,SAVED

£2 Annual total energy connumption‘c) per vehicle compared to reference
vehitlc over contractor-developed mlaslon‘al 3,425 NJ“:JSAVED

E3 Potential annual fleet petroleum fuel energy savings compared 9
to reference vehicle ovcr contractor-developed Whitman“?i 25 x 10 NJ

Ed Potential annual fleet total energy consumptionIC) compared to 3.4 n 109 Hath)
reference vehicle over contractor-developed mlssion‘dl SAVED

95 Average energy consumptiontc’ over maximum nonrefueled range
ES.1 FHDC (gasoline only) :‘nb MJ/km {32 mpg)

25.2 FUDC{E) 3.59 MJ/km. 3.53 nJ/km,
3.3 NJka

E5.3 J227a (B) (electricity only} 2.45 MJ/km

£6 Average petroleum Euel energy consumption over
maximum nontcheled range

86.1 FHDC 2.4fi MJ/km [33 mpg}

E6.2 runc‘a’ 1.5 na/km {54 mpg); 2.45 MJ/km (33 mpg).
no.3 Jzzla In) a n: 5~4 “J/k“ ‘33-5 “P93

E? Total energy consumedtc, verSus distance traveled starting
with full charge and full tank over the following cycles

ET.1 FHDC 2.45 MJ/km (Not a Function of Distanccl

37.2 FUDC {See Figure l.4.l-4)

5?.3 J227a (B) 2.d5 fllfkm {Not a Functiun of Distance}

EB Petroleum fuel energy consumed versus distance traveled
starting with full charge and full tank over the follow-
ing cycleslf}

EB.1 FHDC 2.45 MJ/km (Not a Function of Distance!

53.2 FUDC {See Flnurc 1.4.l-4l

53.3 J22?a {B} 0 MJ/km (Not a Function of Distance]

1 HJ = 0.273 kWh = 948 Btu = .00753 gal gasoline

109 MJ/yr = 452 barrels crude oilfdny
 

(a) Mission is 11,852 mi/yr: 65! EPA urban cycle. 35? EPA highway cycle

lb) The annual fuel and energy usaqeo of the Reference ICE Vehicle (IDRR model}
are 456 gallons of gasoline and 60,153 MJ. A fleet of one million ncfcrcncc
vehicles would use 60 x 109 MJ.

(c) Includes energy needed to acnerntc the electricity at {hr power plant
[35! efticicncyl

(d) For one million hybrid vehicles replacing one million Reference Vehicles

(0} The first number corresponds to the tirst 50 km: the second numhnr in
13H km: the third number L0 425 kw, at which tho uauoline tank is vmpty

{f} Dnvs run include pvtruleum connumption resulting lrnm qunerql1on mi wall
plug electricily uuud by the vehicle

3=22
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3.5 INITIAL COST AND OWNERSHIP COST

The initial and nwnnrnhip vostn oi the hybrid unhivle have
bran calrulntod uning tho methadnlogy discussed in Snvtion 6. An

initial vast hrnakdown is shown in Tnblo 3.fi-]. Th0 hybrid vehicle

svlling price in estimated to be 5766? compared with $5100 10; the
Rotoronvv ICE Vehicle.* The diiiornncv in powvr train coats is
$t562. Both the vehicle Holling price and the power train cost

diflvrcncv are nnmowhat higher than tound prvviuusly in the Design
Trado-Uf! Study. The dit‘lvroncvs an) duv p: imm ily tn the more

detailed information that is. now available voncmning the 85.29

and cost of the puwor train components.

The ownership cnst of tar- Noar-‘l‘m‘m llybrid Vehicle has been

ualculated [ram results obtained in the Design Tradv—Off Study
task by cornecting for the change in soiling price at the hybrid

vehicle. This was done by calculating the timed capital recovery

factor {P‘L‘RSJ (and applying it to the initial price dilforence.

The Change in ownership wast was. multinj im‘ thy nominal set 0!

ovnnomifi factors. Tho nwnm-ship rush: for the near-term hybrid

vehicle are shown in Figure 3.5-! as .I iunvt ion at tho price of

gasoline. A hrvnkcwon privo 0t qasnlino u! about Sly «1.11 is in-

divatod in the figure. At 9.1:: prion: in L‘Xt't‘Sfi 0! $1 gal, the

hybrid vohivlo has: a lower ownmship rust, I'vsultinq in the not

annual savings shown in I-‘iqurv 3.8-3. 'l‘lu‘ sensitivity 0! the

ownvrathip costs: to vhanqm: in the new pattmn and thv price- 01

Moctricity mo discussed in detail in Appendix I). Housitivity
Analysis.

I"'l'ht‘ ltt‘t l‘I l‘IIt‘t' ll'lfi \J:~h it‘ It‘ ::(-I I illtl 1'1 it'!‘ { $'\'?[111) 1:: l L11 .1 l “'71%

l1lt¥ll‘ltq H.11ilu: (V—11) uilll uVlIUflhItit‘ tl.ulunH::uicnI, dil ~v‘uuiititn1—

inn, [town 51va inq, vh‘. 'l'hv corrospumlim; 193“) 50111115; price
in S‘IH-‘II {:mmrv: Autnmnt ivv Nl‘wii, In?“ Mmkut mm Hunk l:-::uv).

H was .umuuu'tl that thv :wlliml p1 im' 0| III" [“85 Inmivl Rt‘lt‘tt‘llt'l‘
H‘H Vt‘hivlo would In» 11w namv .1:: that In I‘HH in NH! dullulu.

Page 85 of 572 FORD 1234



Page 86 of 572 FORD 1234

“Hangman”:

.fimumaaovmhmHImowumnwxufipmHmfimmwyoonmwawmfiudnwbmUHwucwuwummmonmooa¢.AwuflumuwxoflumHmHmwww

j
I.
run.
NO
\0
F.

CD
m
CD
m

 
in
m
r-
N

H
C3
a—i
N

cummwmhummwv

mmmw

  
 
 

 

mm“wownmumeHum“mamma

“ma

:3
wuflum

HmuOunsmHmuounamHum.m

T283E:3:33»333H:mo“moo.
 Amumflaonmnmflvmufium«HuflnopnfiugmmManonnmhmonncowuwmumnumuwuummAvfiumswmwfiwmwfluwu#mmAmcflnuuflrmmumuumn.memosuuHme.uOmmMUOuQOMUHEmcfiwSHocfivH¢HH0HunoohouoaUfiuuuwam:OMmmMEmumuBmummcwumwmucfimubmufiomwanna:

 mmaauwvnmuxmnewumcuHucofluflflvmanmfiusHuqofiufiunmcflmuunwzomwokmamasamuflwawmmm unwEuumEouuvocvmmMm\Hflwnm\mHmman
zsouxammmamoomflnma

3924

FORD 1234Page 86 of 572



Page 87 of 572 FORD 1234

cmmnflmcmc

2'0

24

2?

OwnmshipCostEcemiméle}
‘IB
 

15

Electricity Paine: 4.2 centaikWh

 
.5 $0 1.5 2.0 2 5

Gasoline Price mgai}
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Section 4

ALTERNATIVE DESIGN OPTIONS CONSIDERED

AND THEIR RELATIONSHIP TO THE DESIGN ADOPTED

4.1 INTRODUCTION

A summary of the alternatiVe design options considered and
their relationship to the design adopted is presented in this
section. Included are a listing of the factors to be considered

as well as a method of ranking. a discussion of parallel vs.

series arrangement, a consideration of secondary storage, power

split fraction between heat engine and electric motor, battery
type, engine type, electric drive options, transmission type and
gear ratios, and torque Combination options.

Hybrid power train trade-offs were considered in detail in
Task 2 of the Phase I study and the quantitative results are
discussed completely in Appendix B, Design Trade~0ff Studies
Report. In this section, those alternative power train options
are identified and compared qualitatively with the hybrid power
train designed in detail in Task 3.

The power train evaluations done in Task 2 were based on

vehicle synthesis calculations and secono-by-second computer

simulations of hybrid vehicle operation over urban and highway

driving cycles. Nearly all the alternative power train options

were included in the vehicle synthesis evaluations, but only the

most promising of the Options were treated in the more detailed
simulation studies. The options which were considered in the

second step are clearly identified in subsequent discussions.

All the calculations were done for five-passenger vehicles which
would meet the minimum electric range and acceleration performance

specifications set in Task 1 based on the characteristics and the

use-pattern of the Reference ICE vehicle {Chevrolet Halibu}.

The hybrid power train option which was selected for the

preliminary design task was not the one which in the calculations

yielded the “best" hybrid vehicle from a purely technical point—
of-view (i.e., lowest weight, maximum fuel economy, and minimum

total energy-use}. Other considerations, such as initial and

ownership costs, maintenance and ruggedness, probability of
the availability of components by 1982, likelihood of changes
in emission standards, etc., were taken into account in addition

to the technical attractiveness of the vehicle in sclectinq the

power train for the Near-Term Hybrid Vehicle. All of these con-

siderations are included in the power train comparisons given in
the following sections.

In selecting the hybrid power train a number of decisions

had to be made. Fortunately, for the most part the decisions
were uncoupled and a decision in one area could be made with a

Page 89 of 572 FORD 1234
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minimum interaction or dependency on a decision in another area.

The same basic control strategy was used with all the power train

options as it was essentially dictated by the prime program goal
of using electricity to power the vehicle as much as possible on
an annual average basis. Decisions had to be made in the follow-

ing areas:

{1) Parallel or series arrangement

(2} Use of secondary storage - yes or no?

(3} Fraction of peak power from the heat engine (i.e.,

power split fraction)

(4) Battery type, weight. and size

(5) Engine type

(6} Electric drive type

(7) Transmission type and gear ratios

(8) Torque combination unit

Each of the decisions and the basis for them are discussed in

the following sections. For each decision the factors considered

are identified and each option is rated relative to the component

or approach selected for the Near-Term Hybrid Vehicle.

The rating for ranking) system used is the following:

+2 significantly better

+1 slightly better

0 reference (selected for the NTHV)

-1 slightly worse

-? significantly worse

~x much worse —~ reason for eliminating from
consideration

Those power train Options which were included in the detailed

second~by-second simulation studies using HYVEC are identified
with an asterisk.

4=2
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4.2 PARALLEL VERSUS SERIES ARRANGEMENT

The first decision was whether the hybrid power train should
utilize a parallel or series arrangement for the heat engine and

electric motor. The vehicle synthesis calculations indicated
that for the power—to-weight ratio required to meet the accelers

ation performance specifications. the weight and cost for vehicles
using the series arrangement were much higher than those of a

vehicle using the parallel arrangement. The differences were

above 1100 lb and $2800, respectively. If the comparisons had
been made for a much lower power-to-weight ratio {e.g.. 0.012
kW/lb rather than .02 kW/lb),+ the differences would have been
much smaller.

The relative ranking of the series and parallel arrangements
are shown in Table 4.2-1. As indicated in the table. the series

arrangement was eliminated from further consideration, and all

further power train trade—offs were made using the parallel power

train configuration which is much better suited for the power

sharing required in the high—performance hybrid vehicle discussed
in this study.

Table 4.2—1

POWER TRAIN ARRANGEMENT CONSIDERATIONS

 

   
 
 
 

 

 
 

Option
Selected

Decision

Factors Parallel*

Vehicle Weight

Vehicle Cost —x

System Control

Complexity +1

System EfficienCy -1

Energy Use ~x

*Includédfiin HYVEC studies

+As shown in Fiuure 2.2.2-1. this power-to~weight ratio is needed
tor safe passing in twomlane highways {55 mph) and on that basis
has been selected as the design value for the NearsTerm Hybrid
Vehicle.
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4.3 SECONDARY ENERGY STORAGE

Consideration was given to the use of secondary energy
storage in the hybrid power train, Vehicle synthesis calculaw

tions were made using a composite flywheel or highapower density
loadwacid batteries as the secondary storage unit to reduce the
power requirements on the primary battery. The calculations in"
dicated that for the powervto—weight ratio of interest (Kp e

0.02 kW/lbl there was not a significant reduction in vehicle
weight using secondary energy storage for the cases of lead-acid
or Ni-Zn batteries. For higher performance vehicles (Kp > 0.03)
or batteries with lower power density, such as Li—S, the reduction

in vehicle weight using secondary energy storage would be signi-
ficant.

Secondary storage considerations are summarized in Table
4.3-1. As indicated in the table, it was decided not to include

secondary energy storage in the hybrid power train primarily
because the slight improVements in vehicle weight and system
efficiency were not large enough to compensate for the uncer—

tainties regarding the availability and cost of the composite

flywheel and CVT and the added complexity of packaging a flywheel
along with the other components required in the hybrid power
train.

i Table 4.3-1

SECONDARY STORAGE (FLYWHEEL) CONSIDERATIONSem

  
  

 
 

Without With Secondary

Decision Secondary Storage(a)
Factors Storage (flywheel) gun—sun  

Vehicle Weight +1

Vehicle Cost -1

System Control Complexity -1

Storage Unit Availability -n

Transmission Requirements‘b)
and Availability =3

System Efficiency and
Packaging Requirements ,2
 um-¢_—-.__   __-_=- can— ##5— 

(a) composite flywheel

(b) continuously variable transmission

 

*Included in HIVEC studies

4:14
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4.4 POWER SPLIT FRACTION

One of the key considerations in designing a parallel hybrid
vehicle is the power split between the heat engine and electric
drive system. The power split can be expressed in terms of the

parameter, FHE! which is the fraction of the peak power which can
be supplied by the heat engine alone. The fraction which can be

supplied by the electric drive is simply l w FHE- The selection
of the engine power fraction depends on both the power-to~weight

ratio and battery type used in the vehicle.

Vehicle synthesis calculations showed that for leadwacid and

Ni-Zn batteries, FHE equal to about 0.6 results in a near—minimum
vehicle weight for hp s 0.02. Use of a larger engine would
result in a slightly lower vehicle weight and cost, but unless
the absolute power rating of the electric drive system is suf-
ficiently large to permit vehicle Operation primarily on elec-
tricity in most urban driving the gasoline saved using the hybrid

vehicle will be unacceptably small. Hence the general approach

in selecting FHE for a specified Kp is to fix the absolute power
rating of the electric drive system at that required for most
urban driving (i.e., enough power so that at least 75% of the

vehicle miles can be driven using the electrical drive system
alone) and to determine the heat engine size required to satisfy
the remaining power requirements [e.g., 0—60 mph acceleration

time}. Using this approach, the optimum FHE for minimum vehicle
weight and cost increases with Kp.

HYVEC calculations for the EPA urban and highway cycles

showed that for a fixed vehicle inertia weight and electric drive

system power rating, both the urban and highway fuel economy
of the hybrid vehicle decreased as Kp was increased {i.e., as the
required size of the heat engine increased). Hence as in a con-

ventional ICE vehicle, the fuel economy of the hybrid vehicle
decreases as the acceleratiOn performance of the vehicle is
improved. Accounting for engine efficiency and vehicle weight

and cost effects, the present study indicates that the optimum
engine power fraction would be slightly less than 0.6 for a
hybrid vehicle having a 0=60 mph acceleration time of 14-15
seconds.
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4.5 BATTERY TYPE

Selection of the battery type and size for the hybrid vehicle

was based on vehicle synthesis and detailed simulation calcula-
tions. Vehicle designs were studied using the following types
of batteries:

150A leadeacid

Advanced lead=acid (not shown in Table 4.5”2)

Ni-Zn

Ni—Fe

Li—sf

The characteristics of the various batteries are discussed in de—

tail in Appendix B, Volume 1, Section 3.4. The results of the
battery evaluation, which are summarized in Table 4.5-1, are the

basis for the rankings of the battery systems given in Table 4.5H2.

The various battery systems are rated relative to the ISOA

lead-acid battery in Table 4.5m2. All the advanced batteries have

one or more significant advantages relative to the lead-acid

battery, but unfortunately each of the advanCed battery systems
also has one or more serious drawbacks at least in the near term.

In the case of Li-S.T technology is not sufficiently advanced to
consider its use in a hybrid vehicle in the time period 1982-85.
The other advanced batteries, Ni-Zn and Ni-Fe, were evaluated

in detail using the HYVEC program. It was found that the per—

formance of hybrid vehicles using Ni«2n batteries was very
attractive, but that the power characteristics of state-of—the-

art Ni—Fe batteries were not good enough for use in the hybrid

application. Hence it was concluded that the only two real
options available for the Near-Term Hybrid Vehicle were lead-acid
and Ni-Zn.

As noted in Table 4.5—2, Ni«2n batteries have both signifi~

cant advantages and disadvantages. The advantages are high energy
density and good power characteristics. The disadvantages are

inadequate cycle life and difficulty in determining the state—ofw
charge. These disadvantages have persisted for a number of years
making the availability by 1982 of Ni—Zn batteries having satis-

factory life and charging characteristics very uncertain. In

addition, most projections of the cost of Ni—Zn batteries indicate
values considerably higher than for leadvacid. For these reasons,
it was decided to use the ISOA lead~acid batteries in the Near-

Term Hybrid Vehicle. The vehicle desiww can, however. easily
accommodate Ni=Zn batteries if sufficient progress is made in

their development in the next few years.

fiat;
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Table 4.5"2

 BATTERY TYPE CONSIDERATIONS

 
”agar—r .. T m _

Dncision "'Igfifi ' T
I19t0;1"flM"1-‘-d* ..-"1"“_2* .. ‘ *- “fl

Energy Density 0 +2 +2

Power

Characteristic 0 +1 0

Cycle Life 0 -2 -1

Initial Cost 0 -1 +1

Nearvterm

Availability 0 -2 -x

Maintenance

and Charging O -1 -1

*Included in HYVEC studies

fLithium Aluminum Iron~Su1fide (LiAl-FeSx).

QmB
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4.3 ENGINE TYPE

An indicated in Table 4.6—1, nclccticn cf the hcat nnginc
for the hybrid vchiclc wan dcpondcnt on a number of factors.

flcy ccnnidcraticnn wcrc angina weight and 5120 an thny affect
powcr train paCkaqing and thc currcnt fitntcmoffidflvfllopment of

tho nngincn an it cflflncrm availabilit;. Bancd on packaging and
near-term availability ccnnidnrationn, only tho rnciprocatinq
ganclinc and turbocharged dinflnl engines could he considered

for use in thc Ncar=Tcrm Hybrid Vehicle. A rctcry gasclinc
cnginc cauld have been considered if a single rctnr engine of
abcut ?0 hp had been available in a highly dcvclopefl state
rather than the two rotor engine (100 hp) used by Mazda in the
axw7. The naturallyuaspiratcd (NAJ diesel could have been used
if 5G hp had been Sufficient to meet the peak power requirements
of the Near-Term Hybrid Vehicle designede A 70 hp NA diesel
engine would be too large to fit into the space available for
the engine in the hybrid power train.

Table 4.6=1

ENGINE TYPE CONSIDERATIONS*

 
 

 Decision rfifiggffigfafgfizfl :Etff?::: Turbochcrced Rotary Stirlin I 535Pactora p ‘ q Dieqci 3 Gasoline 9 Turbine 
 injected} iai Diesel

Height‘“ 9

Sizem n
"\

Cost(L. 0

Central
{on/off mode} 0

Fuel , ‘
Economy‘c- 0

Emissionatc’
Cases 0
Particulates 0

Transmission
Requirementc U

Hear-Term

Availability 0

 
—-—   

(a) Included in HYVBF studica
(bl Engine characteristic
{c} Vchiclv characteristic
{d} Single rotor cnqinon with ?O—QD hp are not prvsently available
hm—

‘Thc characteristics cf varioun types of heat engines are discusaad
in detail in Appendix B (Vol. 1). Sec. 3.2. Characterization of
heat engines in a Single table is not possible and the reader

Should Connult Appendix B for the banis of the rankings given in
Table 4°6wl.

fiwQ
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“Hangman:

Hybrid vehicle simulation calculations were made using

both reciprocating gasoline and turbocharged diesel engines.

The diesel engine yields higher fuel economy in urban driving
for all ranges with the advantage of the diesel being 25% for
:aanes less than 30 mi and increasing to about 35% at 75 mi.

In terms of total energy usage (fuel used by the engine plus
that required to generate the electricity at the power plant}.
the advantage of the diesel powered hybrid is significantly

reduced because the higher energy content {per gallon) of the
diesel fuel is included in that calculation. The total energy

advantage of the diesel is about 6% for ranges less than 30 mi
and about 10% at 75 mi. Tne emissions calculations indicated

that both the gasoline and diesel enginenpowered hybrid vehicles
would easily meet the 1982 emission standards of 0.4 g/mi HC and
3.2 g/mi Co for ranges up to at least 75 mi. The untreated

Nox emissions of the diesel—powered hybrid are lower than for
the gasoline powered hybrid. but the use of the three—way catalyst

would permit the NO emissions of the gasoline hybrid to be re-

duced to a lower lefiel. Meeting an N0x standard of 1.0 g/mi for
ranges up to 75 mi would not present difficulty with either

engine. However. meeting a standard of 0.4 g/mi Nox would be
considerably more difficult with the diesel because the three-

way catalyst is not applicable.

The major emissions problem with the diesel is particulates
or soot. Simulation calculations indicated soot emissions of

about 0.15 g/mi for the first 30 mi and about 0.30 g/mi averaged

over 75 mi. The proposed EPA particulate emiSsion standards are
0.6 g/mi in 1981 and 0.2 g/mi in 1982. It would be necessary to

reduce the particulate emissions of the turbocharged diesel to
meet the 1982 standard.

It was decided to use the fuel~injected 1.6 2 VW gasoline

engine as the primary engine in the Near—Term Hybrid Vehicle
because of the particulate emissions of the diesel and the un-

certainty as to whether it could meet the emission standards to

be set by EPA for 1982 and beyond. In addition, there was

uncertainty regarding the coldmstart capability of the diesel
engine in the on/off operating mode. The fuel economy advantage

of the diesel is attractive, however, and both the particulate
emission and potential cold=start problems of diesel should be

studied further in Phase II. Since both the gasoline and diesel
engine use the same block and thus have much the same exterior

profile, the turbocharged diesel could replace the gasoline
engine in the hybrid power train without difficulty.

GBLD [is
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4.? ELECTRIC DRIVE OPTIONS

The major electric drive system up ions considered werw the

dc separately excited motor with armature voltage control or
battery switching and the ac induction motor with a pulsed—width
modulated (FNM) inverter. In both cases, the power conditioning

unit would use highspower transistors similar to those used in

the armature chopper in the DOE/GE electric car. The decision

factors considered and the relative ratings of the various elec-
tric drive systems are given in Table 4.?-1.

Table 4.?al

ELECTRIC DRIVE SYSTEM CONSIDERATIONS

 

   
  

dc«Battery
Switchinq*

ac Induction Motor

and PWM Inverter

dc—Armature

Control* 
Decision Factors

  

 
 

 
 
 
 

 

Size/Height +1

Cost -2

Vehicle Control +1

Efficiency +1

Ruggedness -l

Near-Term

Availability -2  

*Included in HYVEC studies

The first decision made was to use the dc drive system

rather than the ac. This decision was based on the projected

higher cost of the ac system compared with the dc system using
battery switching and the relative uncertainty regarding the
availability by 1982 of a well—developed induction motor/PWM
inverter suitable for use in the hybrid vehicle. The decision
as to whether to use battery switching and a slipping clutch
or an armature chopper to control the dc separately excited motor
at low vehicle speeds was based almost completely on the projected
higher cost of the power electronics in the armature chopper sys=
tem. In addition. the ability of the battery switching circuits
to withstand without failure higher currents and overloads than

the transistorized armature chopper made control of the hybrid
power train somewhat simpler. The decision to use battery switch”
ing rather than an armature chopper was a difficult one because
it was recognized that the armature chopper afforded superior
control of the vehicle at low speeds and that the cost and
ruggedness characteristics of the power transistors will likely
improve in the next few years as they become more highly developed.
It was, however, concluded that for the near term. the battery
switching approach would lead to a hybrid design which was more
competitive in performance and cost with the conventional ICE
vehicle.

Asll
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4.8 TRANSMISSION TYPE AND GEAR RATIOS

Tho trancmiseion options considered included gearboxes taken
from conventional automatic and manual synchromeah transmieeionn

and a eteolwbelt. tractionvdrive continuously variable transmiec
aion (CUT). Tho optiona are rated in Table 4.8»1 relative to the
automatically ehiftcd gearbox which was selected for use in the
hybrid vehicle.

Table 4.8‘1

TRANSMISSION SELECTION CONSIDERATIONSgnu—n.  

  

 
 

 

 
 
 

 
  

 

. ' Automatic Synchromesh Steel-
Dec1sion Gearbox Gearbox belt

Factors (3 apeed)‘ (4-speed)* CVT*

 
 
 

 
 

 
 
 
 
 

Height/size

Cost -1

Component

Efficiency -1

Power Train

Control +1

Vehicle

Fuel Economy +2

Nearnterm

Availability 

IrIncluded in HYVEC studies

As indicated in the table, both the synchromesh gearbox

and the CVT would yield better urban and highway fuel economy,
based on hybri vehicle simulation calculations, than the

automatically shifted, three-speed gearbox. The four—speed
synchromeah gearbox yielded better fuel economy by 5-lO% because
of its higher gear ratio range and the absence of hydraulic
pumping losses. The prime disadvantage of the synchromesh gear-
box is the difificuity in providing smooth. automatic shifting
and power train control during the inevitable transients'reeulting
fr0m shifting. The automatic, hydraulically shifted gearbox has
internal clutches and bands which permit power transfer during
the shift and thus significantly reduce the transients resulting
from the shift“

The steelmbelt CVT yields better fuel economy because it

permits both the electric motor and the heat engine to operate
near their optimum torque and efficiency Conditions for a wider
range of Vehicle speede. In addition, the infinitely variable

twig
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character of the CUT significantly reduces transients during
npoed changes and thuo oimplifioe the control of the power train.
Disouesione with the developer ofi the steel-belt CVT, Borg Warner;
indicated that the tranemieeion would not be available before

1985 and that considerable special dovulopment would be required

for the hybrid application. Hence the CV? was not canofidored
for inclusion in the Near-Term Hybrid Vehicle.

The automatically shifted gearbox used in the hybrid vehicle
designed in Task 3 is currently marketed in the GM meody car.
It was designed as a transaxle unit for use with transverse—

mounted ICE engines of 125 hp or slightly higher. The GM gear—
box is a threefiapeed unit with an owerall gear ratio of 2.85.

It would be desirable to utilize a four—apeed gearbox having

a higher overall ratio if one with the proper shaft configuration
should become available in 1980 or l98l.

4=l_3
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4.9 'I'OBOUE COMBINATION OPTIONS

The two options considered for combining the torque of the
electric motor and heat engine are shown in Figure 4.9—1. They
are (1) the single-shaft arrangement in which there is a fixed

ratio between the motor and engine speeds and (2) the power dif—
ferential in which the ratio between motor and engine speeds can

vary with the torque split between the two prime movers. The
relative complexity of the power differential arrangement. which
requires the use of two over-running clutches to maintain the
heat engine and electric motor in their operating speed ranges

for all power train operating modes and torque split ratios, is
evident from Figure 4.9-1. The operation of the power differen—

tial is discussed in some detail in Appendix B, Vol. I, See. 3.5.4.

It was concluded that the added complexity of the power dif-

ferential and its control could not be justified in terms of pos-
sible improved power train efficiency. Hence all the detailed

hybrid vehicle simulations were done using the simpler single-
shaft approach.

0:14
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CLUTCH

' ELECTRIC
MOTOR

Single-Shaft Torque Combining Arrangements

HEAT

ENGINE TRANSMISSION

ELECTRIC HEAT ENGINE
MOTOR

CLUTCH

  
 
  

 

I SUN ' PLANETARY RING

POWER DIFFERENTIAL

OVER-RUNNING ' UN”
CLUTCH

OVER-RUNNING!

CLUTCH

' TRANSMISSION

Schematic Of the Power Differential Arrangement

Figure 4.9-1. Torque Combination Options
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Sacllon 5

DESGBlPTIfBN OF COMPUTER SMULA‘I'IONS

5,1 IN'FRODUGTION

Computer Simulations, their use, the task on which they were

used, and the user/developer are given in this auction. Au ohown
in Table S.i-1. extensive use was made of computer simulations in

all tasks of the Phase I Study. Some of the computer programs

were developed csyecially for the hybrid vehicle Studies and others

were available and in routine use as a vehicle design tool. In

this report, only thooe programs which were developed as part of
the Phase I effort are discussed in detail. Some information on

the vehicle handling and crash simulation programs is given in
Appendix C. Preliminary Design Data Package.

Page 105 of 572 F 2 FORD 1234



Page 106 of 572 FORD 1234

:uummmmm£62\MNUMDHUMMmaufimmuwpuwmmmwuanm0\mwmmo\mwsavanna:momuamuwbacn.EUHEW.m.w.MOHm

 

uwmouwfimn\uwmn

cmfimwumumnwEwfiwum
_

muacafiwamuaamamwvhumcflfifiamum.mwfiusumwmoImvmuucmamon_
Wan-WM”

 

mammamcmhuwbfluamcwm.mmflwsummmoImuMHB:mwmmn_
 

 

wwwhamnmnowmmqa

cowmwfiwooumwnumnawmmwcflnuuuaguanomocoHumrmm>m:OHumanfiwmmcflflucu:ucmqmcmnfimmaumumcwbqnflnonewumuwmowauwnwpadunmamo:OwumHsfifimUcouwmsanlvcoummamalmmumcmwanmuflE0:ouo.mwmIwnunhwmHUMnNPmuwumfluuumHwbwnuxfidmwmcwfinwumn

Giannaflnen'mn

MQDBmHmmdmmmay2HmZOHfidfibfiHmMMBDMEOUhommDWEBm0mm¢2fi3mAla.mmagma

5833no?ImfisafimcoflmfiafiuumafiummnmmmgcOMuMagfiwmmcflmummmvmnmmummaflq.mummwmwmmmfiowuflamUHMUUHUHAm?Mwhflmmanqmpwmw:mfimmn«HoflnupvfluammcoHuquaHmgamma;mflupoHHauwages
 

mamaEmmwoum
5=2

FORD 1234Page 106 of 572



Page 107 of 572 FORD 1234

gun-w ustbll‘llh

5.2 DAILY TRAVEL STATISTICS

A computer program was t'lnvraloped to analyze daily Irnwel

statistics, 1.0., the fraction of days and the fraction of annual
miles traveled on dare lot which the total miles traveled was

less than a specified value. The calculation procedure used is
shown schematically in Figure F.2w1. The inputs to and outputs

from each step of the calculation are indicated in the fiqurn.

In essence the daily travel statistics are calculated from input

data concerned with annual travel statistics. The key element
in the procedure is the Monte Carlo Trip Length Generator which

randomly assigns trips of known length to day: having a speci-
fied number of trips per day. This is done in a manner consistent
with the input data on annual travel characteristics. one pass
through the procedure for a given set of inputs corresponds to a
single car. The procedure is repeated at least 300 times and the
results combined to obtain the cummulative probability distribu-
tions shown in Figures 5.2-2 and 5.2—3. It should be noted that

the procedure described in this section applies only to the ran—
dom daily travel (e.g.. shopping, family business, etc.) and
that predictable travel. such as to-and—from work, must be
accounted for separately.
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5.3 HYBEQD VEHICLE LIEt‘Eh .ui (HYVELD) CALCULATIONS

The computer program {HYVRtDJ was developed as part of the

Design Trude-off Study. It was used extensively to perform the

first step in the screening of the various power train configur-

ations and component combinations- In addition, it was used as
the primary tool in the Sensitivity Analysis Studies (Task 4).
A complete listing of the program is given in Appendix B, Volume
III.

As indicated in Figure 5.3-1, the HYVELD calculation pron

cedure consists of three parts: (1) Vehicle Synthesis, (2} Econ—

omics. (3} Energy=use Comparisons. In the Vehicle Synthesis

part of the program, the weight and cost of the vehicle and the
size and cost of the various power train components are calculated
for specified power train cenfigurations and component character-

istics. The passenger carrying capacity of the vehicle is set
by inputting the appropriate baseline chassis weight, and the
use—pattern is Specified in terms of annual miles traveled and

the fraction of those miles in urban driving. The vehicle per—

formance is given in terms of power—to~weight ratio and electric

range. Vehicle synthesis calculations are done sequentially for
allmelectric. series hybrids, and parallel hybrids with and
without secondary energy storage. Calculations are done for a
single engine type and a number of battery types (e.g., lead—
acid. Ni~Zn, Ni-Fe, Li-S) in each run. The vehicle weight and
cost for each power train configuration and component combina-

tion is built-up from the Reference ICE Vehicle by subtracting
the weight and cost of the conventional power train and adding

the weight and cost of the hybrid/electric driveline needed to
meet the specified vehicle performance. The effect on the vehicle

weight of the added power train weight is accounted for by using
a weight propagation factor.

Economics calculations are made for each of the power train

combinations treated in the Vehicle Synthesis section of HYVELD.
The objectives of the economics calculations are to determine

the ownership cost {¢/mi), breakeven gasoline price ($/gal),

and net dollars saved or lost {S/Yr) for specified unit energy
costs, economic cenditions (interest, inflation. and discount

rates}, vehicle life. and maintenance costs (¢/mi}. The Ref“
erence ICE Vehicle is characterized in terms of its initial

cost, fuel economy, life. and maintenance costs. The ownership
cost (¢/mi) of the Reference ICE Vehicle is calculated for

comparison with that of the hybrid/electric vehicles.

Energyeuse calculations are also made for each of the power
train combinations. Energy use (electricity and fuel} is

calculated separately for urban and highway driving. The results
are expresued both in terms of energy used per mile traveled

and energy used per year. The fuel and energy used by the
Reference ICE Vehicle is also calculated and compared with cor~
responding values for the hybrid/electric vehicles. Fuel and
energy sa“ings are then determined for such power train combina=
tion.

5:":
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5.4 HYBRID VEHICLE SIMULATION CALCULATION (HYVEC)

The computer program {HYVECJ was developed to simulate
second—by-second operation of the hybrid vehicle over urban
and highway driving cycles. The program was used extensively
in the Design Trade-Off Studies to evaluate the hybrid power
train configurations which were identified as the most promising
in the first screening. HYUEC was also used in the Preliminary
Design Task to update the hybrid vehicle energynuse and perform—

ance using refined component characteristics and vehicle weight
projections. A complete listing of the program is given in
Appendix B, Volume III.

A schematic of the HYVEC calculation procedure is shown

in Figure 5.4-1. As indicated in the figure. the calculation
for a particular driving cycle is performed starting at the

wheels and working from component-to-component through the power
train until the fuel and/or electricity needed to drive the
vehicle for each increment of time is determined.

Detailed models based on experimental data and analysis

are used for each of the power train components. For the elec—

tric drive system. motor voltage and current are determined and
used as inputs to a battery model which describes the battery

in terms of terminal voltage as a function of battery current

and state—of—charge. Battery state-oE—charge is expressed as

the ratio of the AH-used to the cell AH capacity at the time-
averaged discharge current. All the electrical power train

components are modeled using scaling factors which permit the
component sizes (ratings) to be changed without altering the

basic inputs to the program. The electric motor is described

in terms of the continuous rated power, base speed, and nominal
rated voltage and flux. The battery is described in terms of
Cell Aflsrating at the C/3 rate and the number of cells in each

battery module (i.e., nominal battery voltage).

The mechanical driveline components. the heat engine and
transmission, are modeled in a conventional manner. The heat

engine is described by its maximum power and rpm. Fuel consume-
tion and emissions characteristics are input as maps of bsfc

and bSem (brake specific emissions » HC, CO, nox. particulates)
as functions of percent speed and percent of the maximum power
at that speed fraction. The multispeed gearbox transmissions
are described in terms of the gear ratio and efficiency in the
various gears, and the pumping losses if the gearbox is hydraulw
ically shifted. The steelnbelt CVT is described in terms of

the maximum reduction speed ratio and the maximum overdrive

speed ratio. Friction and pumping losses are combined into a
single. Speedsdependent loss term for the CVT.
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The control strategy for operating the hybrid power train
is described in HYVEC by a series of statements which specify
under what conditions the engine is on, what fraction of the
power required is supplied by the electric motor, when the gear-
box should be shifted or the battery charged, how the accessory

loads should be met. etc. Development of the control strategy
for the hybrid vehicle was a key part of the Phase I study. and
the HYVEC program was an important tool in that development.
The details of the control strategy evolved were discussed in
Section 3.2.1.6.

The HYVEC program was also used to calculate the maximum
effort acceleration performance of the hybrid vehicle. In
those calculations. both the heat engine and electric motor are

operated at the maximum power (or torque) attainable from them

at each vehicle speed. The gear shifting strategy is such that
the motor and engine are permitted to operate much nearer their
maximum rpm than in usual driving. Particularly for the heat
engine, this increases the power available at moderate vehicle
speeds. The maximum power attainable from the electric drive
system depends on the state-of-charge of the battery. As the

battery charge is depleted, the voltage droop of the battery
increases at high currents and the maximum power the battery can

provide becomes smaller. Maximum effort acceleration calcula-
tions at specified levels of battery state-of-charge can be made
with HYVEC.

5-11
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ECONOMIC ANALYSES

6.1 INTRODUCTION

Initial and ownership costs of the hybrid vehicle relative to
the Reference ICE Vehicle (1985 model) are important factors in de-

termining the marketability of the hybrid vehicle. Hence consider-
able attention was given in the Phase I study to economic analyses
and to the calculation of various component and vehicle cost fac-

tors. Almost all the economic calculations were done using the
HYVELD program. In the Design Trade-Off Studies (Task 2). the
initial and ownership costs were calculated for each of the power
train configurations and component combinations evaluated. A

major portion of the Sensitivity Analysis Study {Task 4) involved
determining the effect of variations in component costs, use-
pattern, economic conditions. and energy costs on the initial and
ownership costs of a parallel hybrid vehicle similar to that de-
signed in Task 3.

The results of the Task 2 and Task 4 studies, including the

economic calculations, are presented in detail in Appendices B
and D. Hence, in this report, the methods used in the economic

analyses are emphasized and the results obtained are considered

only in general terms. In particular, quantitative results for
a wide range of economic parameters are given in Appendix D,
Section 4.

The discussion of the economic analyses is divided into three
parts: (1) Determination of component costs. (2) calculation
of the initial vehicle cost. and (3) calculation of the owner-

ship cost of the vehicle. The approaches discussed form the basis
of the economic calculations done using HYVELD.
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6.2 METHODS OF ANALYSIS

6.22.1 ppgsnmnnrrougflgguponsm egg-gs

The costs of the components in the hybrid power train were

calculated using specific cost values (S/RW or $/kwh} assigned

to each component. The specific cost values were determined as

part of the Design Trade—Off Study.* For the electric motor and

power electronics, including the microcomputer. the specific

cost values used were based on the results of a cost study done

by GE as part of the GE/DOE Near—Term Electric Vehicle Program.

The specific costs of the heat engine and transmission were based

on published and unpublished results of the Pioneer Engineering

and Manufacturing Company for conventional ICE automobiles. For
the batteries, the specific cost (S/kWh) of the various types
was taken from the published cost goals for the DOB/ANL battery
programs.

The cost values determined were treated in HYVELD as the

OEM costs to the hybrid vehicle manufacturer in production rates

comparable to those of the conventional automobile (i.e.. com—

ponents were mass produced by a number of suppliers for a large
market).

6.2.2 CALCULATION OF THE INITIAL COST

The initial cost of the hybrid vehicle was calculated from

that of the Reference ICE Vehicle {1978 model} by first subtrac-

ting the cost of the conventional driveline and then adding the

cost of the hybrid power train and the additional weight needed

to support it. For a particular hybrid vehicle design, the power

train components were sized (i.e., RN or kWh rating of the cem—

ponents specified) in the Vehicle Synthesis part of the HYVELD
program, and the cost of each component was found by simply multi-

plying the component rating (kW) times its specific cost {S/kW).
The added weight was determined by using a weight propagation
factor and the associated cost was calculated on the basis of a

fixed average cost per pound for standard automotive components
and structure.

The initial cost calculated is the selling price to the con—
sumer as indicated by the vehicle's sticker price. A factor of
1.3 was assumed between the OEM cost and vehicle sticker price.

This factor accounts for dealer markup and other marketing ex-
penses. The selling price of the Neaererm Hybrid Vehicle calcu-

lated using GEM component costs and a markup factor of 1.3 agrees
well with that calculated starting from component manufacturing
costs ind a multiplication factor of 2.0 as suggested in the

glectric and Hvbrid Vehicle_Cost gandbook prepared by JPL.
nun-ma’ —

 

*Appundin B. Volume I, Section 3.

6-2
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6.2.3 EQCUIJATIOMLTHE ownaasggp COST

Determination of the ownership cost {¢/mi) of the hybrid

vehicle is a rather complex procedure because ownership cost is

made up of a number of elements including

I Depreciation

I Battery replacement cost

' Fuel and electricity costs

0 Routine maintenance and repair costs

3 Miscellaneous (registration, insurance. etc.)

Some of these elements depend. in a complex manner, on general

economic conditions, vehicle lifetime, and vehicle use pattern.

The ownership cost of the Reference ICE vehicle was calculated

in a manner consistent with that used for the hybrid vehicle.

. The method used in the HYVELD program to calculate each of

the elements in the total ownership cost is discussed in the

following paragraphs.

6.2.3.1 Depreciation

The annual cost of depreciation to the vehicle owner was
calculated using the present worth/capital—recovery factor

approach corrected for the front-end loaded depreciation typical

of automobiles. It was assumed that the hybrid and conventional
ICE vehicles were both bought new and sold at the end of the

four‘year finance period by their first owners. The difference

between the original present worth and the depreciated present
worth after four years was evenly distributed over the four«year

period to obtain the annual cost of depreciation to the first
owner. The nonlinear depreciation scheme used is often referred

to as the "reverse sum of the digits" approach, which can be

expressed analytically as

 

NF-l

>3 (NV-k}
Resale Ealuefl # k=0

Original Value ‘ "V
E k

kel

where Hg is the lifetime of the vehicle and “F is the finance
period of the first owner. The nonlinear depreciation factor
is then

2Nv _ PF + 1
Nv + 1

NLLF =

6—3
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The annual cost of depreciation
written as

ACD

where

VIC

FF

FRCV
II

{ACD) for the vehicle can no

a (NLLF) (FF) (PRCV) (VIC)

a Vehicle initial cost (less batteries)

Finance factor =

1 — (1 + IRE)"

NF IRE
NF

Fixed recovery factor

DR - IF/l + IF

1 _ 1 + on -Nv
1 + IF 

The economic condition factors used are defined as follows:

IRE

Tx

IR

DR

IF

H

H

Effective interest rate = (l — Tx)IR

Tax rate

Interest rate

Discount rate

Inflation rate

The annual depreciation cost was then divided by the annual

mileage to obtain the contribution of depreciation to the
ownership cost. The same expressions apply to both the hybrid
and conventional vehicles except that different values were

used for vehicle initial cost and lifetime (i.e., VIC and NV)“

6.2.3.2 Battery Replacement Cost

The annualized replacement cost of the batteries (ACB) was

calculated using the present worth/capital recovery factor

approach. Hence

ACB

where

BC

FF

H

(FF)(FRCB)(BC)

Battery cost (less salvage value)

Finance factor

FRCB = Fixed recovery factor
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“YLnn-IF 1_ 111D}!
1+IF 1+1?  

Y
L Battery Life (years)

The battery life was determined by HYVELD from input values of
battery cycle life and associated depth of discharge for that
cycle life and calculated battery weight and electric energy
use (kWh/mi). The annualized battery replacement cost was then
divided by the annual mileage to obtain the contribution of

battery replacement to the ownership cost.

' '.3.3 Fuel and Electricity Costs

The fuel (gasoline) and electricity costs were calculated
by HYVELD separately for urban and highway driving. For each

type of driving. the energy required per mile at the wheels
to drive the vehicle was determined based on the calculated

total vehicle weight and input values of the specific energy

requirement {kWh/ton~mi}. The fraction of the driveshaft energy
that is provided by the heat engine drive system was given by an

input parameter which was determined from detailed HYVEC simula-

tions. This fraction depends on the design electric range of the

hybrid vehicle and its use pattern. The remainder of the energy
required by the vehicle comes from.the energy stored in the
battery.

The electrical energy required (kWh) from the plug to recharge

the batteries depends on the electrical energy needed to power the

hybrid vehicle and the charge/discharge efficiency of the battery.

The fuel used by the heat engine depends on the energy provided

at the driveshaft from the engine and the average bsfc {lb/bhp/hr}

of the engine over the urban and highway cycles. Average values
of battery charge/discharge efficiency and engine bsfc's were
used in the HYVELD caICulations.

The fuel (gallons) and electricity (kWh) used in urban and
highway driving were calculated as indicated for specified annual

miles traveled and fraction of miles in urban driving. The annual

fuel and electricity costs then follow directly from the assumed
unit costs of gasoline ($/gal) and electricity {¢/kWh). The
total energy cost is the sum of the fuel and energy costs, and
the contribution of energy cost to ownership cost was found by
simply dividing the total energy cost by annual miles traveled.

The fuel costs (C/mi) for the Reference JCE Vehicle were

calculated from input values of miles per gallon for urban and
highway driving.

6.2.3.4 Routine Maintenance and Repair Costs.
_.=.‘,_ . -... .—_--.—...._ M...“ 

All maintenance and repair costs, with the exception of

battery replacement, were included in the category of routine

6=5
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maintenance nnd repair. The maintenance contn of the hybrid
vehicle (MCHV) were referenced to thone of the conventional

ICE vehicle [MCCV} a9

MCHV 5 (l _ MIFHV)MCCV

where MIFHV is the maintenance improvement factor for the hybrid

vehicle, The maintenance/repair cost of the conventional vehicle
for the first owner {first four years of operation) was taken to

be 3¢/mi in l9?8 dollars. It is felt that after the hybrid
vehicle is highly developed and roadetested, its maintenance
costs will be less than those of the ICE vehicle because of the

inherent low maintenance required of the electric drive system
components and the fact that the heat engine is used for only a
fraction of the vehicle miles driven each year. A nominal main-

tenance improvement factor of 25% was used for the hybrid vehicle.

6.2.3.5 Miscellaneous Costs
  

The miscellaneous cost category included the costs of vehicle

registration and insurance ~ both fixed costs independent of miles
driven. These costs were simply pro—rated over the annual miles
traveled.

5=5
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6.3 MAJOR FINDINGS

Extensive calculations were made in Ta ks 2 and 4 dealing

with the economic attractiveness of the hybrid vehicle relative
to the Reference ICE Vehicle. The results of these calculations

for various hybrid vehicle designs are fiiscussnd in detail in the
final reports of those tasks (Appendices B and D). In this
section, the major findings of the economic studies will be noted
as they relate in a general way to the Phase I study.

(1) The initial cost (sticker price) of the hybrid vehicle
is $1500 to $2000 higher than that of the Reference ICE Vehicle.

(2) The ownership cost (¢/mi} of the hybrid vehicle is

comparable to that of the Reference ICE Vehicle for a gasoline

price of $1.0/ga1. At that fuel price, whether the ownership

cost of the hybrid is slightly higher or lower depends on the
relative vehicle lifetimes and maintenance costs.

(3) At a fuel price of $2/gal, the ownership cost of the

hybrid vehicle is significantly lOWer (3 — 4¢/mi} than that of
the Reference ICE Vehicle, even if the lifetime and maintenance

cost of the two vehicles are the same. Increases in electricity

cost (e.g., doubling the cost from 4.2 to 8.4¢/kWh) have only a

minor effect {about 0.5¢/mi) on the relative ownership costs of
the hybrid and ICE vehicles.

(4) The economic attractiveness, and thus the market pence
tration. of the hybrid vehicle is not strongly dependent on its
use pattern - that is, annual mileage and fraction of miles in

urban driving.
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Section I

MAINTENANCE AND RELIABILITY CONSIDERATIONS

7.1 iNTHODUCTIQN

a discussion of maintenance and reliability is presented in
this section. The discussion considers factors relative to the

hybrid vehicle, the Reference ICE Vehicle, and an all~electric

vehicle. Additional information r garding maintenance and re—

liability of the hybrid vehicle ‘ ,iven in Appendix C, Section 4.3.

7.2 MAINTENflNCE CONSIDERATIONS

Maintenance of the hybrid vehicle entails attention to the
same items as maintenance of the Reference ICE Vehicle. In addi—

tion. the electric drive system of the hybrid vehicle must also
be maintained. Considerablethocght has been given to the mainte—

nance of the elctric drive system as part of the DOE/GE Near—term
Electric Vehicle Program. Table 7.2-1, taken from the Operation

and Maintenance Manual_prepared for the DOE/GE Electric Car,
lists maintenance actions and frequency for the electric drive-

line. Most of those items would also be required for the hybrid

vehicle. Routine maintenance and tune—ups for the heat engine

should be less frequent for the hybrid vehicle, because the engine
would be used only a fraction of the driving time [i.e.. it wOuld
take longer in calendar time to accumulate a fixed number of

equivalent miles or operating hours). The engine oil and coolant
would have to be selected such that they could function longer

between changes. One would expect that the brakes on the hybrid
vehicle would last more vehicle miles than the brakes on the

Reference ICE Vehicle because regenerative lraking supplies much
of the stopping torque in stop-and—go urban driving. After the
electric motor and electronics are fully developed and road—tested
for millions of miles. it is reasonable to expect that they will
have long life and a minimum of routine maintenance. The bat-

teries will. of course. require continuing attention if they are
to have a long life. but most of that maintenance can be done by

the car owner if the battery charging (including equalization
charging) and watering systems are well designed.

In the calculations of ownership cost it was assumed that

paid~for maintenance of the hybrid vehicle would be 25% less than
for the Reference ICE Vehicle after the hybrid power train is

well developed and roadvtested. This assumption is primarily
based on the less frequent need for engine maintenance/tuneeups
and the expectancy that the electric motor/electronics are relaw

tively maintenance free. It was also assumed that with proper
design of the nonprepulsion components,* the effective lifetime

(miles or years) of the hybrid vehicle could be extended beyond

iAddiEiBnal chassis and running gear cost (5%) has been included
for the hybrid vehicle.

Tel
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Table 7.2-1

MAINTENANCE FOR DOE/GE NEAR—TERM ELECTRIC VEHICLEan...  

 
Maintenance

Item

 

Maintenance Action Pregnancy
r--_——-.=  

Propulsion Perform watering procedure Every 2 months
Batteries

Check Operation of watering/ Every 2 months
vent valves

Check watering/venting tub— Every 6 months and when

ing for evidence of cracks, battery compartment

pinching, looseness on removed from vehicle

fitting

Perform equalization pro- Once every 7 normal

cedure charges

Drop battery tray and clean Every 6 months

battery tray of debris

Check specific gravities Every 6 months
or open-circuit voltage

Flame Inspect and clean Every 6 months

Arresters Replace Flame Arresters Every 2 years

Watering Inspect and move or replace Every 12 months
Tubing flattened section of off—

board watering tubing

AC Power Inspect for frayed or Every 6 months
Cord broken wires

108 Volt DC Validate isolation of 108 Every 2 months
System dc system from chassis

Groundvfault Check normal trip mechanism Every 6 months
Current via test button

Interrupter

Highwnmperage Inspect cable from battery
Heavy Cabling to on switch to PCU and

motor

Every 6 months

Drive Motor

Brushes, Comm
mutator

Cleanliness

Inspect Every 6 months

Drive Motor

Brushes
_,-,_. . __ . .. -. _ g _._ .- ....- _ y...,_ ___. .__

Replace Every 2 years

   

Page 126 of 572 F 2 FORD 1234



Page 127 of 572 FORD 1234

atusnu$ EtEB'I’HH:

that of the Reference ICE Vehicle because of the expected longer

calendar life of the heat engine and the longevity of the electric

drive components. A hybrid vehicle life of 12 years or 120,000
miles was used in the cost calculations. It would, of course,

be necessary to replace the battery pack several times during the
hybrid vehicle lifetime, but that cost is included separate from

the routine or repair maintenance costs.

7.3 RELIABILITY CONSIDERATIONS

The reliability of the hybrid vehicle should be greater than

that of the Reference ICE Vehicle, because the hybrid vehicle has

two, rather than one, drive systems. Both systems would have to

be inoperable for the vehicle to be stranded or totally unusable.

The hybrid power train is designed such that the vehicle can oper—
ate on either of the drive systems alone, but at reduced perfor-
mance.

It is difficult to assess quantitatively the vehicle mainte—
nance and reliability factors (P14 through P16). If the probab—

ability of a failure for each of the components in the power train
is approximately the same. then it would be expected that system
failures with the hybrid vehicle would be significantly more fre—
quent than those with the Reference ICE Vehicle. Clearly, this
cannot be permitted to be the case, or the hybrid vehicle could

not be marketed in competition with the ICE vehicle. Hence a

design goal for the hybrid vehicle (fully developed and tested]
must be to maintain power train and vehicle failures to the same
or lower frequency than that for the conventional ICE vehicle.

Engine failures would be expected to be less frequent with the
hybrid vehicle, because the engine is used less of the time. In

addition, suitably designed electrical/electronic components have

less frequent failures than mechanical components. Friction
brake failures for the hybrid vehicle would be less frequent than
for the conventional vehicle because the friction brakes are used

less. Major repair of the electric drive system is expected to
require less time than that of the engine. because the electrical
components are smaller and lighter and it is feasible to replace
the faulty component with a new orrebuiltone as is done with
alternators, starter motors, and electronic ignition systems

in conventional vehicles. In addition, it seems less difficult

to engineer self-diagnostic capability into the electric drive
system than into the engine system. Hence. it appears reasonable
that repair of the electric drive system will take less time and
exhibit less variability from case to case than repair of the
conventional ICE vehicle. It is. of course. assumed that the

power train is assembled such that suitable access is provided

to the electric drive components and electronics. The factors
P14 through P16 are estimated qualitatively in Table 7.3-1 in
relation to the Reference ICE Vehicle only after the hybrid
vehicle is well developed and road~tested. Hence the maintenance/

reliability factors are intended only as longwterm design goals
of the hybrid vehicle development program.
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Table 1.3-1

VEHICLE MAINTENANCE AND RELIABILITY FACTORS‘

Factor

P14 Reliability

P14.1 Mean usage between failures -
power train

P14.2 Mean usage between failures —
friction brakes

P14.3 Mean usage between failures —
vehicle

P15 Maintainability

PlS.l Time to repair —
mean

P15.2 Time to repair —
variance

P16 Availability

Minimum expected utilization rate
defined as time in service divided

by the sum of time in service and
time under repair

Estimate Relative‘

to ICE Vehic1e_

same as or less fre-

quent failures

less frequent failures

same as or less fre-

quent failures

. smaller

smaller

higher

Compare- wit an ICE ve'io e a ter t'e y-rid ve ic e"s we"
developed and road-tested
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Section 8

DESIGN FOR CRASH SAFETY

3.1 INTRODUCTION

A discussion of the crashworthiness of the hybrid vehicle is
given in this section. A methodology is developed which estab-

lishes a correlation between the hybrid vehicle design and the
crashworthiness already established for the Reference ICE Vehicle
(1979 Chevrolet Malibu).

8.2 METHODOLOGY FOR CRASHWORTHINESS EVALUATION

In order to provide a preliminary assessment of the crash-

worthiness of the hybrid vehicle's frontal structure and drive

component placement, a computer study was conducted. Utilizing

the preliminary design configuration, a series of vehicle colli-
sion simulations was made to evaluate the vehicle crash environ-

ment for a 30 mi/hr frontal barrier impact. The computer study
was done using the lumped mass vehicle collision simulation pro-

gram {SMDYN). A schematic of the forward structure and components

used for the computer simulations is shown in Figure 8.2-1. As

indicated in Figure 8.2-2 both the front and underbody structures

of the hybrid vehicle will be redesigned in order to support the

added weight and crash loads as compared with the stock Malibu.

The methodology used to evaluate the crashworthiness of the

hybrid design was based on the fact that the hybrid's passenger
compartment is identical to that of the 1978 Chevrolet Malibu and

the assumption that occupant survivability in the hybrid config—
uration would occur if the hybrid's crash environment was found

to be comparable to that of the Malibu. Compliance test crash

data was obtained for a 1978 GM A-Body car. That data provided

the basis of comparison for evaluating the proposed hybrid con—
figurations. Since static crush data was not available for the
Malibu structure, data from similar vehicles was used in the SMDYN

model to attempt to duplicate on the computer the vehicle colli-

sion performance of the Malibu. Modifications were made to the
crush data until a match was achieved between simulation results

and the known Malibu deceleration pulse.

After the base vehicle (Malibul simulation was completed.

a series of calculations was made to study the following hybrid
vehicle factors:

9 Longitudinal and transverse heat engine package

without a battery pack

9 Both engine configurations with battery packs in=
stalled behind the heat engine
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M - body K5 - engine mount (rearward)1

M2 - engine/drive system 6 - engine mount (forward)

3

K

- cross member/unsprung mass K7 - transmission (rearward)

K
M4 - battery 3 - transmission mount

(forward)

M5 - barrier
K9 - drive system/firewall

K1 - upper sheet metal .
K10 - battery/firewall

E2 - radiator/engine front
K11 — engine/battery

K3 — front frame rails
K12 - battery containment

K4 - rear frame rails structure

Figure 3.2-1. Schematic of the Hybrid Vehicle
Forward Structure and Components
for Crash Sinulation
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. Standard and soft battery pack crush character-
istics

I Structural component changes

0 Variations in vehicle height

The cases calculated and the results obtained are summarized in

Table 8.2nl. The details of the crash simulation studies are

given in Appendix C. Preliminary Design Data Package.

au-a
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0.3 CBASHWORTHINESS ANALYSIS CONCLUSIONS

The following conclusions were derived from the crash simu-

lation study:

(1) The Transverse Drive Sydtem (TDS) package shows much

greater promise of affording crash protection comparable to that
of the conventional Malibu than does the Longitudinal Drive

System (LDS) as shown in Figure 3.3-1 and 3.3-2. The LDS could
afford similar levels of protection Only if more structural crush
space were available under the hood.

(2) For both drive system configurations, the maximum in-
trusion into the passenger compartment occurred in the tunnel
area as a result of the movement of the heat engine and asso-

ciated drive components. This area of the body structure should

receive a high level of emphasis during Phase II.

(3) Increasing the structural resistance (but utilizing
values within the state of the art of automotive technology) re-
duces passenger compartment intrusion without significantly af-
fecting the peak deceleration levels of the TDS Hybrid System.

(4) Battery pack intrusion into the passenger compartment
should not be a serious problem. The TDS layout can achieve a

desired objective of preventing such intrusion. However, further

test information is required for the interaction between the
transverse heat engine and battery pack.

(5) Although occupant response was not addressed directly
in the study, it seems likely that a hybrid vehicle design which
paid careful attention to crashworthiness would satisfy FMVSS 208

injury criteria for fully restrained occupants. This conclusion
is based on the similar passenger compartment decelerations for
the Chevrolet Malibu and the TDS strengthened structure and on
the occupant injury levels recorded in the GM A-Body tests.

Page 135 of 572 F 2 FORD 1234



Page 136 of 572 FORD 1234

saumnfinmm

+ cmwmmummu.uuxa(snmun1mu

A omuaflnmu.uuwzcn311mauua

0 flfilflfifib

B Ufilflfiflb

- . Bil -

3 +1 . I I

g a . 68' .
U 0 O I C O 3 C O I U 9 Q I O O

z . . .

3 A M2”. . .
I- . .

< 9l3 ' 34

g . '91095. . I .3293.
g . .1 .
u 93 ‘
a .

I .
D O O I ‘
I
H I I

X .

i - - .

____..____.________i___.______..;.._.._______i

5 13 :5 a

 
”Ulwflflflfiflfifikflflfiflflflflfllflflifififlfltflfl

Figure 8.3-1. Maximum Deceleration as a FUfiction of Max&
imum Intrusion (Refer to Table B.2=l for

Run Identification)

Page 136 of 572 F 2 FORD 1234



Page 137 of 572 FORD 1234

cansnufl meme

mocmEuomuwmyum...QIIHU592m:MUOImUcmmIHMmbwunUfiunmmmmumbmcmue9..»monomfiummEou.mlm.mwusmwm
  

  

 

 

 

 

  
 

 
 

 
 
 

 
 
 

 

  

 

  

 

   
 

 

 

  

   
  

 

 

  

 

 

 

 

 

  

... ..I.-.I.I..-II.....I..I.'3:Illfinn.I.-I.“III-III.iii....,... .....lIIiIIIInuIII.III_IIIIIIIIIIIIIIuIIIIIIIIII'II'IIIIIII.............-...IIIIIIIIImMIIII-ammo....II=...I.nIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.. ...IIIIInnIIH-n-n-IIIIII.mn-mlLIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII“!.. ..I.-IIIIIIIIIIIIIIIInIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.....:T...IIIIIIIIIIIIIIIIIIIuIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.IIIIIIIIuIIIlI..It.m“1 .....Iafluu...IIIIIIIII...I...IIIIIIIIII.....I....IIIIII..J...IIIIIIIIIIIIII..IIIIIIII.IIIII.1114.........III...IIIIIIItrIIIIIIIIIIIIIIIIIIrIIrIIIIIIII.rIIIIII.III-.IIIIIIIII...I...-..E.IIIIIIIIIII.IIIII-“unnuInIIIIIIIIIIIIIIIIIIIIIIIII.IIIIIIIII.uElli.III.“nu“.I:..H”mm”u--.ml.“"ml-IIII“I..""IunlnIII-JunEinugm._III-IIIIIIIIIIIIIIIIIIIIIIIII-II.nIIIIIII.1HHH..II...IIIIIIII.IIIIIIIIIImmumI‘mm‘I—IIIIUIIIIIIIIII. .._.III..IIIIn---n-m-IIIIIIIIIIIIIIII--Iu--aIIn.iI'III.IIII.. ....- ..IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIInlllIIIIIIIIIIIIIIIIIIIIIIIIIIII..IIIIIIIIIIIIIIIIuIIIIIIIIIIIIIIIIIIIIIIIIIII,...._..IIIIIIII“IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.IuIIIIIIIIIIIIIIIIIIIIIII.IIIIIIII.IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_IIIIIIIIIIIIIIIIIIIIIII. IIIIIIII.IIIIIIIIIIIIIIIIIIIIInnIIIIIIIIIIIM.In.III-..III.I"III-IIIIIIIIIIIIIIIIIIIIIII.....IIIIiIIIIIII.InlunIIIIIIIIIIIIIInIIIII.....IIII‘IIII...IIIIIII.. III.IIInIIIInIIIIIIIII...III:I..iII'IIII.LIIIIIII_ ..... IIIIIIIIIIIIIIIIIIIIIIIIIII.III..I..III_IIIIIII.III..IIIIIii: .IIIIIIIIIIIIIIIU.IIIIIIIII-I-.--—-Iu-..III:IIIII.IIIIIIIIII__....I ._.IBIIIIIIIIIIIIIIIng---I....II.IquIIiIIIIHJIIIIIII..11.11.11._..IIIIIIIIIIIIII“:IIIIIIIyIn.I!..I.....IIIIiIIIIIIIII...11......_..Elli-IIIIIIIIIIIII.IIIIv..IIIIIIIIIIIIII.IIIIIIIIIIIIIIIII:.IIIIIIIII-IIII1T...IIIIIIIIIIIIIIIIIIIIIIIIIIIII..IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIu...EillIll-.III....iII.i..I11IIIIIIIIIIIIIIIIIIIII...III.III.IIIIIII....I..I...II...II.IIIII.I..;.III.III.”U.11:. ...IIIIIIIIIIIIIIIIIIII.Imwd‘I—FDOIIIIIII....I:IEIIIIIIIIIIInIIIIII:...III.._...[II-IIIIIIIIIIIIIIIIIIIIIIIIIIInw.IIIIIIIII..I.IIIII..IIIIII.IIIIIIIII_....I:.IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII...IIIIIIIIII...IIIuIrr.I......I....I....IIIIIIIIIIIIIIIIIIIIII. . .lii’:!lil":!llllI..-II....I‘.'.II-II.—2l‘lll.l.hlbllu..I-L'I'll-.....l'Ii-Iifllii._...IIrIIIlIIlIIIIIIIIIIIIIIIIIII.IIIIIII..IIIIIIII..IIIII—”.I.-III.M...IIIIIIIIIIIIIIIIIIIII...I:II.IIIIIIIIIIIIIIIUIIIII_n..“...“..IIIIIIIIIIIIIIIIII.LIII..IIII.
In

..IIIIIIIIIIIIIII_IIIIIIIIIIIIIIIII. .

IIIIIIIIII_II..IIIIIIIIIIIIIIIII.IIIIIII.I.IIIIII.._.IIIIIIIIIIIIIIIIIIIIIIIIIIEIIIIIILIIIIIII.[IIIIIIIIIIIIIIIIIIIII.uI..IIIII..IIIIIIIIII.IIIII.III....IHVHHIIIILIVJ-FLII.1:13.26;5.4III'Iir.LlI.l.I-I."....IE.§EhLPrl-E[h...Lh"I:IqustIQiII-"E.__._......i_IIIIII.IIIIIIIIIIIIIIIIIIIIIIIII.IIIIIIII.._....__II.IIfiufimMMHMhmwn—rpm.I.I.IIIInIIIIIIiIII
..I...

IIIIIIIIIIIIIIIIIIIIIIIIIIII.I...Ill-IIIIIIIIIIIIII...1......qu...m.IIIIIIIII......IIIIIIIIIIIIIEvanIIIIIFIIIIIIIIIIIII..IIIiIII.. ....I...fi.fi..................fi.......un...__...__aJ....IIIIIIIIiIIIIIIIII-Illhrthrhihhhunnssvlcrvsil...I-IIIIILIIIIIIIIIIII....I-EgiillllIII-IIIIIIIII..IIIIIIIIIIHIIIIIIIIIIIlnunnununununnuunuI.IIIIIIIiIIIII.III-El._.II..IIIiii-IIIIIIIII-IIIIIIIIIIIIIIIIIII-IIIIIIIII.IIIIIII.illiIIIIlIIiIIIIIIIIIIIIIIIIIIII.IIIIIII.
   

 

Bats

FORD 1234Page 137 of 572



Page 138 of 572 FORD 1234

Sactlon 9

BIBLEOGRAPHY

Page 138 of 572 ' F 2 FORD 1234



Page 139 of 572 FORD 1234

neuranrflniemic

Section 9

BIBLIOGRAPHY

9.1 MISSION ANALYSIS AND USE PATTERNS

1)

2)

3)

4)

5)

6)

7)

F.T. Surber and G.K. Deshpande, "Hybrid Vehicle Missions,"
paper presented at the 5th International'Electric vehicle
Symposium, Philadelphia, PA, October 1978.

A Policy on Geometric Design of Rural Highways - 1965,
American Association of State Highway Officials.

Statistical Abstract of the US, 1977. 98th Annual Edition,

published by the US Department of Commerce, Bureau of Census.

Motor Vehicle Facts and Figures '77, published by the Motor
Vehicle Manufacturers Association, Washington, DC.

US Department of Transportation/Federal Highway Administra-

tion. Nationwide Personal Transportation Study - Report
No. 10, “Purposes of Automobile Trips and Travel," May 1974,

H.J. Schwartz. "The Computer Simulation of Automobile Use

Patterns for Defining Battery Requirements for Electric

Cars,“ Fourth International Electric Vehicle SymposiumIr
Dusseldorf, West Germany, l976.

US Department of Transportation/Federal Highway Administra—

tion, yationwide Personal Transportation Study — Report
No. 2, "Annual Miles of Automobile Travel," April 1972.
 

991

Page 139 of 572 F 2 FORD 1234



Page 140 of 572 FORD 1234

asusaméfi'pfiiuumtc

9.2 CHARACTERIZATION AND SALES OF CONVENTIONAL

1)

2)

3)

5)

6)

ICE PASSENGER CARS

General Motor'e Response to the '81-'34 Fuel Econumy Proposal
and Special Order, 1977.

A.F. Burke, "The Moving Baseline of Conventional Engine-

Powered Passenger Pars (1975—1985)." SAE Paper No. 780347,
Detroit. MI, 1978.

B.D. McNutt, et al.. “A Comparison of Fuel Economy Results

from EPA Tests and Actual In-Use Experience 1974—1977 Model

Year Cars," HCP/M8435—01, February 1978.

1977 Year had Service D (New Passen er Cars), by State and

and U5: l977 Year End Servmce K (Imported Cars}. by State
and Us, R.L. Polk Company, Detroit, MI.

The Study of American Markets w Automotive, US News and
World Report, 1977.

F.B. Robles, Jr. and 3.3. Wallis, Comfort Criteria for Air—
Conditioned AutOmotive Vehicles, Paper No. TBOTZE, Scolety

of Automotive Engineers.

Page 140 of 572 F 2 FORD 1234



Page 141 of 572 FORD 1234

sinsnuflmcmc

9.3 HEAT ENGINES AND TRANSMISSIONS

l)

23

3)

5)

6)

7)

8}

9)

10)

ll)

12)

M. Dowdy et al., "Automotive Technology Status and Projec-

tion," Jet Propulsion Laboratory Publication 73-71,
June 1978.

H.J. Bauer, Egghnical Material on the HR 34 Gas Turbine
Engine, Williams Research Corporation, January 1979.

D. Yamamoto and T. Muroki, Development on Exhaust Emissions
and Fuel Economy of the Rotary Engine at Togo Kogyo, Paper
No. 780417. Society of Automotive Engineers, March 1978.

T. Kohno, et al.,Analysis of Light-Load Performance in
Rotary Engines. Paper No. 790435. Society of Automotive
Engineers, March 1979.

Qevelopment of a Motor Vehicle Materials Historical High—
Volume Industrial Processing Rates Cost Data Bank (Inter—
mediate Type Car . Pioneer Engineering and Manufacturing
Company, Contract DOT—HS—5#01031, PB~263 070, May 1976.

Unpublished data on the volkswagen 1.6—2 and 1.3—2 Fuel—

Injected Gasoline Engines, supplied to Department of
Transportation. Transportation Systems Center. Otained

from the Department of Transportation by General Electric

Corporate Research and Development.

Dulieu et al-a MetaleuEEorted Catalysts for Automotive
Applications, Paper No. 770299, Society of AutomotiVe
Engineers, March 1977.

P. 05er, CBtfllXSL Systems with an Emphasis on ThreewWay
Conversion and Havel Conceptsr Paper No. 790306, Soc1ety
of Automotive Engineers, March 1979.

B. Bates et al., Variable Displacement b Engine Valve
Control, Paper No. 780145, Socrety of Automotive Engineers.
March 1973.

R.S. Mueller and M.w. Vitvlugt. Valve Selector Hardware.

Paper No. 730146, Society of Automotive Engineers.
March 1978.

  

Esta Base for Light=Weight Automotive Diesel Power Plants,
whim—Wm

Contract DOT-TSC-llgg. Volkswagenwerk, 21 September 1977.

Technical Instruction, Fuel_Injection. Continuous injection
System 1C1SS: Robert Bosch GmbH. Stuttgart, Federal Repuwlic
of Germany. Publication No. VDT=VBP 741/13. 1974.

9-3

Page 141 of 572 F 2 FORD 1234



Page 142 of 572 FORD 1234

csuuaufimnalc

13)

14}

15)

15)

l?)

18)

19)

20}

21)

Technical Instruction, Electroncially Controlled Fuel
.mh‘m

In ection: RobertBoscE GmbH, Publication No. VDT-VBP

l517lB. Stuttgart. Federal Republic of Germany.

Proceedings of the International Conference on Automotive
Electronics. Dearborn, MI, 25 to 27 September 197§.
 

B.D. Lockhart, fi_Fue1 Economy Develogment Vehicle with
Electronic Programmed Engine Controls (EPEC). Paper No.
l90231, Society of Automotive Engineers, March 1979.

Private communication received by General Electric Company,
Schenectady, NY, from Borg—Warner on the Transmatic Steel-

Belt Continuously Variable Transmission, March 1979.

L. Morello, 0 timizin the En ine—Transmission S stem b

Means of an Electronically Controlled Gearbox, Fourth
International Symposium on Automotive Propulsion Systems,
Washington,.DC. April 1977.

Morse Chain, Division of Borg—Warner, Controlled S eed

Accessory Drive, Semiannual Highway Vehicle Systems Con—
tractors' Coordination Meeting, October 1977.

J. Daniels. "Automatics ~ The Road Ahead," Autocar, Vol. 150,

No. 4305. May 1979.

J.J. Gumbleton et a1., 0 timizin Engine Parameters with
Exhaust Gas Recirculation, SAE 7%0103.

"Performance Characteristics of Automotive Engines in the

United States," 3rd Series, Bartlesville Energy Technology
Center, Oklahoma, 1979.

Report No. 1 — 19?? Volvo lBl-CID EFI

Report No. 6 1 1973 VW 90-CID Diesel

Report No. 7 ~ 1978 Ford Fiesta 98—CID

Report No. 10 - 1973 Honda 9B—CID

Report No. 16 - 1975 Volvo 121-CID EFI

Page 142 of 572 F 2 FORD 1234



Page 143 of 572 FORD 1234

cemznuflsmcmc

9.4 ELECTRIC DRIVE SYSTEMS

1)

2}

4)

5)

6)

7)

8}

9)

10)

11)

F.T. DeWolf, DC Motor formgiggtric Vehicle Program (Energy
Research and Development Administration}, General Electric
Report DFTDDCMOOT, October 1978.

R.D. King, Producibility Analysis of Electric Drive S stem
for Near-Term Electric Vehicles idraft onlyi, General
Electric Company, Syracuse} NY, April 1979.

 

Near-Term Electric Vehicle — Phase II, Mid—Term Summarx
Re ort, General Electric Corporate Research-End Development,
Ju§y 1978.

3.x. Bose and H. Sutherland, A Microprocessor-Based Real
Time Feedback Controller for an Electric Vehicle Drive

System, Conference Record of IEEE Industrial Applications
Society Annual Meeting, 1978.

Electric Car Design, Interim Summarg Report, Phase I -
Deliverable Item 9, Contract EY—76-03-0294, SRDw77*078,

General Electric Company, May 1977.

Preliminary Power Train Desi n for a State-of—the Art
Electric Vehicle, DOE7NASA70592-7871, Contract NAS 3—20592,
Vol. 1 (of 2 volumes), Rohr Industries, Inc., September 1978.

Preliminar Power Train Desi n for a Stateuof—the Art

Electric Vehicle, DOE7NASA70592-7871, Cantract NAS 3n20952,
Vol. ZmTof 2 vqumes), Booz, Allen and HamiltOn,
September 1978.

E.P Cornell, R.H. Guess, and F.G. Turnbull, "Advanced Motor

DeVeIOpments for Electric Vehicles," IEEE Transactions 0n

Vehicular Technology, Vol. VTvZG, No. 2, May 1977.

A.B. Plunkett and D.L. Plette, "Inverter—Induction Motor

Drive for Transit Cars," IEEE Transactions on Industr

Applications, Vol. IA—13, No. 1, pp. 26—37, January?
February 1977.

E.L. Lustenader, G. Chang, E. Richter, F.G. Turnbull, and

J.S. Hickey, "Flywheel Module for Electric Vehicle Regen»

erative Braking," 12th Intersociety Energy Conversion
Engineering Conference, Washington, DC, August 1977.

A.B. Plunkett and F.G. Turbull, "Load Commutated Inverter/

Synchronous Motor Drive without a Shaft Position Sensor,“

1977 IEEE/IAS Annualflyeeting Congerence Record, Los Angeles,
CA, IEEE Publication No. 7? EElZ4Bn8-IA, pp. T4Bw?57,
October 19?7.

Page 143 of 572 F 2 FORD 1234



Page 144 of 572 FORD 1234

Manusfiamcrmc

12) A.B. Plonkett and F.G. Turbull, "System Design Method for

a Load Commutated Inverter—Synchronous Motor Drive," 1978
u-“—

IEEE/IAS Annual Meetinq Conference Record, Toronto, Canada,w

Essa PubiTé'a't'ion" do". 78'c"n“134"E'Ts'T-m', p'"p"—.“612—819, Octo'. .rr
1978.

9.5 BATTERIES AND FLYWHEEL

1)

2)

3}

4)

5)

5}

7)

9)

J.M. Ponsford, Rife Testing of Leathcid Batteries for
Electric Vehicle Duties, Paper No. 790147, Society of Auto-
motive Engineers, March 1979.

"Charging System," ickel*Zinc Rechargeable Battery Product
Characteristics Brochure, Energy Research Corporation.

E.J. Cairns, Elna/Nickel Oxide Cells, General Motors Research
Laboratory, Extended Abstract, Electrochemical Society

Meeting, July 1978.

E.J. Cairns, ginc/Nickel Oxide Cells: Status and Projections,
General Motors Research LaBoratory.

Design and Cost Study of Nickel-zinc Batteries for Electric
Vehicles, Final Report, Department of Energy Contract No.
31-109-38-3541, Energy Research Corporation, October 1976:
additional data received from Miklein, April 1979.

E.A. Rowland and G-S. Hartman, Evaluation of Better:
Performance for an Electric Vehicle Wltn Regeneratibe

Braking] Fifth International Electric Vehicle Symposium,
October 1978.

E. Behrin et al., Energx Storage sttems for Automobile
ProEulsion: 1978 Studx, UCRLw52553, Lawrence Livermore
Laboratory, December 1978.

A.F. Burke, Characterization and_§pglication§mnnalxsis of
Energx_5torage Sistems, Aerospace Report No. ATR—T7(753Bf-l,
December 197?.

 

Presentation Aids for the 3rd EHV Program Contractors'
Coordination Meeting, Arlington, VA, June 25=27, 1979.

9=6

Page 144 of 572 F 2 FORD 1234



Page 145 of 572 FORD 1234

canenmfiymcmc

9.6 HYBRID AND ELECTRIC VEHICLE EVALUATIONS

l) A. F. Burke, berid Vehicle Sistems Evaluations, Final Report
on Task 4. 5, Jet Propu151on Laboratory Report on Electric
Hybrid Vehicle Project, December 1978.

2) D. Griffin, Volkswagen_Taxi':- Hybrid Test Program, JPL Report
900—851, December 1977.

 

3) "State ofthe-Art Assessment of Electric and Hybrid Vehicles, "
NASA TM-73756, NASA Lewis Research Center, Cleveland, OH,

September 1977.

4) N.H. Beachley and A.A. Frank, Increased Fuel Economy in

Transportation Sistems b1 Use of Energz Management - Third
Year‘ 5 Pro%ram, Report DOT— TST~?7— 21, ContractDOT-OS- 301 2-MOD 3 University of Wisconsin, July 1976.

5) L.E. Unnewehr, et a1., berid Vehicle for Fuel Economx,
535 760121.

9°?

Page 145 of 572 F 2 FORD 1234



Page 146 of 572 FORD 1234

NEAR-TERM HYBRID VEHICLE PROGRAM

FINAL REPORT — PHASE I

Appendix A . Mission Analysis and Periormance

Specification Studies Report

 
Contract No. 955190

Submitted to

Jet Propulsion Laboratory
Caliiornia Institute of Technology

4000 Oak Grove Drive

Pasadena. Calitornia 91103

Submitted by

General Electric Company
Corporate Research and Development

Schenectady, New York 12301

October 8. 1979

msnuwmcrnlc 
Page 146 of 572 F 2 FORD 1234



Page 147 of 572 FORD 1234

crusnu$zucmc

FOREWORD

The Electric and Hybrid Vehicle (DEV) Program was established
in DOE in response to the Electric and Hybrid Vehicle Research,

Development, and Demonstration Act of 1976. Responsibility for the
EHV Program resides in the Office of Electric and Hybrid Vehicle

Systems ofDOE. The Near—Term Hybrid Vehicle {NTHV} Program is an

element of the EHV Program. DOE has assigned procurement and man—

agement responsibility for the Near-Term Hybrid Vehicle Program to
the California Institute of Technology, Jet Propulsion Laboratory
{JPL}.

The overall objective of the DOE EHV Program is to promote the

development of electric and hybrid vehicle technologies and to demon—

strate the validity of these systems as transportation options which
are less dependent on petroleum resources.

As part of the NTHV Program, General Electric and its subcon—

tractors have cempleted studies leading to the Preliminary Design
of a hybrid passenger vehicle which is projected to have the maxi—

mum potential for reducing petroleum consumption in the near term
{commencing in 1935). This work has been done under JPL Contract

955190, Modification 3, Phase I of the Near—Term Hybrid Vehicle
Program.

This volume is part of Deliverable Item 7, Final Report, of
the Phase I studies. In accordance with Data Requirement Descrip«

tion ?, the following documents are submitted as appendices to the

Final Report.

APPENDIX A is the EEESiOP Analysis and Performance Specifica—
tion Studies Report that constitutes Deliverable Item 1 and reports
on the wrrk of Task 1.

 

APPENDIX D is a three—volume set that constitutes Deliverable
Item 2 and reports on the work of Task 2. The three Volumes are:

0 Volume I —- Design Trade-Off Studies Report

0 Volume II -— Supplement to Design Trade—Off
Studies Report, Volume I

I Volume III —- Eomputer Program Listings
 

APPENDIx C is the Preliminary Design D ta Package that constiu
tutes Deliverable Item 3 and reports on the work of Task 3.

 

RPPEDDIX D is the Sensitivity Analysis Report that constitutes
Deliverable Item 8 and reports on Task 4.

The three classifications - Appendix, Deliverable Item, and

Task number — may be used interchangeably in these documents. The

interrelationship is tabulated below:

iii
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Deliverable

figpendix ___ltgm

A l l

B 2 2

C 3 3

D 8 4

Task 911.212

Mission Analyiis and Performance

Specification Studies Report

vol. I u

Report

Vol. II — Supplement to Design

Trade-Off Stuaies Report

Vol. III - Computer Pquram

Listings

Design Trade-Off Studies

Preliminary Design Data Package

Sensitivity Analysis Report

This is Appendix A, Mission Analysis and Performance Specifi-
cation Studies Report, which reports on Task 1 and is Deliverable
Item 1. It presents the study methodology, vehicle characteriza—
tions, mission description, characterization, and impact on poten-
tial sales, rationale for selection of the ICE Reference Vehicle,

primary results of the study, and conclusions and recommendations.
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Section 1

INTRODUCTION

1.1 INTRODUCTiON

This is Appendix A. Mission Analysis and Performance Speci-
fication Studios Roport {Deliverablo Item 1) of tho Phase I Final

Report (Dc‘ivcrablc atom T). This Appcndix h rcports on Task 1

of tho Near-Tcrm hybrid Vehiclu Program and is part of Deliverabln

Item T. Elflgl_hgflg§£, which is the summary roport of a sorics which
documents tnc results of Phase 1 of tho Near—Term Hybrid Vohiclc
Program. Phnsc 1 ot the program was a study loadinn to tho prelim-

inary design of a five-passenger hybrid vehicle utilizing two energy
sources (electricity and qasolino/diosel fuel} to minimize petroleum

usage on a fleet basis.

The NearaTerm Hybrid Vehicle Program is sponsored by the H.5-

Department of Energy (DOE) and the California institute of Technology,
Jet Propulsion Laboratory (uPL;. Responsibility for this program at
DOE resides in thc Office of Electric and Hybrid vehicle Systems.

Work on the Phase 1 portion of the Program was done by General Elcc~
tric Company Corporate Research and Development and its subcontrac~
tors under JPL Contract 955190.

This report presents the study methodology; the vehicle char-

acterizations; the mission description, characterization, and impact
on potential sales; the rationale for the selection of the Refer—

ence Internal Combustion Engine (ICE) Vehicle, the primary results:
and conclusions and recommendations of the missiOn analysis and

performance Specification report.

1.2 OBJECTIVES OF MISSION ANALYSIS AND PERFORMANCE

SPECWICATION STUDIES (TASK 1)

The major objectives of Task 1 - Mission Analysis and Perfor-
mancc Specification Studies are to:

0 Perform an analysis of missions appropriate For a hybrid
vehicle which meets or exceeds specified mirimum constraints

and performance requirements,

I Identify vehicle characteristics sssoc1sted with thcsc
missions,

3 Identify the mission or sets of missions which maximize the
potential for reduction of petroleum consumption by a single

hybrid dcslqn, and to

I Conduct performance specification studies dirccrcc at
defining the performance requirements the Vehicle should
moot Lo satcly and officiontiy perform the mission or mis-
sions identified in the mission analysis.
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Tho Task 1 report consists of tho following major sootions:

. Study Methodology

. Vohiclo Characterizations

a Mission Description and Characterization

u Rationale for tho Soloction of tho Reforenco ICE
Voh‘clo

I Primary Results of Mission Analysis and Pnrformancv
Spocificatione Study

0 Conclusions and Recommendations for Continuing Work

on Mission Analysis
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L3SUMMARY

The results of the missiOn analysis and performance studies
are briefly summarized in this subsecrion. A complete description
of the approach to the studies and the results and conclusions are

presented in later sections.

1.3.1 VEHICLE CHARACTERIZATIOEE
 

For purposes of this analysis. four passenger car size classes
were defined:

 
Class Passenger Capacity

Small 2 front plus 2 rear with reduced comfort

Compact 4

Mid 5

Full 6

Vehicle performance was specified in terms of:

Top Speed

Acceleration

Gradability

Passing Capability

Conventional Internal Combustion Engine (ICE) passenger cars were

characterized by size class for the years 1973 and were projected
for 1935. These data were used to estimate the required and ac—

ceptable performance for the hybrid/electric car and also served

as criteria for selecting the Reference ICE Vehicle.

1.3.2 SUMMARY OF MISSION DESCRIPTION AND CHARACTERIZATION   

Personal transportation needs vary markedly from locality to
locality and from region to region in the United States. This

study has examined the differences in regional characteristics as

they relate to hybrid/electric vehicle use and marketability. Two

distinct types of areas are defined in terms of inside and outside

Standard Metropolitan Statistical Areas {SMSAsl. Urban areas are
taken to be inside SMSAS. Small cities/towns/rural communities

are taken to be outside SMSAs. eased on 19?0 population data.

about 60% of the US population lives inside SMSAS. Data on house-
hold ownership of vehicles in 1974 indicates that about 70% of

passenger cars are owned by people living inside or on the fringe
of SMSAs. a sales mix for 1977 for inside SMShs and outside FMSAs

was developed from new car sales data and was assumed to apply to

1985 even though the actual size of cars in each size class will

be decreasing during the 19?? to 198% time period. Four mission

sets were specified and analyzed for each of the two distinct
regions.
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Mission Sets

Personal business travel only

Personal business plus trips to work

Allrpurpose (except trips of 100 or more
miles per day)

All purposes

In order to characterize the mission sets. three main factors

are required:

0 Annual mileage

a Daily travel requirements

0 Driving cycles

These are discussed in Section 4.3. The annual mileage and trip

length data is used as inputs to a Monte Carlo trip simulation com-

puter program to calculate annual driving statistics. The results

or the Monte Carlo computer program calculations were analyzed to

determine the effect of hybrid/electric vehicle range solely on

the battery. on the fraction of days and vehicle miles for which
the vehicle can be operated primarily on stored electrical energy.
Typical correlations for personal travel plus trips to work inside

an SMSA area are shown in Figures l-l and l-Z. A summary of the
travel statistics and hybrid/electric range implications is given

Three driving cycles were considered:

0 EPA urban, Federal Urban Driving Cycle (FUDC)

0 EPA highway, Federal Highway Driving Cycle {FHDCJ

0 BAR J22?a Schedules B,C.D

It was concluded that the EPA urban and highway cycles could be
adapted for use in the hybrid/electric vehicle design. The SAE

J22? cycles were defined as a means of comparing all—electric ve-

hicles ofi differing design and capability and do not represent

actual driving conditions even in congested urban areas.

1.1.! SUB-WARY Ul’ RATIONALJLZ FOR THE SELECTION OF THE ICE
EEFBRENCE vnnrgyfi" “”“‘“**‘*_—+w*+-+-*~—~-_._sl.

 

 

Selection of a conventional internal combustion engine (lCE)

passenger vehicle is needed for comparison with the hybrid/electric

vehicle. A contract specification for the hybrid/electric is that

it must carry at least 5 adults. To maximize the potential fuel

saving, the hybridfclectric has been targeted to be in the mid-size
car class. The criteria for selection of the ICE Reference Vehicle
were:
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Table 1—1

DAILY AND ANNUAL TRAVEL DISTANCES INSIDE SMSAfi
FOR VARIOUS MISSIONS

   _.»..._ 

I Annual Distance Daily Distance Emilee)

  

  

Mission i {miles} Percentile *
‘ 50 75 10

Personal business only ’ I
50th percentile 3.000 20 29 39 ;

75th percentile 4,500 25 38 49

90th percentile 6,500 32 49 6b

i Personal business plus ]
I work trips l
' 50th percentile 6.u25 21 32 4;

15th percentile 8,125 26 g 39 57E

90th percentile 10,125 ' 32 i 51 m

‘ All—purpose (excluding )
intercity travel}

50th percentile : 6,400 34 52 69

75th percentile ‘ 9,200 52 ”M {)9

90th percentile 11,t00 “100 ~100 “106

All-1111111050 {includ ing
intercity travel)

50th percentile 7,000 lb 61 1100

75th percentile 11,300 50 84 “100

90th percentile 17,000 70 “100 “100

fl._hmi ..fl.~- i. -fl. __-- ______ e. _. .._ -1. .i__ - _ _. ___i_"- cant

L‘Ptlvvntilen are In: vehicle miles

l-h
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o CapaciLy tor 8 adults

. lliuh :hlltfifi voltnuv

I At't‘t‘l’tdl‘lc .It‘t‘t‘lt‘l‘dtiull

Ruth the General Motors Malibujvutlaas and the Ford Motor Cnmpany
Fairmont/flophyr mcvt tho JDOVU critvria. Thv Chovrulvt Malibu

using a V-0, JJI CID onqinv was avioctvd as the ICE Hofcrvnco Vo-

hiclv primarily hvvauso Gonvral Hlvctric and its subvontravtors
havc better access to intnrmntiou oh the Gonorul Moturs than on

the Ford cars. A bruchuro on thv UhoVrulvt Malibu is included in

monmmmhm

1. L4 SliMMAIh‘_Qlf _i‘l{lMM€\' Rl-ISUL'I‘S
 

Thu format used in presenting the rosulls follows that qivon
in Exhibit 1 of Vontract Nu. “Sfilqo.

vehiclv Performdnco S‘ocificdtiuns
  

P1, Minimum Nonrofuclablv

1%.11151x‘

Ullnnt Sub1n1n1n —- 'fi‘ t\‘ uh kn: (RS-dlllnil‘ut) on

hattm‘yfi 110-1 ‘0 km (TU-80
milval without any rm'lmrqinq

\ri : 11“ 1\.1{ I t‘l 3' 123' I 11“ 11“.1t
onqinv

Highway -- 400 km {250 milos)**

P2. Uruisu Speed

Elvvtric hrivo Unly -- 85 km/h (“5 mph)

ICE Hnginc Only ~~ 10H km'h {hfi mph}

P3. Maximum Epvvd -- 120 km’h {7% mph)

1‘4. :‘wvvlmxltiun -- U-“t- klu,.’h {0-00 mph} in In
St‘t‘ulldfi

PH, Uraddhility (minimum
vonlinuuuui

Hfi —— 88 km h (fifitmflfl

I“? -- €H km h (20 mph)

Ph, Pauvvnnvr Uardcity -- H ddu!is

1‘7, \flil q‘v t‘a}'1“it y --» ll.'1 I" ‘ (I'I.’} It ‘I ; 1(30 kt]
.190 ll\)

“ “1‘.” e‘llqillt‘ ":qu Hilly lt‘ 'llllu‘l [mull-x [R‘WUI' th‘HMIIJ.
i i l‘t‘]!:'lltl:: 1‘11 :: :.'¢~ t‘! t {11‘1 t .111k : 11“ 1r.1l t t*t'3' 1-2-"I1.II--1i III! 115' t12'.1t

wnqtuu in non mulvn.

... .
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Mission Sgecifications
 

M1,

M2,

M3.

M4,

M5.

M6,

H7,

M8,

 

Daily Travel

Payload

Trip Length, Frequency
and Purpose

Drivix.J Cycles

Annual Vehicle Miles

Potential Number of

Hybrid/Electric Ve-
hicles in Use

ICE Reference Vehicle

ReferenCe ICE Vehicle

Annual Fuel Consump—
tion

Page 163 of 572 F
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see Tables 6-1 and 6—2

passenger and cargo loads not

assigned to specific type trips

see Section 4.3

EPA Urban (FUDC) and EPA Uigh—

way (FHDC)

see Figures 4—? through 4~1o
for annual mileage statistics

will be analyzed in later task

Chevrolet Malibu with v-G, 211

CID engine

in 1985 all mid-size passenger
cars estimated to use 27% of

fuel used for poisonal trans-

portation
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Sectlon 2

STUDY METHODOLOGY

A study methodology was devised which would provide the infor—

mation needed to define the hybrid/electric car which will be de-

signed in Task 2 and Task 3. In addition, the information developed
will serve as a guide in the selection of the ICE Reference Vehicle.

The study methodology consists of three major activities:

a Vehicle Characterizations

0 Mission Description and Characterization

a Rationale for the Selection of the ICE Reference

Vehicle

The Work Flow Diagram for this study is shown in Figure 2-1.

2.1 METHODOLOGY FOR VEHICLE CHARACTERIZATIONS

In the present study, passenger cars are categorized by size

and passenger Capacity. Four size classes are defined: small,

compact. mid~size, and full-size. Vehicle weight for each size

class is estimated but is not used in defining the size class. Ve-

hicle performanCe specifications are examined in terms of the fol-

lowing:

Top Speed

Acceleration

Gradability

Low— and High—Speed Passing Capability

Performance (acceleration) required for safe operation was differen-

tiated from performance required for ready acceptance in the market-
place. Performance requirements for the 1985 cars were then estimated

based primarily on safe Operation. Performance specifications for
the hybrid/electric Vehicle were proposed and compared to the minimum

requirements Specified in Exhibit 1 of the contract.

Projected characteristics of conventional ICE passenger cars
were collected and examined. The characteristics of particular in—
tcrest Were:

0 Exterior Dimensions

0 Curb Weight

0 Fuel Economy

0 Exhaust Emission Standards

2~1
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Data were correlated for both 1973 model cars and cars projected

for 1985. The EPA urban and highway driving cycles were assumed

to be representative of urban and highway driving in 1985 and
were used to determine vehicle composite fuel economy for the
conVentional cars. The 1977 sales mix of four size classes was

used as the basis for the 1985 sales mix in order to target the

size class for the hybrid/electric vehicle.
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2.2 METHODOLOGY I-‘OI‘I MISSION DESCRIPTION AND CHARACTERIZATION

In order to assess the effects of mission analysis on hybrid/
electric vehicle design and marketability. local and regional our
use was studied. Two regions were considered:

0 Inside Standard Metropolitan Statistical Areas (SHSAs)

0 Outside Standard Metropolitan Statistical Areas (SHSAs)

Data sources used include (1) national census surveys. (2) national

transportation use-pattern surveys. and (3) car registration sta-
tistics. It was assumed that the sales mix by size class would be

about the same during the next decade even though the actual size

of the cars will be smaller in the future than at present.

The use pattern of the automobile varies over a wide range in

terms of trip length. trip frequency. and trip purpose. Four gen-
eral categories of trip purpose are often defined:

0 Earning a Living (Work Travel)

0 Family Business

0 Civic. Educational. or Religious

0 Social or Recreational

The last three trip purposes were consolidated and called Personal

Business. Use patterns of automobiles were characterized in terms

of regular travel (e.g.. work travel) and random travel (e.g..

personal business}. Mission sets were then described in terms of

both random and non-random trips. A total of eight mission sets

were specified and analyzed (four each for travel inside SMSAs and
outside SMSAs).

Characterization of automobile travel requires the following
main factors:

0 Annual Mileage (statistical distributions)

0 Daily Travel {statistical distribution of trip
length and number}

0 Driving Mode

Since data pertinent to some of these factors are very limited.
considerable judgement had to be used in developing inputs for the
travel analysis. In the absence of data. for example. an estimate
had to be made for annual mileage versus percent automobiles.
Daily travel patterns were determined when at all possible through
use of the Nationwide Personal Transportation Study. A computer
program was written to simulate daily travel by using a Poisson
distribution and a Monte Carlo simulation. The Poisson distribu-

tion determines both the number of days per year in which a speci-
fied number of trips are taken as well as the total number of trips

2-4
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per year. The Poisson distribution requires as input data the av“
erage number of trips per day and the average trip length. The
Monte Carlo simulation uses a random number generator to predict
trip length and requires the use of distribution functions for per-
cent trips and percent vehicle miles in terms of the trip length.
The results of the Monte Carlo trip simulation are used to determine

the fraction of days and vehicle miles for which a hybrid/electric

vehicle having a specified "electric" range can be operated primarily
on the battery. Such correlations are developed for each of the
mission sets.

Driving mode is usually described by a driving cycle or com-
binations of driving cycles. The EDA urban (FUDC) and the EPA
highway (FHDC) driving cycles were examined as the means to repre-

sent urban and highway travel. The two parts {transient and sta-
bilized} of the FUDC are used individually and in combination to
describe city and suburban trips, aid the FHDC is used to describe

intercity travel which is considered as trips of over 100 miles.

2.3 METHODOLOGY USED IN THE SELECTION OF THE ICE REFERENCE

VEHICLE

In order to properly assess the hybrid/electric car it is
necessary to identify a conventional internal combustion engine

(ICE) passenger car having the same passenger carrying capacity
and performance. The criteria for selection of the ICE Reference
Vehicle were:

I Passenger Capacity

I Sales Volume

I Acceleration Performance

Selection of the ICE Reference Vehicle was directed to mid-size

cars because hybrid/electric cars of that size class were judged

to have the greatest potential for reducing gasoline consumption.
Interio: dimensional criteria noted by Consumers Union (April 1978}
were used to identify several 1973/19?9 model mid—size cars which

would be acceptable as ICE Reference Vehicles. Fuel economy and
acceleration characteristics were used for further narrowing of

the list of potential ICE Reference vehicles. The final selection
of the ICE Reference vehicle was based on the availability of de-
tailed information on the ICE vehicle which was selected.

2.4 PRESENTATION OF RESULTS

The results of the study are presented as:

Vehicle Performance Specifications

Mission nescription and Daily Troyel

Mission Specifications

ICE Reference Vehicle and Its Characteristics
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Section 3

VEHICLE CHARACTERIZATIONS

In this section, vehicle passenger carrying capacity, accel—
oration performance, safe Operatirm, “,1d market acceptability are
considered as they relate to 1985 cars. Based on those considers“

tions, hybrid/electric vehicle specifications are proposed for use
in this program. Conventional ICE passenqer car siZe, weight, fuel
economy, and sales mix are summarized and used to target the size

glass for the hybrid/electric vehicle to be designed in Tasks 2 and

3.1 PASSENGER CAR SIZE CLASSES

Passenger cars will be categorized in this report in terms of

four classes: small, compact, mid, and full. The primary distin-

guishing factor £01 each class is the interior 5130 of the vehicle,

and thus its capacity for carrying a specified number of adult pas—
sengers in comfort over a reasonable distance. In these terms, the
four size classes are deEined as follows:

{lass Passenger Capacity

Small 2 front plus 2 rear with reduced comfort

Compact 4

515d 5

Full 6

The US auto industry is currently engaged in an extensive program

of passenger car downsizing, which, in essenCe moans reducing the

exterior dimensions and the weight of the vehicle while maintaining

a specified passenger carrying capacity. Thus, within a passenger
car class, the size ot the vehicle is being reduced, but not its

passenger carrying capacity. The weight and exterior dimensions

of selected car models, which are typical of downsized designs, are
given in Table 3-1, grouped by sine class. The data shown in the

table will be used in Section 3.3 to project the size and weight

characteristics of conventional ICE passenger cars marketed from

1980 to 1985. The electric/hybrid vehicles in each size class would

by definition have the same passenger Carrying capacity as conven—
tional ICE Vehicles in that class, but not the same weight or noc-

essarily the some exterior dimensions.

3-1
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3.2 PERFORMANCE SPECFICATIONS

By vehicle performance Specifications are meant the following:
(1) top speed, (2} acceleration, [31 gradability. and (4) low- and
high—speed passing capability. Vehicle performance depends both
on the power-to-weight ratio of the vehicle and its gearing (i.e.,
axle ratio, transmission gear ratios, and shift logic}. In deter-
mining the performance requirements. it seems advisable to differ—

entiate between the performance required (1) for safe Operation of
the vehicle on streets. freeways. and highways as they are currently
structured and trafficked and {21 for ready acceptance of a new ve-
hicle design by potential buyers. Both of these aspects of setting
performance specifications will be considered in the subsequent
paragraphs.

Table 3-1

WEIGHTS AND EXTERIOR DIMENSIONS OF DOWNSIZED PASSENGER CARS
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Toyota Corolla 932.1 {20551 1119.] (16“! 111'? '62] 159.7 “35'
Datsun 3-210 916.3 {30901 411.5 {JHJ‘ lfid.9 (61} 11?.2 [011
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consider lil'fit the performance required for ready acceptance

at a new vell‘tele tit-Sign 1n the uru‘ketplaee. A3 indieated in l-‘iq-

me {-1, there is little doubt eoneerninq the aeeeleration pertol'm—

anee m‘eterretl by the mayority ol' eat huyers at the present time.
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thone havmn a (I—htl mph aeeeleratton eapability oi term than 1%

seconds t't.‘:.n‘c.-:wntml about (15's. ot sales. Whether this aecvleration

capability in needed for sate operation or in preterred for purely
emotional reason-a will he eonsideretl .later. Aec-ardina to Table 3-2,
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in 1‘18’1 hy the Us auto industry wilt exhibit. signit'it'antly lower ae-
eelerallon rerun-nuance than those marketed in 1976. Thin lowerinq

o! performance would, oi course, oeeur ”rad-tally over the next 5

years and would result in a lowertna of the expectations of ear buy-
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be signil Ieantly less than that expected in 1078. Another factor

to consider is that the Speed limit is currently 5": mph and travel
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Table 3-2

ACCELERATION CHARACTERISTICS{1}
nu.—

0-60 mph {O~96.5 km/hl

(Automatic Transmission)
19?? 1985

Size Class (Seconds) {Seconds}

Small {Sub Compact)

compact

Mid-Size

Large (Full-Size)

 
Next, consider the vehicle performance capability required

for safe operation on urban streets/freeways and intercity high-

ways. In order to be operated safely, a car must be able to (1}

keep up with traffic on level roads and grades, (2) merge with

flowing traffic on entering freeways and expressways, and (3) pass

slower moving traffic at speeds up to the speed limit. Since the

highway system in the mid-19803 will be essentially the same as
that of today, the vehicles marketed in 1985 must be capable of

safe operation on the roads as presently constructed. Today's high-
ways were designed following the policies set [orth in Reference 2
concerning maximum grades, expressway merging lane lengths, and

required passing distances {Table 3’3). It will be assumed that

the EPA urban and highway cycles will be representative of urban
and highway driving in 1985 and that, if a vehicle can follow those

cycles, it is capable of keeping up with traffic on level roads.

Based on the highway design information given in Table 3-3, the

minimum performance requirements set forth in Table 3—4 are sug-
gested. These requirements should permit safe operation of the

electric/hybrid vehicle in city/suburban and highway driving on
the highway system as presently constructed and marked (i.e., des-

ignation of no-passing zones, etc.}. For reasons of convenience,

Table 3-4 specifics vehicle performance in terms of acceleration

at a given speed or distance in which a specified speed change is

to take place rather than the more familiar standing-start acceler-
ation times (0.9., 0—30 mph or 0~60 mph in so-many seconds).

he noted above, the performance capability of conventional ICE

cars is often stated in terms of the 0—60 mph acceleration time.

In a sense, that acceleration time has acted as a proxy for Lhc

more meaningful performance capabilities listed in Table 1-4. IL
is or interest to ascertain the maximum 0‘60 mph acceleration Lime

for which all the performance requirements for safe operation 01

th- vehicle in all types of driving are met. This could then be
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Table 3-3

RELATION 0F MAXIMUM GRADES T0 DESIGN SPEED

MAIN HIGHWAYS
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used to determine the minimum power-to-weight ratio to consider in
designing passenger cars. The power-to-weight ratios required at
the wheels for various vehicle driving maneuvers are shown in Fig-

ure 3-2. The values given in Figure 3-2 were calculated using a

variety of approximations including average rates of accelerations

and times based on average speeds (e.g., V's Vfinal + Vinitial/2)-
Except for steady-state maneuvers such as driving on a grade, the

effective acceleration parameter (a/g)eff was assigned to an in-
termediate speed between V and Vfinal based on available detailed

calculations or engineering judgement. Fortunately, it appears
that the critical conclusions can be extracted from Figure 3-2

without the need for precise calculations. It seems clear frOm

Figure 3-2 that the high-speed passing maneuver on a 2-lane road

is the most demanding relative to power required. Gradability
and lower speed accelerations. including freeway merging. require
much less power at the wheels. The differences when translated

to engine (or powertrain) maximum power rating are smaller because

it is possible to attain a greater fraction of the peak engine
rated power at high vehicle speeds such as 50-60 mph than at ve-

hicle speeds near 30-35 mph (see the ICE limit power curve in the
upper left-hand corner of Figure 3-2). Note from Figure 3-2 that

the 0-60 mph aCCeleration time corresponding to the 2-lane road
passing requirement is about 15 seconds. Without a detailed

study of 2-1ane road passing, it would seem difficult to justify
vehicle power-to-weight ratios much less than those resulting in
0-60 mph acceleration times of 15 or 16 seconds.
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Figure 3-2. Power-to-Weight Ratio Requirements
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The minimum JPL performance requirements {Exhibit 1 of RF?)

and the hybrid vehicle design goals {Reference 3) are shown in
Table 3-5. Direct comparisons between the JPL performance specifi-
cations and those proposed in Table 3—4 can only be made for grad-

ability and the inferred 0—60 mph acceleration time. Unfortunately,

the JPL acceleration time for minimum performance is given for a
0-56 mph acceleration rather than for the customary 0—60 mph accel—

eration. Using available vehicle acceleration profile test data

(see Figure 3—3}, a 0*56 mph acceleration time of 15 seconds was

found to be equivalent to a 0—60 mph acceleration time of 17 seconds
which is within the range (15~19 seconds} projected for 1965 by the

US auto industry for 5— and 6-passenger cars (Table 3-2). The power
requirement inferred from Figure 3-2 in the present analysis is only

slightly greater than that corresponding to a 0-60 mph acceleration

time of 17 seconds, and is also within the range projected by the
auto industry. The JPL acceleration goal of 0-60 mph in 14 seconds

would certainly be attractive to potential hybrid vehicle buyers,
but that much power does not seem to be needed for safe operation

and would likely exceed that available in conventional ICE cars in
1935. There does not appear to be significant differences between

the JPL minimum acceleration specification and those developed in

the present study so that the power—to—weight of the hybrid design
will be such that the minimum performance requirements set forth in

Table 3—4 will be met yielding an equivalent 0—60 mph acceleration
time of 15-16 seconds. It can be expected that the gradability of

the hybrid vehicle will be better than the JPL minimum requirement

{55 mph on a 3% grade) and probably also better than 55 mph on a

5% grade, at least for some distance, depending on the state-of-
charge of the battery. Maintaining a gradability of 55 mph on a

7% grade would certainly be desirable and would appear to be a

strong possibility.

3—8
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3.3 CHARACTERIZATION OF CONVENTIONAL ICE PASSENGER CABS

BY SIZE CLASS

At various times during the electric/hybrid study program. it
will become necessary to obtain projected characteristics of the
conventional ICE passenger cars marketed in the mid-19805 in the

various size classes. The characteristics of particular interest

are exterior dimensions, curb weight. and fuel economy (urban and
highway). Projection of these characteristics for 1985 model pas—
senger cars is clearly subject to some uncertainty. Fortunately.
the uncertainty is considerably reduced by the necessity of the

auto industry to meet the legally mandated CAFE‘ of 27.5 mpg in
1985. In addition to the fleet fuel economy standard. the passen-
ger cars must also meet exhaust emissiOn standards. The fuel econ~

cmy and emission standards which must be met between 1973 and 1985
are summarized in Table 3‘6.

Table 3—5

JPL - MINIMUM SPECIFICATIONS

Acceleration Time (Seconds)

0 — 31 mph (49.88 km/h)

0 — 56 mph (90.1 km/h}

25 — 56 mph (passing)
(40.23 - 90.1 km/h)

Grade (t)

3 90.1 (56)

B 49.88 (31)

15 25.74 (16)

 
JPL — GOAL SPECIFICATIONS
 

 Acceleration Time (Seconds)

0 — 30 mph (48.2? km/h) 6

o — 60 mph (96.54 km/h) 14

19 - 35 mph (passing) (30.57 - 55.32 km/h) 4

37 r 55 mph (passing) (59.53 - 88.50 km/h) 9

Grade (%) km/EEsggmph}
5 88.50 (55)

7 43.2? (30)

20 19.31 (12).._._.....__. _.__._.—..._......-;

*Corporato Average Fuel Economy

 

3—9
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Table 3-5

MANDATORY FUEL ECONOMY AND EMISSIONS STANDARDS

Sales Weighted Average
{a}mo-

{a} Camposite - 55% urban cycle, 45%
highway cycle.

LIGHTfiDUTY VEHICLE EMISSION STANDARDS

49 n States {Fed.] California

orams/mile creme/mile

zDM

NH who HHHHHNNNNwwL-Jw wwwmmmwmwww
ta} 1912 CVS-C test pracedures used for 1973-74.
{b} 1975 cvs-CH test procedure used for 1975

and beyond.
{c} Diesels and cars with other innovative fuel-

aaving engines could qualify for a N0x standard
of 1.5 grams/mile (1977 amendments to the 1970
Clean Air Act}.

(d) California is considering a C0 standard of
7 grams/mile.

(e) California is considering an no“ standard of
1 gram/mile if vehicle can be certified for
100,000 mi rather than 50,000 mi.

3-10
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Figure 3-3. Acceleration Profiles

The approach used to obtain the passenger car characteriza~

tions given in this section is the same as that presented in Ref-
erence 4. In fact, some of the results given in Reference 4 will be
used essentially unchanged in the present study because the refer—

enced work is quite recent and little has happened in the interim

to influence projections. The projected exterior dimensions and

Curb weights of downsized designs in the various size classes are
summarized in Table 3—7. In the case of the US auto industry.

1978/79 designs are the first in an expected series of downsized
designs in each class size. Significant additional size and weight

reductions can be expected in subsequent redesigns as the auto in-
dustry utilizes extensively front wheel drive and smaller, more

compact engines. This is especially true for mid- and full-size
cars. Further weight reductions will also occur in all size classes

with the use of lighter weight materials. Vehicle weights much less

than those projected for 1985 would require a drastic change in struc-

tural design, such as the use of fiberglass, graphite composite. or

foam—filled sandwich—type body construction. There is no reason
to believe this will happen within the mid—1980 time period, be—

cause of the very large retooling investment required.

The fuel economy of the downsized 1985 passenger cars has been

projected using 1978 EPA fuel economy results as the baseline. Fuel
economy {urban and highway} using 19?8 engine technology is shown in
Figures 3—4 and 3*5 as a function of vehicle inertia weight for both
gasoline and diesel engines. Improvements in fuel economy between
1973 and 1985 can result from a number of technological developments

und/or styling changes. A breakdown of projected improvements from

3-11
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Figure 3-4. Baseline Fuel Economy — 1978
Technology. Urban Cycle‘4)
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Figure 3-5. Baseline Fuel Economy — 1978
Technology: Highway Cye1e<43

various sources is given in Table 3-8. It has been assumed that

the improvements indicated can be achieved along with meeting the

1985 statutory emission standards of 0.4 gram/mile HC, 3.4 grams/

mile CO, and 1.0 gramfmile N03. This will doubtlesaly require a
refined 3~way catalyst system with microprocessor logic and control.
The fuel economy for the 1985 vehicles is obtained by simply multi~

plying the baseline 1985 values by the fuel economy improvement
factors in the table. The resultant 1985 fuel economy projections
are shown in Figures 3-6, 3-7, and 3-8. The present results for
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Table 3-3

PROJECTED FUEL ECUNDMY IMPROVEMENTS {1973 to 1985}

 

 
_ ‘t ._I. remeases;

figurce Git _Hi.hwa 
 

 

i Engine Development

Lower 03 {0.5 to 0.38)

Improved Lubricants

Transmission Developments
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Figure 3-6. Projected 1985 Urban Fuel Economy

the composite fuel economy are compared with the guideline values
given by JPL (Assumptions and Guidelines, received 2? Sept. 1978)
in Figure 3-9. The JPL projections are, in general, lower than the
present results. The differences are about 25% for 2000-1b cars

and 151 for 3000 to 4000-lb cars. Reference (5) indicates that on-

roud fuel coonomv is somewhat lower than that measured by EPA.
Therefore, it seems appropriate to correct the fuel economy projec-
tions (Figures 3-6, 3-7, and 3-8) based on the 1978 EPA values to

account for this discrepancy. This has been done usinq the formula

(FE) ; 0.71 (PE)(301'. + 2.83 (1)EPA based

3-14
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Figure 3-7. Projected 1985 Highway Fuel Economy
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Figure 3-9. Composite Fuel Economy Comparisons

given by JPL in Ref. (6}. The corrected composite fuel economy pro—

jection for gasolinepruered cars is shown in Figure 3-9. Because
data to do otherwise are simply not availableiS‘, the same correction
has been made for both urban and highway fuel economy.

Unless directed by JPL to do otherwise. General Electric (GE)
plans to use GE fuel economy projections during the hybrid vehicle

study rather than those given in Ref. (6). This approach is pre-
ferred for a number of reasons. First, the differences between the

JPL and GE projections are not really significant in terms of their
effect on the conclusions to be drawn from the study. Second. the

basis for the GE projections is known in detail whereas the same

depth of information relative to the JPL projections was not readily
available. Third, the GE projections include separate results for

urban and highway driving and for diesel engines. Such information
was not supplied by JPL as part of their guidelines/assumptions.(6)

The fuel economy projections and sales mix information disenssed
in Section 4 can be combined to determine the fraction of the fuel

used by the various size classes. Those results for 1985 are given
in Table 3-9. It was assumed that the sales m'x in 1085 (in terms

of size classes) will be the same as in 1977. and that all size

classes are driven the same average annual mileage. he would be

expected. Table 3-9 indicates that the larger cars use about 64“ of
the fuel. This simple calculation did not differentiate between

urban and highway mileage. Nevertheless. it does indicate that the
development of electric/hybrid 5— and fi-passenqer cars has a greate:

potential for reducing national petroleum requirements than simila:
developments for small and compact 5120 cars. This important point
will be discussed later.
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Table 3-9

FUEL USE BY SIZE CLASS IN 1985

Fraction of

Size Class Fuel Used

Small

Compact

Mid-Size

Full-Size 

3-1?
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Section 4

MISSION DESCRIPTION. CHARACTERIZATION,
AND IMPACT ON POTENTIAL SALES

For the hybrid/electric passenger car to have a significant

impact on petroleum conservation, the hybrid/electric car must be
designed so that it will meet the transportation needs (i.e., miss

sion requirements] of a significant fraction of potential new car

buyers in a convenient and economical manner. In this section of
the report, automobile use patterns within and outside metropolitan

areas are described statistically so as to target the hybrid/elec—

tric vehicle design characteristics to meet the expected uses.

From this analysis, various mission sets a‘e defined and the asso~

ciated vehicle "electric" range requirementr for the mission sets
are determined.

4.1 REGIONAL! LOCAL USE CONSIDERATIONS

Personal tranSportation needs vary markedly throughout the

United States due to a number of factors including local traffic

congestion, the availability of public transportation, commuter
distanCes, shopping locations, etc. Differences in local/regional
life styles are reflected in the way people use their cars and,
as a result, in the sales mix of cars that are purchased. Hence,

in order to assess the effects of mission analysis on electric/
hybrid vehicle design and marketability, it is advisable to con-
sider local/regional characteristics in both regards. Much of
the previous work in this area centered primarily around national

averages w~ for example, average trip length, average annual mile-

age, average fraction of mileage in urban driving, average sales
mix, etc.

The present study is structured to consider differences in

regional characteristics. A clear distinction will be made ac—

cording to whether a car user lives within or near a large met-

ropolitan area or in a small city/town or rural community. Con-
siderable data is available from which the differences of interest

can be assesSed. The data sources include (1} national census

surveys, {23 national transportation use-pattern surveys, and
(3) state highway and car registration statistics. As discussed

in the following sections, significant differences relative to

the design and use of electric/hybrid vehicles are readily appar~
cnt.

Pepulation data [or 19?0[7) for urban and rural areas are
given in Table 4-1. Those data indicate that about 60% of the

US population lives in urban areas {central cities and suburbs)
and about 40% lives in small cities/towns and rural communities.

Table 4—2 indicates that about the same 60/40 split applies to

urban Standard McttOpolitan Statistical Areas (SMSAS) and to
other areas. Therefore, when no other data is available, infor—

mation pertinent to those living inside SMSAs is assumed appro-
priate to urban areas and information pertinent to those living

4-1
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Table 4-1

POPULATION DISTRIBUTION, 1970‘?)  

 
R951€£fl€9 fo:con[

Urban

Insidv urbanizud areas

Central cities 31.5

Urban fringe gng

Subtotal 53.3

nutsidv urbanized areas 15.2

Rurnl 26.57221?:-

Total 100.0

Gigs

Urban

Places of 1,000,000 or more 9.2

Plncvs of 500.000 to 1,000,000 0.4

Noun; as 260,000 to 500,000 5.]

Plucva of 100,000 to £50,000 7.0

Places 0| 50.000 to 100.000 8.2

Pincus of 25,000 to 50.000 8.8

I‘lacos 0? 10.000 to 30,000 10.5

Hours 01 r1,000 to 10.000 0.4

P'JL‘UB Lmdur 5.000 4.4

In: 1 nom'pura rod _ 0 . 4

Suhtutdl

Rum]

I‘Im‘i-H of 1,000 to 2,000 3.1

Hum-s nl up to 1,000 [.0

Illllvl I'ulql ZN}!

Suhtu{u|

'I'Ulu”

 
 

outside SMSAs is assumed appropriate to small cities/towns/rural
communities. Information on the household ownership of vehicles
in 1974 is given in Table 4-3. This indicates that approximately
70% of passenger cars are owned by peep.o living in or on the
fringe of metropolitan aroas. However, only about 27% of the
passenger cars are ownod by those living in central city areas.

This means that almost 75% of tho passenger cars are used by peo-
ple living in he less densely populatvd suburban, small city/
toun. and [U1h- areas.

4-2
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Table 4-2

POPULATION DENSITY, 1970‘“

_ Population
ReSidence Density Percent

oersons/mizl

Inside SMSA5+

urban

rural

Subtotal

Outside SMSAs+
urban

rural

Subtotal

Total

*NA ~ Rot available

+SMSA - Standard Metropolitan Statistical Area

 
It is also of interest to consider the differences in the

annual vehicle miles driven by people living in various types of
areas, and what fraction of their vehicle miles can be classified

as urban (or highway). One approach to assess these differences
considers the urban and rural miles driven in selected states re—

lative to the number of passenger cars registered in each state.
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Such statistical data for l975 is given in Tables 4-4 and 4—5

taken from Refs. 7 and B. As indicated in the tables, the annual
miles per vehicle and the portion of those miles driven in urban

areas varies significantly from state-to-state. In general, the

vehicle miles per year are lower and the portion of those miles
driven in urban areas is higher for the more populous states, es—
pecially those in the Northeast {e.g., Connecticut, New York, and
Rhode Island). The national averages of about 10,000 vehicle
miles/yr and 55% thereof driven in urban areas, respectively, are

close to those given in Table 4—4 for all states combined. Since
hybrid/electric vehicles are more likely to have greater market

potential in more populous areas, the lower annual mileage and
higher fraction of urban miles in those areas are particularly

noteworthy. The effect of urban population on daily travel pat»

terns will be discussed in a subsequent section of this report.

The differences in regional transportation needs as perceived

by car buyers will also be reflected in the sales mix and its
variations from State-tOeState in the US. Detailed new car sales

information is available each year from R.L. Polk. Such data for

19?? for domestic and imported passenger cars (Ref. 9) was used
to calculate the sales mix information given in Table 4-6. The
domestic cars were assigned to the four market classes -« small,

compact, intermediate (or mid}, standard (or full) -- according

to the designations used by the US auto industry (see Table 4—?
taken from Automotive News, 1977 Market Data Book Issue). It is

clear from Table 4-6 that there are significant differences in

the sales mix between the various states depending primarily on
the transportation needs and conditions in the respective states.
A 19?? sales mix for urban and rural/small town areas has been

inferred from the State-by~state results as indicated near the

bottom of Table 4—6. Further, a sales mix for inside SMSAs and

outside SMSAs was developed from the urban/rural sales mixes by

using the 1977 national sales mix and 70/30 split between SMSAs
and outside SMSAs. The difference between the national sales mix

and that inferred for the SMSAs is probably not significant, but
outside SMSAs sales mix is certainly significantly different from

the natiOnal sales mix. As would be expected, persons living in
less populous areas tend to buy larger cars than those living in
more congested urban areas.

Projections as to how the sales mix will change in the next
5 to 10 years are rather difficult to make for at least three

reasons. First, the US auto industry is reducing car sixes in

each of the market classes, and the consumer reSponse to these

design changes is not yet clear. Second, as the Corporate Aver~

age Fuel Economy (CAFE) Standards become more difficult to meet,
the pricing strategy of the auto industry can be expected to

favor smaller cars. This is already becoming evident in 1979.
Third, if the price of gasoline continues to increase at a rate

faster than inflation, more car buyers can be expected to purchase

cars somewhat smaller than they have been accustomed to. n11 of

these [actors will interact making it very difficult to assess
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Table 4-4

VEHICLE MILES STATISTICS, 1975. Ref. 3.

109 Vehicle Miles
Fraction

State Rural Total Urban Miles

  
  
  

 
  
 
 

   
 

 
  

  

 
 

 

 

 

 

Connecticut 3.5 18.2 0.807

Georgia 22.0 39.3 0.44

North Carolina 23.0 36.4 0.368

New York 22.6 65.1 0.653

New Jersey 10.2 48.5 0.790

Nebraska 6.5 11.2 0.420

Ohio 29.5 64.1 0.54

Pennsylvania 30.4 ‘ 63.? 0.523

California 37.8 132.6 0.715

Massachusetts 5.6 29.1 0.808

Wisconsin 14.4 28.5 0.495

Iowa 11.6 19.6 0.408

Illinois 20.2 61.0 0.669

Indiana 18.6 37.4 0.503

Maryland 12.0 25.2 0.524 i
Rhode Island 4.? 1.0 5.7 0.825

Virginia 18.9 34.6 0.454

Michigan 22.9 58.2 ' 0.607

Minnesota 11.5 25.7 0.553

All 600.6 1330.0 0.548
_....___.

the relative importance of each of the factors even in the 1985 to

1990 time period. In the present report. it will be assumed that
the sales mix will not change significantly in terms of the four
classes (small. compact. mid. full). but it will be recognized
that the size of the car typical of each class will become smaller

as the downsizing programs of the auto industry continue. Hence.
people will. in fact. be buying smaller cars in the next 5 to 10

years. but the class name assigned in them will be unchanged. For
example. the Ford Fairmont is presently designated a compact car
by the US Auto Industry. but that size car will be assigned to the
mid-size category in future years. As discussed in the next sec-

tion. classification oF car sizes by passenger carrying capacity
makes more sense and can more easily be projected into the future

than the present system of using primarily car length and weight.

4-6
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Table 4-5

PASSENGER CAR STATISTICS, 1975, Ref. 8.
 ..—........——-—-—- .. . _.

  
Total Vehigle Regigiiation

Statv Miles (10 1 (106) Urban Miles
Connecticut i 14.4
Georgia 31.0

North Carolin4 28.7
New York 51.4

New Jersey 38.3

Nebraska 8.9

Ohio 50.6

Pennsylvania ' 50.3

California § 104.?
Massachusetts 23.0

Wisconsin 22.6

Iowa 5 15.5
Illinois 48.1

Indiana 5 29.5

Maryland 19.9

Rhode Island 4.5

Virginia 27.3

Michigan 45.9

Minnesota

 All

In Section 5, where the rationale for the selection of the hybrid

vehicle size and Reference ICE vehicle are discussed, it is reCOg-

nized qualitatively that. in the future, some people will tend to
buy a car in the next smaller category, but no attempt will be made
to assess this effect quantitatively.
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Table 4v6

NEW CAR SALES MIX STATISTICS, 1977, Ref. 9.

 

  _ Full 

  
US

US

New Jersey

New York

Rhode Island

Connecticut

North Carolina

Georgia

Nebraska
 

Indiana

Wisconsin

California ‘ 1977 28.1 ’ 29.2 24.3 19.5;

  
Ohio 1977 . 19.1 23.2 27.1 30.?

Massachusetts 1 1977 . 26.2 29.5 23.5 20.8Urban
20.0 1

Rural 1977 18.5 21.0 28.0 32.5

  
H 0 HJ "'NJ N ‘h-J O N \D

o
UT M U

0
U1

5M5A5* ' 1977 25.4

Outside SMSAs’* 19?? } 13.5 21.0
* 70/30 Split in new car sales between SMSAS and outside SMShs

**Taken to be same as rural States
EH__fi_flb~_______*____h__mfia.
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Table 4-?

197? MODELS —- BY MARKET CLASS

Small' ComEact
SUBCOMPACTS COMPACTS

Astra Aspen
Bobcat Camaro

Chevotte Comet

Gremlin Dart

Monza Firebird

Mustang II Granada
Pinto Hornet

Skyhawk Maverick
Starfire Monarch

Sunbird Nova

Vega Omega
Pacer

Skylark
Valiant

Venture

Volare

Mid-Size Full-Size

INTERMEDIATES STANDARD SIZE

Century STANDARD

Charger SE Buick
Chevelle Chevrolet

Cordoba Chrysler

Coronet/Charger Dodge

Cougar Ford

Cutlass Mercury

Dip10mat Oldsmobile
Elite Plymouth
Fury Pontiac
Grand Prir Riviera

LeBaron Thunderbird

LeMans Toronado

LTD II LUXURY STANDARD

Matador Cadillac

Monaco Eldorado

Montego Lincoln
Monte Carlo Mark v

Thunderbird

Torino

LUXURY INTERMEDIATE

Seville

Versailles

*ImporEEd cars were assigned to each class by manu-
facturer. For example. all Toyota, Datsun, and Honda

sales were assigned to the small category. other

foreign manufacturers were assigned according to the

size of their models with the highest sales. Infor—

mation on foreign car sales is available from R.L. Polk
by manufacturer only, not by model as for domestic cars.

4-9
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4.2 MISSION SET DESCRIPTION

The use pattern of automobiles covers a wide range in terms

of trip length, trip frequency, and trip purpose: certain combina—

tions of which are suitable for hybrid vehicles, and others are

not. Four general categories relating to trip purpose have been
defined in the National Personal Transportation Study (NPTS):

Earning a living (work travel}

Family business

Civic, educational, and religious

Social and recreational

In the present study the latter three categories have been
consolidated and called personal travel. The relative contribu—

tion of each category in terms of annual mileage and annual trips
is indicated in Table 4—8. This distribution is further modified

depending upon whether incorporated or unincorporated areas are

considered as indicated in Table 4-9. Thus, the specification of

the place of residence becomes important in describing a vehicle

mission profile. For purposes of the mission analysis presented
in this report, the specification of the place of residence is
divided into two general categories, i.e., inside and outside the

Standard Metropolitan Statistical Areas (SMSAs).

The hybrid/electric vehicle is expected to have its most
significant impact on petroleum consumption when operating under
such conditions that its primary energy source is battery—stored
energy. While an on-board heat engine can be used to recharge

the battery, this mode of Operation should be minimized in order
to have maximum impact on petroleum savings. For this reason,
the mission should focus on those applications where an all-

electric mode of operation can be considered for the hybrid vehi-
cle. This suggests that use patterns resulting in days of travel
with daily mileage less than some prescribed value should be

identified. The fact that a value of daily travel mileage is to
be specified below which the hybrid will use electricity as the
principal energy source does not suggest that the hybrid will be

incapable of operating under conditions of daily travel beyond
this value. Under such conditions, the hybrid vehicle will uti~

line the heat engine as its primary energy source and the battery
system will function so as to load—level the heat engine. In
this mode of operation, the hybrid vehicle range will be a func~
tion of the fuel storage capacity.

Daily travel less than the prescribed distance can be cate~
gorized in terms of random and non—random trips. Random trips
are those which consist of varying length and frequency while
non—random trips are those of known length and frequency (such
as commuting to and from work}. Trip length and frequency ra-
ther than whether a trip is random or non-random in nature are

considerably more important in determining applicability of a

4:10
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Table 4—8

DiSTRIBUTIDN JF AUTOMOBILE TRIPS, VEHICLE MILES OF TRAVEL,
AND TRIP LENGTH BY TRIP PURPOSE

 

 
 

 

Percent oi Averaqe

 
Automobile Trip

"H' ww_,_ "*vam ‘ Length
Trip Purpose— mm- 4—4) .—.—.,.-.-_. s._—_‘.u. ..—.—., W35 .—wr—m any.

Earning a living
 
 

 

 
 

_Tri;s

Home-to-work

Related business

Subtotal

Family business  
Shopping 4.

Medical and dental 8.

Other 6.

Subtotal 5.

Civic, educational and religious

Social and recreational

Visiting friends and relatives 12.0

Pleasure driving 20.0

Vacations 160.0

Other ' 11.4

Subtotal 13.1

Other and unknown 9.4

8.9

4-11

Page 198 of 572 F 2 FORD 1234



Page 199 of 572 FORD 1234

 
 

 
FORD 1234

GiusnnLQEucmc

 
 

 
 

 

 

 

 
 __9.2:Q5392:92:4|H381‘fl~.Hm.om.oh.Hnunuow_o.mmm.mmvJHo.m~HMEOHummhuwhtamAmeOm,Fnm4m4m406mnofimzwuvan..uwuano.UEHUWfilm;_c.m~min;m1:mmwcflmsn.AHwEmm.m3:mIHq«Hem*mévmafia:m.mcflcummMullri}II-IIr!a:HWEQWBmeImem:waning,TIIWJJ;{IIIIIIIIII_I--I.._...iIIII..I..JII-..IIIIIL,a2:o.9.2240530.2:132m2WH4H4m4.$50M

I _2

m.13m.m~$2.12HacoflmuuumuEa$38_4Wm.mm.mm._w06Hmquminuvan.uflusvw.UwhHU__A,mQQMm.on*m.m~m.:I.amorwnunmHHEmm__TamI‘lmiilImmm4;m.mm_9:»:m@553H
F

r.I-I.....1*H23mmaue.mHHDOEewIDd:
mwumam«Em.HebeGummmwudmumomusmQwup."$343m08con.H@330mtuOUcHzD_memHmwmumuoallmlllluoucm_2wuzvammmmomum?“W.Ihf

O

mmulmdmQmpwumqmmn32mfimmd.HIHi2HIIMUZMDHmmmm0%MUd‘dm0.74.4mmOanDmnHHMBmmAMDdJmELOmum—QM:MJUHIM92¢.mmHMBwdeOEOHDdm0DEmUmma1
6

atemanna.w
P



Page 200 of 572 FORD 1234

“In“.lifflllc

hybrid vehicle. However, whether a trip is random or non-random
is crucial in performing a statistical analysis in order to pre-
dict trip behavior; therefore, the distinction must be recognized.

The methodology used for predicting daily and annual driving

patterns {discribed in detail in ngiion 4.3) is basically that ofSchwartz, 3 Surber end Deshpande in which a Poisson distri-
bution is used to generate the number of days per year in which a
specified number of trips is taken, and a Monte Carlo simulation
is used to generate the length of these trips. Schwartz. however,
applied this technique to all travel regardless of whether the trips
were random or not. Surber and Deshpande did account for the non-

random nature of travel-to-work by excluding such trips from their
random trip length generation.

For reasons discussed above it is preferable to describe a

mission set in terms of random and non-random trips both inside and

outside SMSAs rather than use the four categories outlined in the

NPTS. Thus. a total of eight mission sets have been specified and
analyzed as part of this task. One mission set includes only per—
sonal business travel inside the SMSAs consisting entirely of random
trips in terms of both frequency and length. Another set includes
the combination of the first set with trips to work inside the SMSAs
which are non-random both in frequency and trip length. A third set
includes all personal business travel, trips to work. and any other
random trips resulting in a daily travel of less than 100 miles.
again inside the SNSAs. Thus, this third set includes all travel
with the exception of travel resulting in more than 100 miles in
one day which may be construed to represent intercity travel. The
fourth set includes all travel regardless of daily mileage. The oth-
er four sets of the eight are the same as the four sets described ex-

cept that they occur outside of the SMSAs rather than inside.
These eight-mission sets are summarized in Table 4-10.

Table 4-10

MISSION SETS TO BE ANALYZED

Inside SMSAs Outside SHSAs

Personal business travel only Personal business travel only

Personal business plus trips Personal business plus trips
to work to work

All-purpose (except trips of All-purpose {except trips of
100 or more miles per day) 100 or more miles per day)

All purposes All purposes

 
It should be mentioned again that the reason for excluding

daily travel in excess of some value (100 miles per day) is to assess
the impact of the hybrid vehicle in applications where battery-
stored energy is the primary energy source. Daily travel in excess
of this value will be accomplished with the heat engine as the prim
mary energy source with the battery system serving only to load—level
the heat engine.

4-13
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4.3 TRAVEL CHARACTERISTICS

The travel characteristics of an automobile consist of three
main factors: a

0 Annual mileage

0 Daily travel in terms of number of trips and trip
length

0 The particular driving mode or cycles which characterize

the method in which daily travel is accomplished

In many cases. the test or survey data which defines these three
factors is limited or nonexistent. In such cases, estimates have

been made. or interpolation/extrapolation has been used. to avg“
meat limited data. The methodology employed to analyze the above
three factors in order to characterize the mission sets outlined
in Section 4.2 are described below.

4.3.1 ANNUAL USE

Considerable data is available to evaluate average annual

vehicle miles. Such a set of data is the Highway Statistics pub-

lished annually by the Federal Highway Administration under the

Department of Transportation. An example of such data is presented
in Tables 4-11 and 4-12. The disadvantage of such data is that

it permits determination of average annual vehicle mileage only
and does not give a fractional distribution of vehicle annual mile-

age. The NPTS‘13) includes data on annual mileage distribution;
this data is presented in Table 4—13. This data is limited in that

it is ten years old and gives no information regarding annual mile-

age distribution with regard to work trips, personal business,
intercity travel. etc. In the absence of such data an estimate

has been made for annual mileage versus percent of automobiles

as indicated in Figure 4—1. Estimates are shown for personal
business only both inside and outside SMSAs as well as for all-

purpose trips both inside and outside SMSAs. The curve for all-

purpose travel inside SMSAs is taken to be oSSentially parallel

to the data in T blc 4-13, but depressed for any given percentile

because the data in Table 4-13 represents annual mileage for all
vehicles; and vehicles inside SMSAs tend to have lower annual

mileage than the national average. The curve for all-purpose
travel outside SMSAS is: (1) elevated above that for inside

SMSAs because of the higher annual milcagc characteristic of ve—

hicles outside SMSAS, and (2) somewhat flatter (loss slope) than

that ‘or inside FMSAs because people living outside of SMSAs in

gcographically smaller communities tend to take more relatively
short trips due to the l1mitcd size oi the area. The curves for

personal business are taken to have annual miloaqcs of approxi-

maLcly 46” 01 Lhc all—purpose figures at any given percentile
since this is approximately the pcrccntaqc of annual mileage ac-
counted for by family business and Civic, educational, religious,
and social Lravcl as indicalvd in tho NPTS data.{in)

Jnld
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Table 4—12

CLE MILES, BY STATE AND HIGHWAY SYSTEM - 19?4

an: VA!
{In with». of nun) man I.“

HUM Al's WM! IH‘I'II

mm- mm

 

 
 

 
 

Mu. l . mm 1"“ ' '°“" mu.. . mu sm-n um . um. I mum mm

3"; m m ”“5 cum. unui mm. ‘| m» ' ”I“ ”“2, Am m. "a?"
a) On 05 01 5

  
 
 

 

  
  

 
  

 
  
  

  
  

  

   
 

MD) man who ' 1.110 1.051 m ' I. use
"15 1'“3 A,» 7.010 1.0:) an - l u! 9*

will as 1.1“
1.1]! I m1.71: ‘

a: I11!- I
.96 '

an?! m 3.1-:. ‘3'.- 9.651
“.3 I 6,-t7fl
  

 
3.03? “I“?
 

1.‘3?
1%.!“

NJ”

1.0!?
3351

3.!“
am1' .019
I551

um

3.»!
mn-

we
MD
hue

mu.
3.“!

P“ .f‘fl

l .011
mm

cl.- .1.???
1,,“

1.0m Inf I5

1.?“

MJI- Fo‘-.1.H-llfl.oz‘ FEM: [03,!“ In": ar-J-T'I' mm: 9119:!-

 
 
 

15%

LR! 1.1.?
 

1a.“

11:1:‘11 6"“ N1 in 35,?" 1‘. HI 3-1.0! an
  ._.. ..__._._ __ __..- ._J ,_ _ _.__. —.—‘.

MM m ? flu. new fol-Ill“ or unm- g- 15-»: an gun»I moi-auto crawled-m. ”mm 1.1 on 12.1. It!“ In I» Hum r.» unumu tun.)I‘ll‘l'lfl It In MI unnatu- “mm-u In no. “I". '1 IM '3?
u . w". . of tour-1m mus-mu um .13 lawn nr lam Inn: world“ M u» sun um: «an-n1 untrimann hr um um- not by u- "andpug-n, muununn can on mu m- 1971.      

.. 99 ”‘~', '4‘. Mix-W

Page 205 of 572 F 2 FORD 1234



Page 206 of 572 FORD 1234

stusnuflmcrnlc

Table 4-13

PERCENTAGE DISTRIBUTION OF AUTOMOBILES

v5 ANNUAL MILES TRAVELED

Annual Mileage Percent of Automobile

<5'JU 2.6

1,000— 3,000 8.4

3,000— 7,000 27.1

Loco—12.000 34.1

l2,000—l?.000 11.0

l?'000-22'000 7-6

22,000—27,000 3.8

>2?,000 5.4
100.0

 
4.3.2 DAILY TRAVEL PATTERNS 

The 1969 Nationwide Personal Transportation Study represents

the most comprehensive study of personal driving habits published
to date, and the data from this study has been issued in a series

of reports. While this data is now ten years old, it is the only
published data available and has been used for a number of analyses
such as those by Schwartz,{1l} Surber and Deshpande.(12}

The NPTS data is very comprehensive but covers trip purposes
or missions other than the mission sets outlined in Section 4.2.

Accordingly. only selected portions of the NPTS data have been used

in defining daily travel patterns in this investigation. Specifir
cally, the data used include the percent of annual trips and percent

of annual vehicle miles versus trip length range as taken from
Schwart2(ll) and presented here in Table 4-14. Additional data
used includes average trip length for different purposes both inside
and outside of SMSAs. This latter data is included in Table 4-15.

The data included in these two tables has been used to predict

daily travel patterns consistent with the mission sets outlined

in Section 4.2. The specific methodology for accomplishing this
prediction is the following. A computer program was written to

simulate daily travel patterns by using a Poisson distribution anda Monte Carlo simulation in a manner similar to that of Schwartz 1’
and Surber and Deshpande.{12} The Poisson distribution determines
both the number of days per year in which a specified number of trips
(i.e., 0, l, 2. etc.) will be taken as well as the total number of

trips per year. The Poisson distribution requires as known data the
average number of trips per day. this being merely the annual mile-

age divided hy the product of 365 days per year and the average trip

length. A sample Poisson distribution is given in Table 4—16.

4-19
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Table 4-14

ANNUAL TRAVEL CHARACTERISTICS BY TRIP LENGTH

Trip Length Percent of

{miles one wa ) Angual Tri-s

<5 54.1

5—10 19.6

10-15 13.8

15-20 4.3

20-3fi 4.0

30-40 1.6

40-50 0.8

50-100 1.0

3100 0.8

{11)
Source: Schwartz

AVERAGE TRIP LENGTH

All purposes

Family business

Social and recreational

Page 207 of 572

Table 4-15

Percent of

Annual Vehicle Miles

11.1

13.8

18.7

9.1

11.8

6.6

4.3

?.6

17.0

Average Trip Length. Miles

Inside SMSAs

4-20

 
Outside SMSAS

9.8

6.7

13. 3
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Table 4—16

POISSON DISTREBUTION OF TRIPS PER DAY

Number 0 Trips Calculated Annual Number of Days Per Total Number
Per DaYa X Probability, P{X} Year with x Trips
 

 

 
 

 

ummhulvr—IQ
Table 4—16 uses the Poisson distribution equation

X -A

p(x} = _A_T$__

where

A = average number of trips per day

x = number of trips per day (0,1,2,---q-)

The numbers presented in Table 4-16 are based on an annual mileage

of 4500 miles and an average trip length of 6.7 miles so that the

average number of trips per day is

g (4500} i
i " T3"6“5T1_6."75 ' 1'“

The Monte Carlo simulation then uses a random number gen-

erator to predict a trip length for each of the total annual trips
to represent the annual driving pattern of one vehicle. The num-
ber of days in which daily travel is within a specified mileage

range as well as the total annual mileage represented by these days
is determined. This simulation is then repeated many times {approx-

imately 300). and averages are taken to determine average annual
mileage, average number of days per year with daily mileage within

a given mileage range. and the annual mileage within the same mile-
age range.

The use of a Monte Carlo simulation requires the use of a

distribution function for the variable being simulated which in

4121

Page 208 of 572 F 2 FORD 1234



Page 209 of 572 FORD 1234

asusnnflmctnlc

this application is the trip length. The distribution function in

this investigation was generated by using the data in Table 4-14

in conjunction with the average annual mileage and total annual

trips as given in Table 4—16 to calculate an average trip length
in a specified trip length range. The average trip length in a
specified range was calculated using the following relation:

LAW; = (M1) ' (Pan)
(W) ' {PM}

where

LAVG = average trip length in a specified range

AM = annual mileage

AT = annual number of trips

pAM = percentage of annual mileage in a specified range

PAT = percentage of annual trips in a specified range

The annual number of trips is obtained by using the Poisson distri-

bution as indicated in Table 4-16. The average trip length for var:

ious mileage ranges can thus be obtained by using the above equation
and the data in Tables 4-14 and 4—16. The results for such calcula«

tions are presented in Table 4-17. The column labeled cumulative
distribution is the summation of the percent of annual trips in a
given mileage category, and this very column represents the distri-
bution function for the average trip length. Thus, these last two

columns are used to generate the probability function for use in
the Monte Carlo simulation. The average trip length for each mile-
age range is assumed to occur at the middle of the distribution
function range, and the distribution function is represented by a

series of straight lines connecting such points.
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The trip length distribution function is dependent not only
upon the annual mileage but also upon the percent of annual trips
and the percent of annual vehicle miles within a given trip mile~
age range. In the present investigation, as in all previous

studies (References 3 and ll}, the percent of annual trips and

percent of annual vehicle miles represented by a given trip mile—
age range were assumed to be independent of annual mileage, i.e.,
the data presented in Table 4—14 is assumed to be constant and
independent of annual mileage. Such an assumption is question-

able since it would seem likely that a change in annual mileage
would cause a redistribution of percent trips and percent vehi-
cle miles within given trip mileage ranges. However, since the
only published data available is the NPTS data presented in

Table 4-14, this data was used independently of the annual mileage.

In summary, the computer program described above requires the
average annual mileage and average trip length as input parameters.

Internally, the program computes a Poisson distribution similar to
Table 4—16. The total annual number of trips from this computation

is then used with the data given in Table 4—14 and the average

annual mileage to generate a distribution functiOn similar to the
last two columns of Table 4-17. ihis distribution function is then

used in a Monte Carlo simulation resulting in an output of average
annual mileage, average number of days in which total travel is

within a specified mileage range, and the total annual mileage

driven within this specified mileage range.

This computer program was used to simulate annual driving
characteristics for mission sets defined in Section 4.1. Inasmuch

as the computer program by design simulates random travel, the

program was used to augment non—random travel. For example,

travel characteristics for work trips plus personal business were
obtained by using the computer program to generate random trip

data ror the personal business portion Only, and work trip data

(which is predictable and non—random) was added to the personal

business travel. As indicated above, the computer program requires
average annual mileage and average trip length as input parameters.
The average annual mileage for personal business and for all-pur-

pose {excluding intercity travel} were taken from Figure 4—1 at the

30th, 50th, 75th, and 90th percentile. The average trip length was
obtained by using the values from Table 4~15 designated therein as

all purpose and family business to represent the all—purpose and
personal business travel designation of this investigation. Inas-
much as average trip length is expected to vary with annual mileage,
Lhe following relationship was assumed to relate average trip length

to annual mileage

an YT-

LMGU) : . muse)

where x denotes the xth percentile, and AM annual mileage. The

average trip lengths given in Table 4=15 are taken as the average
trip lengths for the 50th percentile. The average annual mileage
and average trip length for various purposes and percentiles were

4—24
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obtained by using the above relationship, the data from Table 4—15,

and from Figure 4-1. These data. shown in Table 4&18, were used

in the computer program to generate random trip data and annual

driving characteristics. Annual millage for days in which Lravcl
exceeded 100 miles was subtracted from the total mileage. This

was done with the assumption that daily travel in excess of 100 miles

would represent intercity travel. The results of these computations

are presented in Figures 4-2 and 4-3. Inclusion of daily travel in
excess of 100 miles corresponds to all purpose travel and in pre*

sented in Figures 4-4 and 4-5.

In order to augment personal business travel by work-related
travel. it is necessary to use work trip length data. Such data

has been collected by the Bureau of the Census and is presented
in Figure 4-6. This data can be used to determine annual work—re—
lated travel to add to the data in Figure 4-1 to determine annual

travel for work trips plus personal business. For example, at the

50th percentile, annual work travel inside SMSAs is 250 days/year
x 16.5 miles/day = 3625 miles/year. When added to the annual mile*
age of 3000 miles/year from Figure 4-1, this gives a total of

6625 miles/year.

This work trip date can also be added to the cats of Fig-
ures 4-2 and 4-3 to represent non-random behavior. In such cal~

culations. only work travel for the 50th percentile worker is
used. The relationship between the percentile of work travel and

the percentile of personal travel is also statistical in nature.
Using the 50th percentile work travel distance and the data of
Figures 4-2 and 4—3, it is possible to generate annual mileage
versus percert days and percent vehicle miles for different daily
mileage ranges. For example. consider a daily range of 30 miles.
For 50th percentile work travel of 14.5 miles per day {roundtrip)
this leaves 15.5 miles per day of random travel. From Figure

4-2, for a random annual mileage of 9000 miles, these 15.5 miles

per day account for 11.5% of the vehicle miles. The Lotal annual
mileage is 9000 + 250 x 14.5 = 12,025 miles. and a 30 mile range
would then account for

(9000 x 0.115 + 3625) / (9000 + 3625) = 0.37 or 37%

of the annual travel. Repetition of such calculations for various

annual random travel mileage yields the results presented in

Figures 4—? through fi-lO. Calculations for additional work travel
distances will be made as part of the sensitivity studies.

Figures 4-? through 4-10 can be used in conjunction with
Figures 4-1 to generate daily travel requirements for various
percentiles of random annual driving. For example, the SOLh per-
centile personal business travel inside SMSns represents 3000

miles per year random travel (Figure dul) plus lfiZS m 1C5 of an-
nual work travel for an annual mileage oi 6025 miles. krom Fig-

ure 4—7, this represents 81% of all days of driving w.1h a vehi—
cle range of 30 miles, 92.5% with a 40—mjlc range, 0?“ with a

50-milo range, and more than 00% with a ?5-miln range. From

Figure 4—8. 3000 miles per year random travel represents 7&1 01

4"}?!
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Figure 4-6. Travel to Place of Work

annual vehicle miles with a JO-mile rcmqe, 87?. with a 40-mile

range, 94% with .1 SO-mile range, and almost (NH. with n Win—mile

range. Repetition of these calculations for various percentiles

of annual random tzavel for personal businesu both inside and
outside SMSAS produces the data presented in Pinures 4-11 thru
4-14. In a similar manner, Pinure 4-] can he used with l’iqut‘es 4—).

and 4—3 to generate Figures 4-H throuuh 4—18. A130, use of
Figures 4-1, 4—2, and 4-3 will produce Pimtreu 4-10 threuuli 4—.‘2.
Finally, Figures 4-1, 4-4, and 4-5 can he used In ueuerdte l-‘iu-
ures 4-133 through 4-26. Piqllt‘i‘fi 4-10 threudh 4-2: repreuent

similar vehicle use pat terns represented by l-‘iquren 4-31 threuqh 4—311,
but the first set of l'iqureei dues net include any daily miiemie
figures in excess of 100 miles.

i-‘iqures 4-ll threuqu 4—20 are Iii-zed iu Beet inn 0.“ to define

annual trowel and daily miledqe fer the var ieim miuninn Heir. under
cons i do mt i on .
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4. 1.3 [IIHUINU L'\'_L‘I.!-I.‘{

A numhcr u' drivinq cyclcs can bc utilizc'l as a means of rcp-
.uapu11ua vuhiclc upvratiun in city and highway driving. A summary
ut aclm'tm! L'hat'acht'ist icn of ”w t'ulluuiuq drivinu cyclvs arc
tHVw": 111 'l'ahlu- «l-llz

Ml LII’A urban {FUIR‘}

(I) L'I'A hiallway {l-‘Hht'l

(L‘s :‘=A]‘ Jule-Id. Ii; t" [)0

This I‘ll‘b‘l two dl‘ivllltl CYL‘los .l'l‘u uscd by 1.110 Environmental Protoc-
tiun nchcv (EPA) Lu curtily LhaL panscnqcr cars muct Pcdcral Hx-

haunt HMLnnlun HLandards and Lo cstimatc fucl economy for the var-

:una car mudvls. Thc EPA cyclcn wvrc dovelopcd from actual pursuit

data taken In Lraitic and arc intcndvd to simulate rcalistically
Lhc manncr in whict cars arc actually drjvcn (c.q., accclcration
and braklnu ratcs, npccdfi and speed modulation, idlc timcs, ctc.i.

Thu BAH 22?a cyclcn wcrc developed purcly as a means of compar-
ina all-clcctrjc vchiclca o! diffcring dcsign and capability on
a common cyclc. It has ncvcr been claimed that vehicles were

drivcn in actual Lratiic conditions in modes like the SAE B, C,
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hybrid/clcctric dcsiqn Task: 2 and l. The vehicle power-to-
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«afl .19 ?.1r .n: ltllflhlv :anu‘a .uni 3L14‘5_n111v .nx‘ curun-Incd. 'Phc

"Hanan-mt" g-att ham m-ali',‘ Haw minutnn ul lll‘llI-HIII‘P-E dl'jvllul ("1'3
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u! only 54 my!!! and Flag 1.4 Alwyn milv. H. am'val'n that lhv "sta-

lr1l :911d" Eulrl. (J: ' hL' eztlnln fi‘yl'l" I:: .I hI‘LL('I ttqux'nxalL.ILit1n ‘JI
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~1aLa 101 Ell-Iimay .Irivitm. H i:: rl-ajly typical m drivinu wn lhv
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Based on the discussions in the foregoing paragraphs, it seems

appropriate to use the EPA urban cycle in its entirety, or the "tran-
sient" and "stabilized" parts individually, to represent urban driv-

ing (to/from work and random personal travel) and to use the EPA

highway cycle to represent only intercity travel (trips usually
greater than 100 miles). Undoubtedly, there are some random trips
of less than 100 miles on high mileage days, especially in the all-

purpose mission set, which would logically qualify as highway driv—

ing. Such trips can be accounted for by adjustments in the annual
random urban mileage.

The split between urban and intercity (highway) travel used by

EPA and DOT to determine the composite fuel economy for passenger
cars is 55% urban/45% highway. The urban/rural mileage data given

in Table 4*4 for various states shows rather clearly that the urban/

rural mileage split in most states departs markedly from the na-
tional average 55/45 split. Relatively few states have ratios closo
to 55/45. Many states, especially in the more populous areas in-
cluding California and New York, have urban mileage fractions be-
tween 65t and ?53. Hence, although more study of this point is

needed, it is being assumed at the present time for the design trade“
off studies {Task 2) that inside SMSns, 70% of the total annual mile-

age is driven on the EPA urban cycle, and 30% on the highway cycle.
The primary use of the 70/30 split is in the determination of opera-
ting ccst and breakveven gasoline price.

Various combinations of the urban "transient” and "stabilized”

cycles and the intercity highway cycle can be used to determine
energy usage (electricity and gasoline) for specified daily travel
and mission sets. The effect of these cycle mixes on vehicle "elec-
tric" range requirements and aesociated operating costs can only be
determined by detailed Vehicle simulations. This will be done as
part of Task 2 and 3. A detailed determination of the urban cycle
mixes appropriate for the toffrom work and personal travel missions
must await the simulation study results. Every attempt will be made
to keep the driving cycle descriptions as simple as possible and
consistent with realistic vehicle energy usage, both for electricity,

and gasoline.

The effect of the driving cycle on the heat engine warmup time

~ is also important and should be considered. This is especially true
for the helcrcncc [VH Vehicle. A recent study of the effect of trip
length on fuel economy for conventional vehicles is reported in

Ref. (5). Figure 4-29, taken from that reference, shows that the HPA
urban and highway fuel economy values are at best applicable only

under very special conditions (trip length, ambient temperature,
etc.]. It is not surprising that most car owners have found that

the fuel economy they experience differs significantly from the ETA

mpg values. Usually, owners find on-road fuel economy considerably
lower than the EPA values. As indicated in Table 4-14, trips less

than 7.5 miles length {EPA urban cycle} account for 60% of the trips

4—40
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and 161 of the miles. Figure 4—29 shows that a trip length of at

least 20 miles is needed before the EPA composite fuel economy
value can be expected. Trips of less than 20 miles account for 921
of all trips and 53% of total vehicle miles. Therefore. it is clear

that in estimating the fuel economy of the reference ICE vehicle on

the various mission sets and percentile daily travel days the effect
of engine warmup should be included. Likewise. the effect should

also be included in the hybrid/electric calculations. This means

that average trip length as well as daily travel {miles} must be

considered in determining daily fuel usage. Fortunately, such

travel statistics are available from the mission analysis. They

will be incorporated into the work on energy consumption in Task 2.

4-48
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Secllon 5

RATIONALE FOR THE SELECTION

OF THE ICE REFERENCE VEHICLE

5.1 HYBRID VEHICLE SIZE CLASS

For purposes of this study it is necessary to identify a con-
ventional internal combustion engine (ICE) passenger vehicle for
comparison with the electric/hybrid car to be designed according
to the present contract. The contract specifies that the hybrid
vehicle should have a passenger capacity of at least five adults.

This means that the hybrid vehicle must be either a mid-size (5—

passenger) or a full-size (6-passenger) car. As indicated in
Table 3-9. cars in these two classes use approximately 64% of the
fuel consumed for personal transportation. The development of a
hybrid/electric car in either class thus has the potential for
saving a large quantity of petroleum if the market penetration of
the hybrid design is significant. Hence, the key factor in decid-
ing whether the hybrid vehicle should be mid- or full-size is the
effect of size on market penetration.

It seems probable that the sales mix will increasingly favor

the mid-size car during the next 5-10 years, especially in urban
areas. In addition. the use pattern of the mid-size car is ex—

pected to be more consistent with the hybrid/electric concept
which assures that much of the driving can be done using primarily
battery-stored energy. Full-size cars probably will be purchased
by people willing to pay for comfort on long trips and those seek-
ing status. The present study will be directed toward the design

of a hybrid/electric mid-size car which will be attractive to peo-
ple who do most of their driving in urban/suburban areas with only

occasional long intercity trips. This section is concerned with

the selection of a conventional ICE passenger car for comparison

with such a mid-size hybrid/electric car.

5.2 CRITERIA FOR SELECTION OF ICE REFERENCE VEHICLE

The criteria for the selection of the ICE reference vehicle

are the following:

o 5-passenger capacity (mid-size)

I high sales volume

0 acceleration performance of 0-96.54 km/h (0-60 mph) in
15-17 seconds

The high sales volume criterion is used as an indication of good

consumer acceptance. It would also be highly desirable if the

Reference ICE Vehicle represented a recent downsized design in
the mid-size class since tnis would facilitate extrapolation of
1978/79 characteristics to those pertinent to 1935. In this re-

spect, the Chevrolet Malibu/Olds Cutlass. Ford Fairmont. and Audi

5000 are of particular interest. The exterior and interior dimen-

sions of those models and other selected 1978 passenger cars are

5-1
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given in Table 5-1. By definition, a S-paseenger car carries two

people in the front and three people in the rear seat. Using the

criteria atated by Connemara Union in the April 1978 issue, this
requires a rear shoulder width ot at least 57 in., and a rear

forewaft dimension of at least 27 in. On this basis. the Chevro~

let Malibu and the Ford Fairmont are S-paasenger care, but the

;udi 5000 is a little too narrow to fall into this category. The
differences in weight and size between the 5- and 6-passenger cars
are readily apparent from Table 3—7 and Table 5-1.

As indicated in Table 5—2, the new downsized midisize car

models have been well received by the public. Both the Malibu/

Cutlass/Regal and Fairmont/Zephyr experienced impressive sales in
1978. Hence, both the Malibu and Fairmont meet the criteria of

high volume sales.

Table 5-2

SALES OF MID-SIZE PASSENGER CAR MODELS IN 1978

General Motors

 DivisiOn Model

Chevrolet Malibu 374

Chevrolet Monte Carlo 355

Oldsmobine Cutlass 520

Buick Century 75

Buick Regal 248

Pontiac Le Mans _yg§

Total 1100

Ford Motor Company

   

 
 

 

Division Model Sales {103}

Ford Fairmont 406

Mercury Zephyr 121
 

Ref: Automotive News, January 15, 1979

Engine characteristics and related vehicle fuel economy for

1978 mid—size cars are given in Table 5*3. Data is given for

both the General Motors Corporation and Ford Motor Company mid—
size models. At the present time. mid-size cars are marketed us—
ing 4-, 6-, and B-cylinder engines. Except for the Fairmont

equipped with an L4 engine and manual 4-speed transmission, most
mid—size cars are bought with 6-cylinder or small v—B engines and
automatic (A3) transmissions.
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Acceleration characteristics of the Malibu, Cutlass, and
Fairmont are summarized in Table 5~4. The information shown

indicates that meeting the acceleration criteria of 0—60 mph in
15 to 17 seconds using a fincylindor engine (100-110 HP) and an

automatic transmission presents no problems.

Either the General Motors (Malibu/Cutlass) or Ford Motor Com-

pany {Fairmont/Zcphyr) mid—size cars could be used as the Reference
ICE Vehielo. Both the Malibu and Fairmont meet all the criteria.

The Malibu/Cutlass has been selected as the Reference ICE Vehicle

primarily because General Electric. through its subcontractors:
has access to more detailed information on the General Motors

cars than on the Ford Motor Company cars. For example, arrange*
ments have been made with General Motors to obtain data frOm their

computer program (GPSIM) runs for the Malibu using several drive—
lines (V-G, V-B engines and automatic and manual transmissions).
Unfortunately, the results of the GPSIM computer runs have not

been received for inclusion in this report, but assurances have

been obtained from General Motors that they will be provided in
the near future.* It is evident (Table 5-1) that the Fairmont is

slightly lighter than the Malibu. Expectations are that, in the
coming years, GM will reduce the weight of their mid—size cars

and by 1935 will eventually utilize front-wheel drive in that size

class. A summary of General Motors' plans regarding the use of
front—wheel drive is given in Automotive News, ll December 19?8,

indicating that the mid—size cars are likely to be the last to be

redesigned in this way. Nevertheless, the General Electric pro—
jections of the weight and fuel economy of the ICE reference ves
hicle will assume the utilization of front-wheel drive by 1985.

5.3 SELECTED ICE REFERENCE VEHICLE

 

The ICE reference vehicle is taken to be the Chevrolet Malibu

using a V—6, 231 CID engine. Currently, this engine is manufactured
by the Oldsmobile and Buick Divisions of General Motors and is mar~
keted by the Chevrolet Division only in California. a 1978 Malibu
with the V-6, 231 CID engine is estimated to have 0 to 60 mph ac—

celeration of less than 15 seconds and an EPR fuel economy of at

least 19 mpg urban and 23 mpg highway. The cited acceleration time
and fuel economies are those of the heavier Cutlass, as predicted

by the GM GPSIM computer program. Therefore, they should be met
or exceeded by the slightly lighter Malibu. GPSIM calculations of
the performance and fuel economy of the Malibu with the V«6 engine
and various transmissions and axle ratios are expected to be avail—
able to General Electric in the near future. A further discussion

of the ICE reference vehicle and its characteristics is given in
Section 6.4.

*GPSIM computer runs for the 19?9 Malibu were not received from

General Motors as had been expected.

5—4
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MINI.

PRIMARY RESULTS OF "MON ANALYIIO

AND PERFORMANCE SPECIFICATIONS 8WD?

Deliverable Item Number 1. 'Hission Analysis and Performance

Specification Studies Report" of Contract No. 955190 includes a
number of items specified in the Data Requirements Description.

Among these items are the primary results of the study. The pri-
mary results of the study are reported in the following subsections.

6.1 Vehicle Performance Specifications

6.2 Mission Description and Daily Travel

6.3 Mission Specifications

6.4 ICE Reference vehicle and Its Characteristics

Subsections 6.1 and 6.3 are patterned after Exhibit I of Contract
no. 955190 and use the same identification code as the contract.

The primary results are presented in a condensed form belowr
and in an expanded form in the pages which follow.

CONDENSED RESULTS 

gghlcle Pm In! mam": filli‘t‘l' Icst mnn
Pl. lumen- Ilm-wluulahic lien-Is

Drusnrauhurnsn -- as In we is iifi-Io nulvn} an hatter?
Inch-my 40.‘ km NW} mlmal with n.“ Him

“(I «mllnm Int-l cant
02.. Owner Spun-d

electric Drive umly an In n Ink soul
It}: Engine only ~- '0'} lull h um "um

ill. neslmum speed -- In in n [M mun
P4. Acceleration -- fl-flh um 11 man: mph! m 1!: net-Md“
P‘I. Olsdahllllf lll'llnumln r'm'hmuum

'3! ~ III! Im II H“: mm)
15‘ .. if Km h It!) nphl

u. Pause-mm t‘spavlw -- '. aduln: .'1, Como tun-acting -- on. s “1.? it It um um an In!

Mission filu's'ilflllzdtlogi
ll. Dally flavei — are Tahlcn h-t and 6—:
H2, Devil-lad ~ pan-tonne! and mum“ [mule not dam-med

M spec'ifw tunn- u um
HI. 'I'np lmnqth. I-‘Iu'qunnuw .unul liulpnnv - soc :ivclmll 6.!
HI. Dunn-1 l'vclen -- 1:" "Hum mnu't and HIM lllqhuay It‘Hl'l‘I
:5. Annual vn-Iuclv mlcn .. nor Paquson a-t Imonuh {-10 in: annual

n! 1mm» MM ml Iv»
as. Pnll‘lltifll Hui-hm nl leuu-IJ-Zln-vuw

vehicles In unu -- 9111. In- analyzed In lam-t Mn!
'1'. wk: leiouoncc vonwlo -. l‘houlnh-f um um nth v-n. :11 cm mum»
HI]. IMcrom-u ll‘l-i He'lut‘lv In WI!“- all mud-mm panmmqer mm on!“

Annual Pup] (‘nnmmpH-m mum! In mm :1" nl lul'l uncll fun
run nuns! trannpm t at inn

6-1

Page 242 of 572 F 2 FORD 1234



Page 243 of 572 FORD 1234

turn“0umm

0.1 VEHICLE PERFORMANCE IPIGFIGA‘I'ION.

P1

P2

P3

P4

P5

P6

Hinimum Nonrefuelabls Range -

Pl.l Highway Driving [FHDCJ

(a) 402 km (250 miles) between gasoline refueling stops
[i.s.. about 31.85 liter (10 gallons) fuel tank
capacity]

(b) battery-stored electricity sufficient to load-level
the heat engine for 804 km (500 miles) highway driv-
ing without recharge from the heat engine

P1.2 UrbanZSuburban Driving gruoc;

(a) 56-64 km (35-40 miles) using electric drive as

primary system
(b) 112-128 km (10-80 miles) using heat engine as

primary system, but no battery recharging with
heat engine

91.3 8A3 3227atn)

To be calculated during Task 2 and Task 3 for compariscn
purposes.

Cruise Speed —

(a) electric driVe oniy - 83 km/h {55 mph)
(b) heat engine drive only - 105 km/h (65 mph)

Maximum Speed -

(a) 121 km/h (75 mph) continuous as long as battery charge
level permits - combined efforts of electric and heat
engine drives

Acceleration (minimum values) -

0-48 km/h (0-30 mph) 6 seconds
0-96 km/h (0-60 mph) 16 seconds
Safe passing on a two-lane road

Gradability (minimum values) -

 
Grade Speed Distance“

3% 88 km/h (55 mph) Unlimited
5% 33 km/h (55 mph) Unlimited
8% 64 km/h (40 mph) Unlimited

15% 32 km/h (20 mph) Unlimited

Maximum Grade: 25%

Passenger Capacity -

5 passengers (350 kg)

'On heat engine alone, distance determined by fuel available.

6-2
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P7 Cargo Capacity -

0.5 m3 (17.7 {:31
100 kg (220 lb)

P8 Consumer Costs -

Consumer Purchase Price (1978. 61

List price of 4-door Malibu sedan with automatic trans-
mission. power steering. power brakes. radioa and air
conditioning was $5725. (Reference: Automotive News.
1978 Market Data Book Issue.)

Consumer Life Cycle Cost (1978. 8)

lac/km (19c/mils) based on 10,000 miles/year. (Reference:
Automotive News. l9?B Market Data Book Issue.)

P9 Emissions - Federal Test Procedure -

Standards have been set for conventional ICE passan r

cars: applicability of those standards to an electr c/
hybrid whose emissions will depend on battery state-of-
charge has not yet been established.

The passenger car emission standards for 1970, 1981. and
1935 are as follows:

Standards (gram/mile}
 
Year E 99 &

1978 1.5 15 2

1981 0.4 7 l

1985 0.4 3.4 1

The electric/hybrid will meet the above standards for all
operating modes except possibly when the battery is being
recharged by the heat engine. Meeting the no! standard
during battery charging may prove to be difficult. This
will be inVestigated during other tasks of the program.

P10 through P17 -

will be treated during the design trade-off and preliminary
design tasks or the program.

6-3
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0.! UNION WM" AID DAILY navel.

Pigurea e-ll thru (-26 have been ueed to generate daily range
capabilitiee for the eight mieeion aete defined in Section 1.1.
Thie data ie preeented in Table 6-1 for the tour mieeion eete in-
eide the seen. and in Thble 6-2 for the tour mieeion eete outeide

the ensue. The percentilee lieted undar daily dietance in theee
tables are for percent vehicle milea. not for percent daye.

The aeuunption that daily travel in exceee of 100 milee meane
intercity travel ie reasonable in meat inetancee but there are cer-
tainly exceptinna where there are many ehort tripe in one day all
within a city and totaling 100 milee or more. On the other hand.
daily travel or coneidarably leee than 100 milee could be intercity
travel. Ehe larger the metropolitan area in which a vehicle ie
baeed. the greater the daily travel dietance that would conetitute
intercity travel. since data ie not available to define the die-
tribution of intercity travel. the criterion apecitied herein hae
been eelected. Future eeneitivity etudiee or the mieeion analyeie
will examine the eiqniticance or thie aaeumption.

Conparieone between Tablee 6-1 and 6-2 indicate that any vehicle
capable of meeting annual and daily travel requirements for outeide
SMSAI would aleo meet requiremente ineide Shane. Thus. it would
eeem reaeonable to let Table 6-2 rcpreeent the mieeion data for all
vehiclea. However. inaemuch ae the purpoee o! the hybrid vehicle
etudy ie to aaeoae impact on total fuel ooneumption. it ie alao
neceeeary to factor in the relative ealee and potential market pen-
etration both ineide and outeide shone. For thie reaeon. a die-
tinction between vehicle mieeione ineide and outeide of BHSAe will

be retained. It ie highly unlikely that a difterent deeign for in-
eide and outeide snea- ie reaeonable. A final decieion on whether

vehicle uee patterne ineide or outside swans dictate the final de-

eiqn will be made when the fuel coneumption impact etudy ie com-
pleted [Teak 2).

6-4
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Table 6-1

DhILY AND ANNUAL TRAVEL DISTANCES INSIDE SNSAa

FOR VARIOUS MISSIONS .

Annual Distance Daily Distance (miles)
(miles) Percentile '

50 75 90

Personal bulineee only
50th percentile

75th percentile

90th percentile

Pereonel bueineee plue
work tripe

50th percentile

75th percentile

90th percentile

All-purpose (excluding
intercity travel)

50th percentile

15th percentile

90th percentile

All-purpose (including

intercity travel)
50th percentile

75th percentile

90th percentile

'Purccntilce are for vehicle miles
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Table 6-1

hula! AND ANNUAL TRAVEL nzernncra OUTSIDE Sflana

Ion VRRIOUS MISSIONS

Annual Dietance Daily Diatnnce tmilea)
{milea) Percentile'

so 75 90

Perecnal bueineaa only
50th percentile

15th percentile

90th percentile

Perecnal buaineea plua
work tripe

50th percentile

75th percentile

90th percentile

All-purpose (excluding
intercity travel)

50th percentile

75th percentile

90th percentile

All-purpose (including
intercity travel)

50th percentile

15th percentile

90th percentile

*Percentilee are for vehicle miles
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H1

H3

M5

Daily Travel -

Daily travel requirements are summarized in Tables 6-1 and6's

Payload (in terms of cargo and passengers} -

No attempt was made to assign passenger and cargo loads to
specific type trips because such information was not needed

to proceed with the design of the hybrid 5-passenger. mid-
sise passenger car.

Trip Lengths, Trip Frequency. and Trip Purpose -

Trip purposes were subdivided only as needed to obtain de-
sign constraints for the hybrid vehicle. In this regard.
only tc/from work travel. local random personal travel.
all-purpose travel, and intercity travel were considered
separately. work travel and intercity travel were not con-
sidered random travel and hence were not included in the

random trip calculations. Trip frequency (trips per day)
and trip length were calculated as indicated in Becticn4.3.
Results are summarised in Table 4-13.

Driving Cycles -

It was concluded that all travel could be described in

terms of the EPA urban (FUDC) and highway (FHDC) cycles.
Travel in congested city areas is better simulated by the
“stabilized“ portion (Figure 4-25) of the EPA urban cycle
than the J22?a(B) cycle. The EPA highway cycle applies
only to intercity travel. The "transient'I portion of the
EPA urban cycle applies to relatively uncongested express-
way travel (Figure 4-27). An important factor as far as
driving cycles are concerned is the assumed split between
the mileage on the FUDc AND FHDC cycles. The customary
split of 55/45 is the national average. but does not apply
to those living in urban areas. especially in the north-
east. A more appropriate split would seem to be 10/30
(Table 4-4) for those living in the near metropolitan areas.
The assumed split between urban and highway mileage is an
important input for the economic calculations.

Annual Vehicle Miles Traveled Per Vehicle -

This is an important factor in determining mission specifi-
cations and vehicle range requirements. Unfortunately. very
little data is available in this area. Annual vehicle-miles-

traveled distributions (that is fraction of vehicles travel-

ing a specified mileage or less - see Figure 4-1) are required
to interpret and apply the random trip computer results to
the various mission sets. It was necessary to make a "best
judgement" estimate of the annual miles traveled distributions
for personal and all-purpose travel. Estimates were made for

6-?

Page 248 of 572 F 2 FORD 1234



Page 249 of 572 FORD 1234

Illllll.lllflllt

inside seen. and outside Buses for both types of travel.
Data/information on intercity travel is also needed, but

such is not critical in determining the required ”electric”

range of the hybrid vehicle. Additional data on annual
vehicle miles traveled per vehicle will be sought during

the other tasks of the program.

as Potential Number of Vehicles in Use as a Percentage of Total
Vehicle Fleet -

It is not possible as yet to estimate the function of mid-
sire vehicle sales in 1905 which could be hybrid/electric.
If possible, this will be attempted in a later task after

the economics of hybrid vehicle use has been assessed. It
is estimated that in 1905 about 24‘ of the vehicles in the

passenger car fleet will be mid-size vehicles.

H7 Reference Conventional ICE vehicle -

The Reference ICE Vehicle selected for comparison with the
mid-size hybrid vehicle is the Chevrolet Malibu with a V-6.
231 CID engine and a three-speed automatic transmission.

This vehicle is a popular thigh sales volume) 5-passenger
car meeting the performance requirements determined for the
hybrid electric design. A brochure describing the Chevy
Malibu is included in the Appendix.

MB Estimated Annual Fuel Consumption of the Reference ICE Vehicle -

It was estimated that in 1985 mid-size passenger cars will
use about 27$ of the gasoline consumed for personal trans-
portation {Table 3-$). This estimate will be refined as
part of later tasks of the program.

MISSION RELATED VEHICLE CHARACTERISTICS

V1 Capacity (Passengers and Cargo) -

S passe gers
1?.7 ft or 200 1b of cargo

v2 Range. Speed. Acceleration. and Gradability -

(a) Range
Range, primarily on stored electrical energy utilised through

the electric drive system is a key design parameter for the hybrid/
electric vehicle. The range requirement depends on a number of
factors including the mission set. travel distance to/from work.

and annual vehicle miles in random personal travel. The latter mile—
age varies considerably from owner to owner (Figure 4-1). The via-
bility of the hybrid/electric vehicle for a particular car owner
depends to a large extent on whether the "electric" range provided
permits him to operate the vehicle most days and for a significant
fraction of his total urban miles on stored electricity rather than
gasoline. If that is not the case. the owner would not realize the

cost advantage of electrical energy. Range requirement results from

6-8
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the mission and trip analysis studies (see Section 4 for the de-
tailed approach) are given in Figures 4-11 through 4-23 for various
percentiles of car users. From the range studies it was concluded
that between 35 and 40 m‘les were required so that at least SDI of

the mid-sire car users could operate on stored electrical energy
for between 50 and 75% of their annual vehicle miles in urban driv-

ing. The results given in Figures 4-11 through 4-23 will be uti-
lized on a continuing basis in the design trade-off studies (Task 2)
to further refine the "electric“ range of the hybrid vehicle.

(bl 3 sad

There s'Iittle uncertainty regarding speed requirements as
they are set by the 55-mph speed limit and the desire of most car
owners to travel slightly in excess of the speed limit when traffic
conditions permit :21 to attain speeds well in excess of the speed

limit for passing. Therefore. a cruise speed of 60 to 65 mph and
a maximum passing speed of 65 to 70 mph will be specified. These
speeds will make the hybrid/electric vehicle competitive with the
conventional ICE vehicles.

(cl Acceleration and Gradsbilit

Performance of a passenger car Is often stated in terms of its
0-60 mph acceleration time. Acceleration performance is important
to the car owner both for safety reasons and for the “good feeling"
he gets from driving a responsive vehicle. The analysis discussed
in Section 3 indicates that safe operation of the vehicle on z-lane

suburban and rural roads and on some limited-access expressways re—
quires a power-to-weight ratio (HP/1b) consistent with a 0-60 mph
acceleration time of 15-16 seconds. The associated gradability
would depend somewhat on the vehicle gearing and shift logic. but
should permit maintenance of 55 mph on grades up to 5%. and 40 mph
on grades up to 0%. A maximum gradability of 25% will be used as a
design target.

V3 Cost Constraints

Cost constraints are not set by the mission analysis. but cer-

tainly will greatly influence the marketability of a hybrid mid-
size vehicle. The purchase price of mid-size cars (high sales vol-
ume. popular models) in 1970 ranged from $4500 to $6000 depending
on installed equipment te.g.. air conditioning. radio. etc.). The
price of a well equipped Malibu was about $5700 in 1930. Data for
1910 (Automotive News. Market Book Issue) indicates an operating
cost of about 19.5c/mi for a mid-size passenger car. Every attempt
will be made to design the hybrid/electric mid-sire car so that it
is cost-competitive with the Reference ICE Vehicle in terms of both
initial and operating costs. These considerations will be central
to the work in Tasks 2 and 3.

94 Ambient Conditions. Availability and Amenities

The hybrid/electric vehicle will be designed to be equivalent
in all respects as far as these factors are concerned. These fac-
tors were not felt to be effected significantly by mission set.

thus. they were not considered in Task 1. They will be considered
in Tasks 2 and 3.
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3.4 ICE REFERENCE VEHICLE AND ITS CHARACTERISTICS

A 5-passenger mid-size car, the Chevrolet Malibu, has been

selected as the ICE reference vehicle for comparison with the hy-
brid vehicle designs to be developed in Tasks 2 and 3. The char-

acteristics of the Reference Vehicle in 1978. and those projected
for a mid-size car in 1985. are summarized in Table 6-3. The ac-

celeration performance indicated for the reference vehicle is con-

sistent with that required of the hybrid vehicle designs. The
1978 fuel economies are those measured by EPA and corrected to
account for ac.ua1 on-the-road experience. The 1985 fuel econo—
mies reflect improvements due to reduced curb welgfit forwm -s cc
care, lower aerodynamic drag. wider range, and more efficient
automatic transmissions, etc. It has been assumed that the fuel

economy improvement indicated can be achieVed along with meeting
the 1985 emission standards of 0.4 gram/mile HC, 3.4 gram/mile

CO. and 1.0 gram/mile N03.

6-10

Page 251 of 572 F 2 FORD 1234



Page 252 of 572 FORD 1234

Table 6-3

SUMMARY OF THE CHARACTERISTICS OF THE

ICE REFERENCE VEHICLE IN 1978 AND 1985

1918 1985 (estimate)m

Chevrolet Malibu, GM Mid-Size
Model 4-door. S-paasenger

Engine (gasoline) v~6, 231 CID, 105B? L4 or v—s,
BSHP

Transmission 3-apeed. automatic 4-speed. automatic
with look-up

Curb Height kg (lb) 1451.5 {3206) 1179.4 (2600)

Length. cm {in.] 490.2 (193} 469.9 (185}

Width. cm {in.} lfl2.9 {72) 185.4 {73]

Height, cm (in.} 137.2 {54} 137.2 (54]

Fuel Economy. km/l {mpg}

urban—corrected 1.226 [1?] 9.648 {22.7}

-unoorreoted 8.0?5 {19) 11.900 {28}

highway—corrected 9.64fl (22.1} 13.898 (32.?)

-uncorrected 11.900 (28) 11.850 {42}

Emissions gram/km
[gram/mile}

nc

co

Mk

Performance {seconds}

0—48.3 km/hr {0-30 mph)

0-96.5 km/hr {0-60 mphl

72.é-104.6 km/hr [45-65 mph}

Range on 56.8 liters {15 gallons)

urban, km (miles) 410.3 (255] 547.1 {340]

highway. km {miles} 547.1 (340) ?88.4 (490}
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CONCLUSIONS AND flECOIIMENDAflOHB

7.1 CONCLUSIONS

7.1.1 GENERAL CONCLUSIONS AND OBSERVATIONS 

The following general conclusions were formulated based on the
work done on mission analysis:

(1) The statistical character of automobile use is important

in determining the ''electric" range of the hybrid/electric car and
the fraction of potential car buyers whose transportation needs
would adequately be met by a specific hybrid/electric car design.

(2) Statistical data on annual mileage including the relation-
ships between annual mileage and trip length frequency along with
fraction of vehicle miles in trips of specified length are impor-
tant in calculating auto use statistics. but the available key in-
put data is very limited.

{3) The auto use patterns in terms of daily travel and annual
mileage are significantly different inside and outside of SMSAs,

and these differences can significantly affect the selection of
design range for hybrid/electric cars.

(4) The fraction of vehicle miles rather than the fraction of

days on which the car can be operated primarily on the battery is
the critical factor in selecting “electric" range.

(5) The EPA urban and highway cycles can be used to describe
vehicle use, and the I'stabilized" portion of the EPA urban cycle
is a better representation of central city driving than the SAE

J227a (B) cycle.

(6) The urban/highway mileage split of 70/30* is more realis-
tic for metropolitan areas in which hybrid/electric vehicles will
be most attractive than the more customary 55/45 split.

7.1.2 SPECIFIC CONCLUSIONS

(1) The Chevrolet Malibu with a v-a, 231 CID engine, a 5-
passenger mid-size car made by General Motors, was selected as the
ICE reference vehicle.

 

*An Lrban/highway mileage split of 65/35 was used as nominal in

the Design Trade-off and Sensitivities Studies (see Appendices
B and D).

14
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(2) An I'electric" range of 35 to 40 miles for the hybrid/elec-
tric vehicle is needed so that at least 50$ of the potential mid-
size car buyers would drive at least 75% of annual urban vehicle
miles using the electric drive as their primary propulsion means.

(3) A 0-96.5 km/h (0-60 mph) acceleration time of 16 seconds

was selected for the acceleration performance specification. The
critical factor in this selection was safe. high-speed passing on
two-lane roads. This level of performance resulted in more than
adequate gradability, freeway merging capability, and tOp speed.
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7.2 RECOMMENDATIONS FOR CONTINUING NISBION ANALYSIS ACTIVITIES

Continuing activity on mission analysis is required as it re-
lates to the design of the hybrid/electric vehicle, its potential
sales. and thus its gasoline saving potential. Areas needing addi-
tional work were cited in previous sections of this report. Those
areas are summarized below:

(1) A sensitivity analysis should be made of the calculated

travel characteristics to statistical trip frequency/length and
annual mileage data which were used as input to the Monte Carlo
travel simulation program.

(2) The impact of statistical travel characteristics on hybrid/
electric sales potential and energy usage should be examined.

(3) A study should be made on the detail needed in describ-
ing the driving cycle mixes (EPA urban, both transient and stabi-

lized: and highway cycle) to calculate properly the operating costs
and energy usage for the various mission sets.

(4) Further detailed evaluations should be made with regards

to high-speed passing on a 2-lane road as the critical factor in
setting power requirements using specific power train configurations.

(5) Interpretation of the GPSIM computer results for the ICE

reference vehicle (Chevrolet Malibu with V-6, 231 CID engine) will
be needed after the computer results have been received from Gen-
eral Motors.
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APPENDIX

Note: lrho Chevrolet Malibu Brochure number 3304,

dated July 1918, we: included only in those copies

of this report which were delivered to the

Government .

11-1
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APPENDIX

CHEVROLET MALIBU TECHNICAL SPECIFICATIONS

Model S-passenger. 4-door sedan

Engine (gasoline) V-6. 231 CID. 105 HP

Transmission 3 speed. automatic

Curb Weight. kg (lb) 1451.5 (3200)

Exterior Dimensions. cm (inJ

Length 490.2 (193)

Width 132.9 (72)

Height 131.2 (54)

Fuel Economy 1910. km/liter (mpg)

EPA-Urban 8.00 (19)

-Highway 11.90 (28)

EPA Corrected

-Urban 7.22 (11)

-Highway 9.65 (22.?)

Emissions. g/km (g/mi)

Hc 0.93 (1.5)

CO 9.32 (15.0)

N0x 1.24 (2.0)

Acceleration. seconds

0-40.22 km/h 6

(0-30 mph)

0-96.54 km/h 16

(0-60 mph)

72.40-104.53 km/h 11

(45-65 mph)

Range. 56.70 liters (15 gallons)

Urban. km (miles) 410.3 (255)

Highway. km (miles) 547.1 (340)
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351C INTERIOR DIMENSIONS - REFERENCE VEHICLE

According to the basic plan outlined in the original propoeal.
the interior dimeneiohe ae relating to the occupant eeating package
would be utilized in the hybrid vehicle. Lieted belov are the in-
terior dimensione of the reference ICE vehicle {1979 Malibu 6—door

eedan) which will he need in the preliminary packaging exercieee.

Front artment Degreee lnchee Millimetere

H20 Centerline Occupant to Centerline Car 14.48 368
H61 Effective Headroom 38.70 883

L64 Maximum Effective Leg Room 62.75 1086
H30 H Point to Heel Hard (chair height) 8.97 228

L60 Back Angle 26.5
L62 Hip Angle 88.5
L64 Knee Angle 131.0
L66 Foot Angle 87.0
1.53 H Point to Heel Point 35.07 891

L17 H Point Travel 6.73 171
H58 H Point Rice .98 25
H3 Shoulder Room 57.32 1436

M5 Hip Room 52.20 1326
"16 Seat Width 69.68 1257

E!!£.EEEE££EEE£E

L50 H Point Couple 32.56 827
H25 Centerline Occupant to Centerline Car 13.27 337
H63 Effective Head Room 37.68 857

L51 Maximum Effective Leg Room 38.00 865
H31 H Point to Heel Point (chair height) 11.73 288
L41 Bach Angle 27

1.63 Hip Angle 82
L65 Knee Angle 102
L47 Foot Angle 118.5
146 Shoulder Room 57.08 1650

H5 Hip Room 55.58 1612

EEE££2l_£2§£E$EE

H18 steering wheel Angle 19.5
L7 Steering Wheel Torso Clearance 13.38 340
L13 Brake Pedal Knee Clear 26.42 595
L52 Brake Pedal to Accelerator 4.48 114

8-3
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FOREWORD

The Electric and Hybrid Vehicle (EHV) Program was established
in DOE in response to the Electric and Hybrid Vehicle Research,

Development, and Demonstration Act of 1976. Responsibility for the
EHV Program resides in the Office of Electric and Hybrid Vehicle

Systems of DOE. The Near-Term Hybrid Vehicle (FTHV) Program is an
element of the EHV Program. DOE has assigned procurement and man-

agement responsibility for the Hear-Term Hybrid Vehicle Program to
the California Institute of Technology, Jet Propulsion Laboratory
(JPL).

The overall objective of the DOE EHV Program is to promote

the development of electric and hybrid vehicle technologies and
to demonstrate the validity of these systems as transportation
options which are less dependent on petroleum resources.

As part of the NTHV Program, General Electric and its subcon-
tractors have completed studies leading to the Preliminary Design
of a hybrid passenger vehicle which is projected to have the maxi—
mum potential for reducing petroleum consumption in the near term
{commencing in 1985). This work has been done under JPL contract
955190, Modification 3, Phase I of the Near—Term Hybrid Vehicle

Program.

This volume is part of Deliverable Item 7, Final Report, of the
Phase I studies. In accordance with Data Requirement Description 7

of the Contract, the following documents are submitted as appendices:

APPENDIX A is the Mission Analysis and Performance Specifica-~
tion Studies Report that censtitutes Deliverable Item 7 and reports
on t e wor' of Tee 1.

nPPENDIX B is a three-volume set that constitutes Deliverable

Item 2 and reports on the work of Task 2. The three volumes are:

0 Volume I -- esign Trade-Off Studies Report

I Volume II -- Su lement to Desi n Trade-Off

Stugies Report, Vo%ume I
o Volume III —~ Computer Program Listings

APPENDIX C is the Preliminary Design Data Package that con—
stitutes Deliverable Item 3 and reports on the work of Task 3.

 

 

APPENDIX D is the Sensitivity Analysis Report that constitutes
Deliverable Item 8 and reports on Task 4.

 

The three classifications u Appendix, Deliverable Item, and
Task number - may be used interchangeably in these documents. The

interrelationship is tabulated below:

iii
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Deliverable

Appendix Item Task Title

A l 1 Mission Analysis and Performance

Specification Studies Report

B 2 2 Vol. I - Design Trade—Off Studies

Report

Vol. II - Supplement to Design

Trade-Off Studies Report

Vol. III - Computer Program
Listings

C 3 3 Preliminary Design Data Package

D B 4 Sensitivity Analysis Report

This is Volume II, Supplement to Design Trade—05f Studies Re~

port Volume I, of Appendix B. This volume reports on work done on

Task 2 and is part of Deliverable Item 7, Final Report, which is
the summary report of a series which documents the results of Phase I

of the Neaererm Hybrid Vehicle Program. Phase I was a study leading
to the preliminary design of a Five—passenger vehicle utilizing two

energy sources (electricity and gasoline/diesel fuel) to minimize
petroleum usage on a fleet basis.

This volume presents reports submitted by subcontractors on heat

engines, battery power sourcas, and vehicle technology. These sub-

contractor reports have been reproduced as submitted to General Elec-
tric and are presented in this volume to make available source mate-

rial that was used in the Design Trade—Off Studies.

The subcontractor reports are Submitted in separate sections in

which the General Electric imposed Work Statement is presented first,
followed by the subcontractor report submitted in reSponse to the
Work Statement. The order of presentation is

Section 1 - Heat Engine Trade~cff Study performed by

General Electric Company, Space Division

Section 2 - Assessment of Battery Power Sources per—

formed by ESE Technology Company

Section 3 - Vehicle Technology performed by Triad

Services, Incorporated

Material from a number or internal General Electric studies

which were used during the Design Trade—Off Studies was summarized
and is presented in Section 4 - Motors and Controls for hybrid
Vehicles. Included in Section 4 are attachments which describe

pertinent studies and developments. These are:

Attachment A - Proposed Development Program on Advanced
Electric Vehicle, October 1975

Attachment B — Centennial Electric Car

iv
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Attachment C - Electric Vehicle AC Drive study

Attachment D — Propulsion System Design Trade-off
Studies

Attachment E - Producibility Analysis

Attachment F - Required Motor and Controller Data

The attachments are submitted without any editorial rewrite or
attempt to present a continuously narrative text but only as a
means to record background information.

Page 264 of 572 F 2 FORD 1234



Page 265 of 572 FORD 1234

surnuflamcmc

Section

Att. A

Att. E

Att. C

Att. D

Att. E

Att. F

Figure

4-1

4-2

4-4

4-5

4C-1

TABLE OF CONTENTS

HEAT ENGINE TRADE-OFF STUDY WORK STATEMENT . o . .

ASSESSMENT OF BATTERY POWER SOURCE WORK STATEMENT.

VEHICLE TECHNOLOGY WORK STATEMENT . . . . . . . .

MOTORS AND CONTROLS FOR HYBRID VEHICLES . . . . .

PROPOSED DEVELOPMENT PROGRAM ON ADVANCED

ELECTRIC VEHICLE OCTOBER 1975 . . . . . . . . . .

CENTENNIAL ELECTRIC CAR . . . . . . . . . . . . .

ELECTRIC VEHICLE AC DRIVE STUDY . . . . . . . . .

PROPULSION SYSTEM DESIGN TRADE-OFF STUDIES . . . .

PRODUCIBILITZ ANALYSIS . . . . . . . . . . . . . .

REQUIRED MOTOR AND CONTROLLER DATA . . . . . . . .

LIST OF ILLUSTRATIONS

Direct Current Separately Excited Motor Used in
Near-Term Electric Vehicle . . . . . . . . . . . .

Comparison of PM Disc Synchronous Motor with dc
Separately Excited Motor . . . . . . . . . . . . .

Comparison of High-Speed Induction Motor and Gear
Reducer with dc Separately Excited Motor . . . . .

Candidate Motors . . . . . . . . . . . . . . . . .

Candidate Motors and Controls . . . . . . . . . .

Vehicle Performance Computations . . . . . . . . .

Energy for J227. a Schedule D Driving Cycle . . .

vii

.‘ u'

PRECEDING PAGE {.35 . ..-.
l.-

4A-1

48-1

4C-1

4D-1

4E-1

4F-1

4-3

4-5

4-6

4C-2

twmsn

Page 265 of 572 F 2 FORD 1234



Page 266 of 572 FORD 1234

“Hangman“:

LIST OF ILLUSTRATIONS (Gourd)

 

E33252 Ease

4C-2 Influence of Motor and Control on System Weight . 4C-10

4C-3 Influence of Motor and Controller on System

Efficiency . . . . . . . . . . . . . . . . . . . . 4C-10

4C-4 Influence of Mctor and Controller on ac - System

Range Improvement over dc System . . . . . . . . . 4C-1l

4C-5 Relative Cost of Motor and Control Options . . . . 4C-1l

4D-1 Maximum Drive Shaft Terque Specification for a
Nominal Design Motor . . . . . . . . . . . . . . . 4D-3

4D-2 General Specification for D.S. Torque . . . . . . 4D-4

40-3 Motor Voltage for Nominal Design . . . . . . . . . 4D-5

4D-4 Power Circuit Diagram . . . . . . . . . . . . . . 4D-20

4D-5 Effect of e Exponent in Voltage Corner Point
Equation . . . . . . . . . . . . . . . . . . . . 4D—25

4D-6 Calculated Efficiency Versus per Unit dc Current . 4D-27

4D-7 Total Cost as a Function of Module Cost . . . . . 4D-29

LIST OF TABLES

Table 2393

4-1 DC Motor Data . . . . . . . . . . . . . . . . . 4-9

4-2 AC Motor Dara . . . . . . . . . . . . . . . . . . 4-10

4C-1 Relative Motor and Exciter Costs . . . . . . . . . 4C-7

4C-2 Effect of Motor Type and Control on Range Change . 4C-8

4C-3 Motor Data . . . . . . . . . . . . . . . . . . . . 4C-9

4C-4 Power Converter Data . . . . . . . . . . . . . . 4C-9

4D-1 ACMOtorData.................. 4D-15

viii

Page 266 of 572 F 2 FORD 1234



Page 267 of 572 FORD 1234

Section 1

HEAT ENGINE TRADE-OFF STUDY

Page 267 of 572 F 2 FORD 1234



Page 268 of 572 FORD 1234

otulnnflmnmc

WORK STATEMENT

to

General Electric Company
Space Division

Space Systems Operatior
Philadelphia, PA 19101

INTRODUCTION

Contract No. 955190 between California Institute of Tech-

nology Jet Propulsion Laboratory and General Electric Company
covers a proqram entitled "Phase I of the Near-Term Hybrid Pas-

senger Vehicle Development Program" under which studies shall be
conducted leading to a preliminary design of a hybrid passenger
vehicle that is projected to have the maximum potential for re-
ducing petroleum consumption in the near term (commencing in 1985).
Effort under Contract 955190 is being conducted pursuant to an

Interagency Agreement between the Department of Energy (DOE) and

the National Aeronautics and Space Administration (NASA) and in
furtherance of work under Prime Contract NA57—100 between NASA

and the California Institute of Technology. This work statement
covers heat engine technology under General Electric Purchase
Order A02000-220406.

SCOPE OF WORK

In support of General Electric Corporate Research and Develop—
ment's work under Contract 955190, the Subcontractor shall furnish

the necessary personnel, materials, services. facilities, and other-

wise do all things necessary for or incident to the performance
of the following tasks:

1. Provide a description of the system and components of
state-of-the—art electronic fuel gasoline engines:

I Engines currently being marketed

o Engines in advanced stage of development of testing

0 System components and control

0 Sensors

o Microprocessors and control logic

2. Consider the use of fuel-injected engines in the on/off
operating mode:

0 Fuel cutoff techniques

0 Engine startup at relatively high vehicle velocity
(“30 mph)
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o Emissions (steady—state N03 emissions, sizing catalyst,
warmup, fuel cutoff during deceleration)

I Thermal effects and cooling

I Accessory drives

0 Engine durability

3. Selection and characterization of fuelninjectod engines

in the 60 - 80 hp range (probably four-cylinder} for use
in the hybrid vehicle.

NOTE WITH RESPECT TO SUBCONTHACTOH'S DATA

It is understood that all data furnished hereunder may be

furnished to the California Institute of Technology Jet Propulsion

Laboratory and DOE and NASA with no restrictions.

1'--2 \t
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HEAT ENGINE TRADEOFF STUDY
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HEAT ENGINE TRRDEUFF STUDY

NEAR~TERH HYBRID VEHICLE PRUGRAH - PHASE I

INTROBHCTION
.....—.—~_—.—__ 

A heat engine/electric hybrid vehicle will employ heit engine power for high

speed (e.g. above 30 MPH] cruising. and electric power for low speed cruising.

acceleration. passing and hill-climbing. When the engine is tirned on it will

operate at or near the wideuopen throttle (HOT) conditions to maximize its

efficiency.

For a five~passenger highway vehicle cruising at a steady speed of 90 mn/hr

(50 MPH). the power requirement is in the order of 30 HP. Since the engine

efficiency peaks at 40 to 50E of the maximum engine speed, the engine maximum

rated power should be sized between 60 to 80 HP for a hybrid vehicle.

1.0 PRELIMINARY SCREENING OFflgNGINE TYPES
 

l.l Selection Criteria

Since the electric system (batteries. generator and motor) serves as a

second prime never, the cost, weight and volume censtraints of a hybrid heat

engine are more stringent than in consentiOnal automobiles. The desired hybrid

engine should be light-weight, durable and cost effective.

A hybrid engine should meet the 1981 Federal Statutory Emission Standard

as a conventional automobile. For modes of operation involving on—off, the

emission control techniques developed for conventional automobiles can be

adopted.

Another consideration of the hybrid engine is its speed compatibility with

the electric generator, especially for the system configurations where a direct

coupling between the two components is required. For the on-off modes of

Operation. the fuel economy sensitivity to the speed or load variatiOn also hen

comes an important consideration.

1- ‘3
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In order to develop an engine by 1980 and for it to be ready for mass

production by 1985. the present product maturity of the candidate hybrid

engines is an important parameter in making the final selection of a heat

engine for a near-term hybrid vehicle.

1.2 Candidate Engines

To make a rational selection of the most suitable hybrid engine. a set

of screening criteria. which are based upon the rquirement discussed above.

are developed. All feasible heat engines are identified and a gross evaluation

of the engine characteristics against the screening criteria are performed for

the selection of preliminary candidates A more in-depth tradeoff study of

these pzeliminary engine candidates are followed and reported in the following

sections.

Table 1 shows such a matrix. The goal of the rated power range is set

to be from 60 to 80 HP. The fuel consumption. weight and cost of various engine

types. as classified by different thermodynamic cycles. are presented as the

average value of each type relative to a typical conventional spark-ignition

gasoline engine of equivalent power rating.

1.3 Engine Type Selection

From a fuel consumption point of view. turbo-charged diesel, Stirling and

regenerative type gas-turbine engines offer better efficiencies than gasoline

engines. However, both the Stirling engine and the gas-turbine in the 60 to

80 HP range are still in early developmental stages. Their availability for a

1980 demonstration will require substantial developmental efforts. Even though

a 50 HP VH diesel engine is currently on market. it is not selected for the

present study due to the uncertainty in the future Federal regulation on the

exhaust particulate emission.

Advance developments in the recent years on the Otto-cycle engines, particu-

larly on fuel delivery and the emission controls. have improved their fuel

consumption significantly while successfully meet the Federal emission require-

ments. To select an efficient and reliable engine for the near-term hybrid

vehicle without substantial development of the engine system. an advanced

Otto-cycle engine appears to be most attractive.

1-6
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l.4 Selection of An Gttoggygngjngine

The air/fuel ratio for a spark~ignition gasoline engine should be carefully

controlled in order to achieve the optimum engine efficiency which is obtained

at an equivalence ratio. A, of approxinately l.l where:

actual volume of air drawn into engine1 = __........ _ .. ....- ...._..___. -._._..-_..............._._..,..

theoretical requirement of air for
stoichiometric combustion

The specific fuel consumption deteriorates rapidly as 1 nmves away from l.l.

0n the other hand. to meet the stringent exhaust emission regulations

while maintaining a good engine performance. use of a three-way catalytic con-

verter appears to hold the most promise in early l980‘s (Reference 12). To

achieve high conversion efficiencies for all exhaust emissions -- unburnt hydro—

carbons (HC), carbon monoxide (CO) and oxides of nitrogen (NOX), the engine

shOuld be operated at an equivalence ratio ar0und 1.0 and maintained it within

a narrow range of : 0.0l.

The electronic fuel injection system with a feedback control of an oxygen

sensor at the exhaust wakes it possible to achieve the accurate control of the

fuel delivery rate within the above narrow range. It has demonstrated capa—

bilities and advantages which include:

o Reduction of exhaust emissiOn below the levels required by the

lQBl Federal Statutory Emission Standards.

I Good vehicle porfornance and drivability.

a Reliable.

The technology has been well-demonstrated in many passenger cars currently

in the nerket. Maturity of the technology and hardware as well as the denun-

strated good performnce and low emission make the EFI engine coupled with a

three-way catalyst a logical choice for the hybrid vehicle in the early lQRO's.

1-8
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So far a stratified-charged spark—ignition (SI) engine. such as the

Honda engine {Reference 14). has not demonstrated its ability to meet lQBl

Federal emission standards without additional emission control equipment. such

as a catalyst. Its fuel consumption is also not as good as a well-tuned EFI

engine. The Ford Proco engine is still in the development stage and little

information is available.

A turbo-charged V-G 51 engine has been marketed by Buick in 1973. The

power output has been increased by 50?. However. so far a potentially better

fuel ecoeomy has not been realized to a great extent (Reference l3). At HOT

the fuel consumption is. in fact, poorer due to a fuel-rich requirement to

help control detonation. Further technology development will be required until

the turbo—charged 51 engine becomes an attractive candidate for hybrid appli-

cation.

1-9
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2.0 DESCRIPTION OF SYSTEM AND COMPONENTS

2.l Engine Currently Being Marketed

Development of Electronic Fuel Injection (EFI) systems started in the

1950's. Approximately 300 systems were first introduced by Chrysler Corporation

during model year 1958. Concerns on exhaust emission control in the late

l960's led to a more successful development in EFI. Robert Bosch of Hest

Germany succeeded in marketing the first high volume production EFI system

to Volkswagen in lBBT. The EFI system developed by Bendix Corporation was

introduced by Cadillac in its 1975 model. At the present time. EFI systems

have been quite popular among many passenger car models. Table 2 lists some

of the EFI engines and their emissions and performance data which are currently

narketed. It is interesting to note that so far the only engines meeting

lgfll emission standards, eSpecially NOX, are those using three-nay catalysts.

EFI systems for most of the foreign cars are developed by Robert Bosch,

while for domestic cars. Bendix CorporatiOn is the major supplier.

The electronic engine control syStem developed by Ford Motor Company applies

a similar principle as the EFI systems. Instead of using injectors for fuel

delivery. Ford selected to modify the conventional carburator with a feedback

control loop. In addition, data available (Reference Zl) is not as extensive

as that on the EFI systems. Therefore. the Ford system is not included in

Table l as one of the Electronic Fuel Injection systems.

1—10
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2.2 Advanced Enginesflyflggr Development

There is expected to be no major technology break—through in the passenger

car engine between now and the early 1930’s. Existing basic engine types will

be pretty much maintained. Major efforts in the near-term engine development

are in the fine-tuning of the existing engine types, especially in a better

control of fuel/air mixture through the improvement of either a carburetor

0r fuel injection systems. It is believed that most of the fineetuning

techniques developed in the next few years can be adopted in the heat engine
selected for the near—term hybrid vehicle.

2.3 System Components and Control

The basic system, components’and control of an electronic fuel injection

system for gasoline engines has been described in detail in published literature

{References 15-22). despite some differences in design details among various

systems, their basic principle of operation is similar. In these systems,

detecting elements sense the engine operating conditions and pass their infor-

mation in the form of electric signals to an electronic control unit. Pro-

cessing these signals. the control unit then detennines the amount of fuel re-

quired by the engine and controls the proper fuel delivery to insure proper

air/fuel ratio.

A typical EFI system is schematically depicted in Figure 1. Figure 2 shows

a simplified block diagram of its feed~back control. The system generally con-

sists of four subsystems: the fuel delivery, the air-induction. the primary

sensors, and the electrooic central unit.

l-LZ
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2.3.1 Fuel Delivery Subsystem

The subsystem includes the fuel tank pick—upI an electric fuel pump, in—

Jectors for each cylinder. a fuel pressure regulator, supply and return line

with a fuel filter. The fuel is held at a constant. low pressure (typically

2.5 to 3 bars) prior to the injectors and return to the tank at no pressure.

As a result, cool fuel is delivered at all times during engine operation and

fonmation of vapor bubbles in the fuel circulation system is prevented.

The solenoid-operated fuel injectors are installed in the intake manifold

and spray fuel in front of the intake valves. Injection of fuel can be timed

to take place for a grOup of injectors in order to reduce equipment costs.

The amount of fuel delivered for each camshaft revolution can also be divided

into two or more pulses to improve the uniformity in the distribution of the

fuel mixture. For example. Bosch EFIFL system for ancylinder engines combines

all four injectors into one single group and delivers two pulses of fuel in—

jection for every camshaft rotation.

Since the fuel pressure is maintained constant. the flow rate and the

stroke of the injector valve stem is also constant (approximately 0.15 min.),

the fuel delivery rate per injection is thus controlled by the valve opening

duration which is determined by the electronic control unit as a function of

engine speed and air flow rate.

A separated injector is installed at the common intake manifold for cold

start purposes. It has a swirl type nozzle for better fuel atomization and

delivers extra amounts of fuel to enrich the mixture for easy starting. A

thermo-time switch can be utilized to control the duration during which the

start valve is switched on depending on the engine coolant temperature.

This prevents the wetting of the spark plugs with a rich starting mixture.
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2.3.2 Air-Induction Subsystem

This subsystem includes the integrated intake manifold, throttle~body

assembly for primary air control. and an auxiliary air valve controlled by

water temperature and supplies additional cold-start air.

Air flow measurements can be accomplished by sensing the throttle valve

positiOn, intake air pressure and temperature. The signals are input to the

electronic control unit for air flow calculations.

An advanced air—flow meter has heen develOped by Bosch (References 13

and 19). The meter is located at the upstream side of the throttle valve as

illustrated in Figure l. One.advantage of this system over the previous one

is that. if necessary, the exhaust gas recirculation (EGR) can be incorporated

without effecting the air flow measurement.

f
i'

2.3.3 Primary Sensors

There are five primary sensors: (a) An engine speed sensor is useally

mounted integral witn the distributor. It provides the electronic control unit

with data on engine Speed for air flow calculations and engine phasing data for

synchronizing injectorfopen timing. (b) An intake manifold pressure sensor

measures absolute pressures in the intake manifold to provide for continuous

calculation of air flow to the engine. This pressure sensor is not required

if a separated air-flow meter is employed. (c) Throttle-position sensor provides

both the absolute and rate of change of throttle-position needed for fuel-

injection control. :It senses closed-throttle. part-throttle. or wide-open

throttle and conveys this information to the electronic control unit for

electronic processing. (d) Three temperature sensors measure the intake air.

engine coolant and catalytic converter temperature. An intake air temperature

sensor is used in combinatiOn with the intake manifold pressure transducer to

precisely determine the density of the inducted air. An engine coolant temper-

ature sensor is mounted in the coolant passage and is needed for control of .

fuel enrichment, EGR cut-off or injection during cold operation. A temperature

sensor is also mounted in the catalytic converter to c0ntrol engine cold-start

operation to accelerate catalyst warm-up period. (e) An oxygen sensor is mounted

1*16
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in the exhaust manifold and measures oxygen concentration in exhaust gases.

The output signal from this probe is used to regulate precisely the air/fuel

mixture and makes it possible. together with the catalytic converter. to

lower the noxious exhaust emissions. The most conmon oxygen sensor is a

galvanic device with a zirconium dioxide solid electrolyte and a porous

platinum electrode.

2.3.4 Electronic Control Unit lECU}

The ECU is the heart of an EFI system. It receives information from the

sensors that monitor key engine operating parameters; it processes this infor-

mation using a selected control logic and computes the exact fuel requirement

relative to air flow; it transmits electric pulses to the solenoid-operated

injector valves. If necessary, the unit can also control EGR and other

special operations. Such as ignition advance. The current ECU utilizes inte-

grated circuit to the greatest possible extent and has demonstrated excellent

reliability.

Recent developments on the microprocessor based, electronic engine control

system (Reference 23) may offer a better performance and economic tradeoff of

alternate design approaches in the 1980's. This will increase the degree of

freedom and accuracy of engine control and further improve the engine perfor-

mance. However. many development efforts are needed to make it a reliable

product in the harsh environment of the automotive application. It is con—

sidered to be premature to be implemented into the present hybrid vehicle

demonstration program.

1-17
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3.0 UNgUFF OPERATING MODE

The heat engine for a hybrid vehicle will be frequently on or off at a

relatively high speed {l200nl500 rpm} at wide~open throttle as opposed to a

conventional heat engine which starts at low idle (avooo to 800 rpm). The

frequent onxoff mode will be a new experience for heat engine development.

Some considerations on this unusual operation are discussed as follows.

3.] fitgrt—Up

Two basic approaches can be adopted for controtling engine on/off

operation: use of an engine clutch or a valve deactivation.

3.l.l Mechanical Clutch

Use of a clutch represents the simpler approach of the two. The clutch

engages or disengages the engine with the rest of the drive train during

engine on or off cycle. respectively. The maturity and the availability of

the component makes it attractive. However. several problem areas could be

associated with this operation. First. since the engine will be turned on at a

high speed, the vehicle at the instance of clutch engagement may experience a

rough transition of speed due to the difference in engine speed and that of

the drive train. A control system to improve the drivability will have to be

'developed. Secondly, each time the engine is started. there may be a short

period of metalsto-metal contact of the connecting rod and main bearing. This

may reduce bearing life somewhat. An auxiliary oil pump and modified hearing

design have been suggested (Reference 24} to alleviate this problem.

3.1.2 Valve Deactivation  

The valve deactivation approach. 0n the other hand. does not have the two

problems discussed above. Valve deactivators (valve selectors) were developed

for cylinder out~out {terms such as engine limiting or variable displacement

engine are also uSed) applications (References 2?—29). The concept is to cut-

out a number of cylinders from operation from a multi-cylinder engine. such as

a V—8, when the full power from all cylinders is not needed. This allows

fewer cylinders to operate at near the wide—open throttle and minimize the

engine fuel consumption. While cylinders are not firing. a significant

Ila-18
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annont of pumping work is required to overcome the throttling losses across

the intake and the exhaust valves. with valves being closed. the engine

needs only to overcome the friction loss. Figure 3 shows the test data of

motoring work for a typical V~B and small Lei engines. It is seen that witn

the intake and the exhaust valve deactivated. the motoring work to run an

inactivated engine can be reduced to an acceptable level.

Incarpnrating valve deactivators. a hybrid vehicle engine will be at

identical speeds as the drive train at all times regardless whether the engine

is On or off. Drivability of the vehicle will not be penalized due to frequent

on/off operatiOn of the engine and the engine lubrication can be ensured.

The hardwares of the valve deactivators have been wellwdeveloped for larger

size engines (V-B and 2. 1L Pinto L-4) and their réliability demonstrated

(References 28 and 29). Figure 4 illustrates the hardware design and its

operation. Cost of adding valve deactivators for all cylinders is compatible

with that of a clutch. The developed hardwares are, however, only applicable to

engines having rocker arms in the valve train.

For smaller size engines with overhead cams and no rocker arms. new

designs and developments of a valve deactivator will be required. One

feasible design is shown in Figure 5. This is a modified version from that

developed by Eaton Corporation (Reference 29) which is designed to be installed

on the rocker arm studs. when the upper and lower body projections are "in-

phaSe" as shown in Figure 5. the upper and the lower bodies of the valve de-

activator become one integral part and valve motion follows the cam profile.

As the solenoid is energized. it rotates the upper body during the time when

the cam is at its base-circle and forces the upper and lower body projections

to be "out«of-phase”. Body projections thus will be allowed to move along

the mating slots. The relative motions between the upper and the lower body

permit the cam shaft to continue its rotation while the valves are deactivated.

This mechanism requires only slight modification from the existing Eaton‘s

hardware. Its development is considered to be of no maior problem. Considering

possible problems which may occur in the onXoff operation with the clutch.

it is recommended that valve deactivation be considered for the near~term

hybrid vehicle.

1-19
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The sequence far turning the engine on is as follows. First. the in-

take and the exhaust valves are activated as the vehicle speed exceeds the

desired level (e.g. 30 mph). After additional full crank revolutions.

solenoids for the fuel injections are energized to start the normal

operation.

3.2 Fuel Cut-Off

As has been discussed previously, fuel delivery will be cut-off during

vehicle deceleration and as the vehicle is at low speed (below 30 mph). The

fuel injection should be tenninated before the valve deactivation takes place.

To avoid misfile or fuel rich for any one of the cylinders. the fuel cut-off

and valve deactivation sequence should be carefully monitored. Figure 6

illustrates one of the fuel cut-off techniques.

The example given in Figure 6 is for a four-cylinder,four-stroke engine.

Fuel injectiOns are delivered twice per engine operating cycle (720° crank

angle). For each cylinder valves are deactivated at least two full crank

revolutions after the fuel is cut-off. This enSures that complete combustion

will take place at every cylinder and prevent any unusually high unburnt

hydrocarbOn emission.

3.3 Emissions

3.3.] Steady State

Several investigations have been conducted relating to the effect of

on/off operation for hybrid vehicles on their exhaust emission levels.

(References 25. 26. so and 3l). The effect of a hybrid operation on vehicle

emissions depends on the operating characteristics of the system and the

emission characteristics of the engine and its emission control strategies.

Nevertheless. the hybrid vehicle. compared to its cunventional counterpart,

showed substantial reductions in both unburnt hydrocarbons and carbon monoxide

emissions. This is due to the elimination of engine idling and low load

operations. However. the oxides of nitrogen emission tends to increase slightly

for hybrid vehicles using a smaller engine than a conventional one. Again,

this is due to the wide-open throttle operation for a hybrid system. Table 3

shows the potential emission reductions of hybrid systems from the conventional

counterparts as reported by some earlier studies (References 30 and Bi).

1-23
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Table 3. PDTENTIAL EMISSION REDUCTION OF HYBRID VEHICLES

Changed From Conventional Vehicle (Based on GH/MILE!

ya; a as

Reference 30 -?6% -40% +17%

Reference 3l -65% -40% +30%

For an existing EFI engine using a three—way catalyst. the emission

levels are significantly below the lQBl Federal standard as indicated in

Table 2. Use of this system for the hybrid application will likely meet the

emission requirements. Incorporation of more cemplicated emission controls.

such as the exhaust gas recirculation (EGR). retarding ignition timing, two-

stage catalyst and air-injection (References 32-35), are not considered to

be necessary at the present time. but can be added to the engine if need

arises in the future.

3.3.2 Catalytic Converter

The three-way catalytic converter proves to be the most effective way

developed so far to reduce the toxic emissions below the regulating levels.

In order to achieve high conversion efficiencies for all HC. C0 and NOx emissions.

the air/fuel ratio must be controlled in the vicinity of stoichiometrics.

Figure 7 shows typical emission-reduction characteristics of the three-way

catalyst. As indicated, the equivalence ratio. a, (A/F / A/F of stoichiometrics)

must be maintained within a narrow bend of 0.995 to l.003 in order to achieve

85% or better conversion efficiencies for all three emissions. This accurate

control of airffuel ratio has been demonstarted with the electronic fuel

injection system with an oxygen sensor feed-back from the exhaust as diScussed

in Section 2. Detailed discussions of the catalyst are also given in several

publications (References 36-39}.

l~£5
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Discussion with Matthey Bishop. Inc. personnel has concluded that for a

l.5 little engine. the catalyst should be sized in the order of 100 cubic inches.

No major problems are foreseen for hybrid on/off operations. However. the

following cencerns Shauld be investigated during future testing.

Durability due to the thermal "shock" in freguent on/off operation.

Proper insulation of the catalyst material to reduce temperature

variation and use of a metal support of the catalyst material (References

38 and 39) can alleviate this problem.

Cold start.

Catalyst will be effective only after it exceeds approximately 600°F.

In addition to several alternate approaches which will be discussed in

the following section. the metal supported catalyst also offers a faster

warm—up period for the catalyst.

Oven temperature.

In case of misfire or extreme fuel rich operations, catalyst material

may be damaged if the temperature exceeds 2500°F. with acourate fuel in-

jection controls using EFI and the fuel cut-off strategy described in

Section 3.2. this problem should be minimal.

3.3.3 Cold Start

In some conventional vehicles. over 50% of the total HE/CO emissions are

produced during the first several minutes of urban driving cycle tests while

the engine is still cold (Reference 35). For a hybrid vehicle the engine will

be turned on only at high speed and wide-open throttle. cold start HCICO

emission will probably be less severe. However. means to control this high

HC/CO emission should still be investigated.

At cold start both the Oxygen sensor and the catalyst are ineffective. A

swirl-type cold start injector and hot-spot in the intake manifold should be

incorporated to promote fuel atomization and vaporization. Fuel enrichment and

Spark retardation can be utilized to provide fast warm-up of exhaust gas. Pre-

heat systems at the intake manifold and exhaust system. which are heated with

the battery electric power, will accelerate worm‘up of air. exhaust gas and

catalyst material. Since production of cold start HC/CD is a complicated

1-27

Page 294 of 572 F 2 FORD 1234



Page 295 of 572 FORD 1234

phenomeon and no accurate analytical tool is available to carry out a

reasonable prediction. development of cold-start emission control should be

conducted during the actual test.

3-3i4 Fue1 Cut-Off

Even though some HC spikes may be anticipated during the fuel cut—off.

testing conducted by Ford (Reference 28) did not indicate any noticeable

increase in total Hc emission with accurate electronic fuel control.

3.4 Mechanical Effects

The feur areas which will be considered are structural effects, wear

characteristics. noise and thermal effects, all of which are affected to some

degree by the change in speed range and engine on/off operating mode. while

the increased number of start-ups influences only wear.

The structural loading of the reciprocating elements of an internal com-

bustion engine consists of a combination of the cycle combustion presSure i.-

duced forces and the acceleration loads of the elements. Since only small

variations in pre55ure occur due to speed variation, and since the acceleration

loads increase as the square of the speed. these inertia forces will be sig-

nificant in this discussion. The design of the reciprocating elements is

based on a cyclic life requirement. and is generally predicated on fatigue

loading and characteristics. The effect of cycle forces is even furthEr reduced

since the contribution is basically a compression stress in the elements (above

top dead center where forces are highest) and fatigue is primarily associated

with tension stresses.

The data shown in Figure 8 for a typical material indicates that fatigue

properties are fairly constant for a life greater than one million cycles, which

is less than one percent of the design life of a typical automobile engine. It

is thereby unlikely that the hybrid engine's operating speed range will have any

impact on the design of these elanents, since their design always accommodated

operation at full speed for a finite portion of engine life. and the flatness of

fatigue allowables indicates little. if any, changes in design would be necessary.

1-28
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The crankshaft. cam shaft, fiywheei and other rotating members are subjected

to tensile stresses through bending and/or centrifugai force. both of which are

speed reiated. Again, however. the flatness of the fatigue curves and reduced

number of cycles provide design adequacy.

The engine bearings are designed to satisfy operation over a range of

operating speeds, but the most severe operation occurs during start-up. before

an oii film can be estabiished and when metal-to-metai contact initiaiiy exists.

Hydrodynamic bearing design is simpiified as the operating speed range is re-

duced. firobiems with whiri are reduced and bearing geowetry can be optimized

to enhance bearing life. The significant number of start-up cycies could ,

conceivabiy create a wear problem. however. since metai-to-metai contact can

Occur without the hydrodynamic fiim effect. If a probiem is encountered,

soiutions include:

I A hydrostatic system utilizing either a separate oii pump

or pressurized container to be used only at startfup.

I Incorporation of roiiing element bearings.

o Incorporation of improved wear characteristic bearing materiais.

I Redesign of bearings to extend capability.

I Adopt waive deactivation techniques to maintain engine shaft

rotation.
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The noise problem of the hybrid engine will be attributable to the wide-

open throttle operation or high engine speed to charge the battery at low

vehicle speed if it is needed. The road noises generally encountered along with

high speed engine noise in common proportional systems tend to balance each other.

Some methods of reducing this effect are to utilize the reduced speed range to

advantage by providing improved mechanical balancing and damping systems. tuning

of the circulation systems to optimize at the higher flow rates. and enhanced

acoustic insulation.

The frequent on/oFf engine operation introduces more cyclic thermal variation

of the engine parts. Similar to the cyclic fatigue characteristics of a con-

ventional engine design which falls at the flat portion of the fatigue curves,

it is believed that additional thermal cycles in hybrid applications will not

require substantial design change. However. to minimize the thernel cyclic

effect and improve coldustart capability and emission characteristics for the

next engine on-cycle. the fan and water pump can be turned off during the engine

off cycle.
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4.0 SELECTION AND CHRRACTERIZRTIGN 0F HYBRID VEHICLE ENGINE

4.1 Selection of the Engine

Based on the tradeoff studies discussed above. it is concluded that an

EFI engine combined with a three—way catalyst appears to be the best candidate

heat engine system for the near—teen hybrid vehicle. As shown in Table 2 of

Section 2.1. EGR alone will be unable to reduce the nitrogen oxides emission

below the lQBD's regulatory level without severe penalty on engine perfonnance.

Since Nflx level for a hybrid vehicle is expected to be higher than a conven—

tional counterpart, as discussed in Section 3.3.1. use of a three-way catalyst

presents a logical choice.

One existing EFI engine in the size of 60 to 80 HP is a 9? CID. L4 UH

engine. The engine specifications are listed in Table 4 for reference. A

smaller engine is also made available by V“ in Europe. It is a 4-cylinder.

80 CID. EFI engine delivering 61 HP at GDDD rpm.

TABLE 4. ENGINE SPECIFICATIDNS FOR VH 9?-CID [l.6 Ll ENGINE

Number of Cylinders 4

Bore 3.366"

Stroke 2.717"

Displacement 96.66 in3

Compression Ratio 8:1

Cylinder Head Type Overhead Cam

HP at Engine Speed 75 at 5800 rpm

Torque at Engine Speed 73 ft-lbs at 3500 rpm

Fuel System Type EFI

Maximum Air Flow 98 CFM

Emission Control EGR/OXI. CAT.
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4.2 Engine Characteristics

051ng an EFI and the feed-back control from the oxygen sensor at the ex—

haust. a remarkable control of air/fuel ratio can be accomplished. Figure 9

shows the equivalence ratio operated in a VH—l.6 L engine. The air/fuel ratio

can be practically controlled within l% of the stoichiometric ratio. Fuel en—

richments are incorpOrated in this engine at the wide—open throttle (NUT) and

idling conditions for extra power requirements. For hybrid vehicle this fuel

enrichment is not considered to be neceSSury except dtring the cold—start

condition. Figure 10 is the Performance map for the same engine. As can be

seen. the best engine efficiency occurs approximately at 94% throttling-opening

at mid—speed range. As the fuel enrichment at HOT is eliminated. the best

engine efficiency will take place at HOT. Thus. if a hybrid vehicle using a

VH-l.6 L engine is operated between 1500 and 4200 rpm and 90% to 100% throttle

openings. the engine efficiency throughout the operating range can be maximized.

Table 5 lists the performance and emission characteristics at various speeds

and loads of the iu-l.6 L engine. All emission data shown is the meaSurement

without the catalytic converter. when a three-way catalyst is used, based on

the catalytic conversion efficiencies shown in Figure 7, reductions of the HC.

C0 and N0x emissioos should be 94, 91 and 90%. respectively. It is also noted

that high CO and low NOx emissions at full load (HOT) conditions are due'to

the fuel enrichment incorporated in this engine.

For the sneller VH-l.3 L (30 CID) engine. similar engine characteristics

are found. Figure ll shows the perfonnance map while Table 6 lists the perfor-

mance and Emission data.
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BRAKEHORSE-POWER(HP)

FIG. 9. EOUIVALENCE RATIO FOR VW—1.8 L EFI ENGINE
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80“- FIG. 10. PERFORMANCE MAP FOR VW-1.6 L197 CID) EFI ENGINE
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BRAKEHORSE-POWER(HP!

FIG. 11 . PERFORMANCE MAP FOR VW-1.3 L 130 CID) EFI ENGINE
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Even though the l30-CID Volvo engine (Reference l4] may be slightly over«

sized (90 HP at 5200 rpm) for the five—passenger hybrid vehicle. its character—

istics offer several interesting comparisons with the smaller VH engines. Con-

trary to the VH engine. the Volvo engine does not implement fuel enrichment at

HOT and idling. Also. instead of maintaining slightly lean mixtures (A > LG)

as shown in Figure 8. as in the vn engines. it maintains a slightly rich (1 < l.0)

mixture throughout most of the operating range. the range of the equivalence

ratio is 0.995 s A g l.00l. As a result. the Volvo engine has its best engine

efficiency at NOT as shown in Figure 12.

The slightly better engine efficiency for the Volvo engine is attributed

to a slight advance of ignition timing. At 2500 rpm and full load. for in-

stance. the ignition timing is 28° BTDC as opposed to 25.6° BT00 for Vw l.6 L

engine.

Operating at slightly rich mixture also offers an advantage of iower N0x

emission. Figure l3 shows the comparison of specific emission levels before

catalyst at 2500 rpm engine Speed. The Volvo engine produces lower N0x

emission than the Vw. After the three—way catalyst. all three emissions are

substantially reduced. Tabie 7 lists the Volvo engine emission levels after

the three-way catalyst. Figures l4. l5 and lb are the emission maps super-

imposed on the performance map for BSCO. BSHC and BSNDX, respectively. As can

be seen, operating at HOT not only offers a better fuel economy. but also re-

sults in lower combined emissions in general. -
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109 \ ENGINE SPEED = 2500 FIPM

\ «.—-—- vw -97 cm
'\ L..__v0Lvo-1aocm

BEFORECATALYST SPECIFICEMISSIONSIGMIBHP-HFII 
' o 20 4o 60 so 100'

% 0F FULL LOAD

FIG. 13. COMPARISON OF EMISSIONS

BETWEEN VW Er VOLVO ENGINES
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WORK STATEMENT

EBB Technology Company

Yardley , PA 1906 7

INTRODUCHON

Contract No. 955190 between California Institute of Technology
Jet Propulsion Laboratory and General Electric Company covers a
program entitled "Phase I of the Near-Term Hybrid Passenger Vehicle
Development Program“ under which studies shall be conducted lead-

ing to a preliminary design of a hybrid passenger vehicle that is
projected to have the maximum potential for reducing petroleum

consumption in the near-term (commencing in 1985}. Effort under
Contract 955190 is being conducted pursuant to an Interagency agree—

ment between the Department of Energy (DOE) and the National Aero—
nautics and Space Administration (NASA) and in furtherance of work
under Prime Contract NAS7-100 between NASA and the California In-

stitute of Technology. This work statement covers battery tech-
nology under General Electric Purchase Order A02000—220267.

SCOPE OF WORK

In support of General Electric Corporate Research and Develop-
ment's work under Contract 955190, the Subcontractor shall furnish

the necessary personnel, materials, services, facilities, and other-

wise do all things necessary for or incident to the performance
of the following tasks.

1. Provide consultation, as requested, on lead—acid batteries,
such as:

0 Review of weight, size, performance characteristics of

batterie: based upon 180A development program

0 Provision of cost estimates for such batteries in pro-

duction quantities

I Provision of estimates of cycle life of such batteries

as a function of depth of discharge

2. Review prospective performance capabilities, cost and

state—of-the—art of other promising battery types and
recommend which one of them would appear to be the most
suitable for use in the hybrid vehicle program. (It is
recognized that considerable judgement must go into this
recommendation, with some risk for error.} Provide the
rationale for this recommendation.

3. Provide estimates of performance characteristics for the
battery system recommended in Item 2, including the follow“
ing:
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I Weight

Size

Specific power (W/lb) as a function of Specific energy
(Wh/lb)

0 Terminal voltage versus ampere~hours of discharge for
various values of constant current

0 Approximate values of charge voltage as a function of
charge current and state—of—charge

0 Charging restrictions, such as maximum voltage and
current

0 Cost

0 Hazards

0 Cycle life as a function of depth of discharge

4. Define development steps needed in Phase II of program
to make the battery selected in Item 2 a viable selection.
This would include cost estimates.

5. Provide inputs for Trade—Off Studies Report.

6. Provide inputs for incorporation in the General Electric
Phase II proposal.

7. Perform a series of tests on two existing battery systems
to determine the capability of the batteries to supply
high current pulses in accordance with the "Pulse Testing

of Batteries" two-page work description.

NOTE WITH RESPECT TO SUBCONTRACTOR'S DATA

with respect to Tasks 1 through 6 the following paragraph
applies:

It is understood that all data in the Subcontractor's reports,

furnished by the Subcontractor to General Electric Corporate Re—

search and Development hereunder, may be furnished to the Cali—

fornia institute of Techn0109y Jet Propulsion Laboratory and DOE
and NASA with no restrictions.

With resPect to Task 7 the following paragraph applies:

It is understood that only Form, Fit, and Function data will
be provided for the ESB batteries to be tested under paragraph ?

of ARTICLE 11. No description of the batteries will be required

other than that given in the two-page Attachment to this Instruc-
tion. Accordingly, it is hereby agreed that ssn's EV 106 and ex-

perimental XPV 23 batteries to be tested hereunder shall not be

subject to paragraphs (9) and (h) of Article 31. Ri hts in Tech-
nical Data of the General Provisions incorporated in Exhibit “A"
dated 73 Oct. 16.
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Attachment to

Instruction No. l

to Purchase Order A02000-22026?

?9 Mar 02

Pulse Testing of Batteries

Program Definition

Data on the performance of EV batteries at various constant cur-

rent pulses is not available. In order to permit an accurate
assessment of the batteries capability for supplying high current
pulses a series of tests on two existing battery systems will be
conducted.

 

Test Units 

ESB Technology Company will provide for test (at no charge to GE}

the following units:

Unit (A) 2 EV 106 battzries connected in series

Unit (B) 2 ESE Experimental Type XPV 23 Med 3

These units remain the property of BBB Technology Company.

Test Seguence

1. "A" test units:

a) Constant current discharge @ 60 A. Room temp - to
limiting battery voltage (5.10) with discharge continued
to 4.5 V. Recharge (to stabilized gravity level}.

b) Pulse test at 500 A as detailed below. Recharge (to

stabilized gravity level).

c) Repeat (a).

a) Pulse test (b) @ 400 A.

e) Repeat (a).

f} Pulse test (b) @ 300 A.

g} Repeat (a).

2. "3" test units:

Repeat test sequence 1 (a through g).

Pelee Test - (A a B Test Units)

A. 1. Discharge for 12 min (10% D00) @ 60 A.

2. Discharge {or 15 sec @ 500 A (Sequence b}.

3. Discharge for 18 min (25% Bob) @ 60 A.

4. Discharge for 15 sec @ 500 A (Sequence b}.
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Discharge for 12 min (15% DOD} @ 60 A.

Discharge Ior 15 sec 0 500 A (Sequence b).

Stand open circuit for 1 min. Regen.

Discharge tor 15 sec @ 500 A (Sequence b).

Stand cpen circuit for 1 min.OWUJHJU-Ul I

l . Discharge for 15 sec 9 500 A (Sequence b).

11. Discharge for 18 min (50% Dob) @ 60 A.

12. Discharge for 15 sec 9 500 A (Sequence b).

13. Discharge For 12 min {60% DOB} @ 60 A.

14. Discharge for 15 sec 9 500 A (Sequence b).

15. Discharge for 18 min (75% DOD} @ 60 A.

16. Discharge for 15 sec @ 500 A (Sequence b).

17. Stand open circuit for 1 min.

18. Discharge for 15 sec @ 500 a.

19. Stand open circuit for 1 min.

20. Discharge for 15 sec @ 500 A.

21. Discharge for 6 min 6 60 A.

B. 1 through 21 - Pulse values are 400 A.

C. 1 through 21 w Pulse values are 300 A.

Data Collection 

Record - Amperes

- Battery Volts

— Ampere-hours discharged

- Watt-hours discharged

1% data bits before and immediately after pulse

25 data bits during pulse

Temp .

Sp.Gr. at beginning and end 01 test.

Battery Sizn and Weight

Brief description of battery construction — no proprietary data
on construction, weights, etc. will he provided.
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THE ASSESSHENT OF

BATTERY POHER SOURCES

THE

GE PHRSE I HYBRID VEHICLE

PREPARED FOR

GENERAL ELECTRIC COMPANY

CORPORATE RESEARCH AND DEVELOPMENT

P.0. A0200-22067

ESB Project 60¢?

FEBRUARY 16. 1979

REPORT PREPARED BY

6. S. Hartman
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G. C. KugTer
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ESB TECHNOLOGY COMPANY
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The initial detailed work statement specified the work to be performed on

battery system evaluation was:

(1) Review battery characteristics [uh/lb. (H/lo) steady‘ (H/lb) peak'

cycle life. cost. etc.] used in hybrid powertrain screening studies.

(2) Lead~acid batteries (ESOA and advanced) ~ provide quantitative dis~

cussion of the Following:

(a)

(e)

Relationships between battery voltage and other battery

characteristics (ex. size and weight. lifetine. cost, power

density, etc.)

Differences in design of batteries for hybrid as compared to

all-electric vehicles.

Battery life as a function of average depth of discharge before

overnight charging; criteria for indicating depth of discharge and

battery depletioo in a hybrid vehicle.

Relationships between depth of discharge and capability of bat—

tery to meet peak (pulsed-secs) power demand.

Analytical model and supporting data for charging battery using

heat engine on the road while driving.

(3) NiZn and NiFe batteries - provide quantitative discussion of the

following:

(a)

Page 328 of 572

Projected potential of Nizn batteries especially high power

capability and lifetine; effect of average depth of discharge

on battery life.

Projected potential of NiFe batteries especially high power

capability and self—discharge tendency.
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(c) attractiveness of a hybrid battery pack using NiFe with a NiZn

or Pb—acid; iifetime of the secondary storage battery (Pb-acid

or NiZn) used in nybrid mode.

(d) Optimum voitage and package size for Nile and NiFe batteries.

(e) Maintenance reouiremen’ of NiZn and NiFe battEries in vehicle

applications.

(f) Modeiing of NiZn and NiFe batteries in vehicle simulation programs.

(4) Provide estimates of costs (DEM in 19?8 doIlars) of ieadeacid. NiZn,

and HiFe batteries; discuss the effect on cost of various battery

characteristic trade-off (ex. lifetime and energy density, high power

capabiiity, etc.).

Subsequent discussions at £53 on December 5. 19?8 provided further clari-

fication on the information to be provided. The battery assessment was to utiiize

the foiiowing guideiines:

(I) a. Battery technology as of 1981 with adequate battery units avaiiabie

in prototype quantities.

b. Prototype quaiity must be adequate to provide 100,090 systemsfyear

in 1985.

(2) Candidate battery systems are:

Lead Acid - 150A

Lead Pcid - Advanced

NiZn

Li-S

HaS

(3) Performance of vehicle must be comparable to 1/c unit. i.e. D to 60

mph in 15 sec.
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Peak power for acceleration (passing) may he no to 25 sec. in duration.

Concept is to maximize use of battery and minimize use of internal

combustion engine.

Vehicle should reach its daily end or duty cycle with the least possible

battery reserve and least use of petroleum based fuel.

STATUS OF COMPETITIVE BflTTERY FOR HYBRID VEHICLES

2.1 Lithium Metal Sulfide Coll Systems

Appendix A contains the technical analysis and performance data available

on this system. Some additional facts are worth noting:-

During the last few years the power characteristics of the system

have been improved but at a sacrifice in cycle life. or the cycle life has

been increased at a sacrifice in power output.

The cost data given in Table 5 does not include cost of the oven to

maintain battery/cell at desired temperature.

Cost is based on having capitalization to do nechanized assembly in

dry boxes or in controlled atmosphere areas.

There do not appear to be significant freezesthaw problems in the Li-

FeS system.

System must use cylindrical vacuum typo thermos chamber to centain

prismatir cell to meet heat loss ooal of 150 H on do Kwhr battery.

Overcharninq results in the developnnnt of Fe._ which corrodes lower

cost current collectors. ANL reports they have developed a cell

bi-nass system (at a cost of $5.00/Kwhr that can handle up to 5' of

the current in a series string 01 rolls on overcharoe.

Major Obstacles to be overcone are:

- Economics ~ oven costs and urchanical asseomly in glove box.
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' Power per unit Ht. simultaneously with acceptable cycle life.

- Offers possibility in l990's if above obstacles can be overcome.

2.2 Sodium Sulfur System

Appendix E contains technical data and analysis of this system.

Chloride in England will provide first real test of the system in l9.9.

There still remains the problem of E alumina tube and seal reliability

(and cost);

Progress has been made in overcoming the corrosion problems by placing

the sodium of the outside of the 8 alumina tube and thus permit use

of carbon steel containers.

Freeze-thaw problem remains and warm-up after freeze becomes major

problem as cells get larger in size. Thaw problem appears to be related

to differential expansion of sulfur and e alumina causing tube cracking

at glass seal interface.

Calcium and potassium impurities in Na decrees- life of R alumina in

cycling tests.

Overcharoing is not permitted. while Nas systems do not develop gas

pressures, insoluble c0mpounds are formed in the sulfur mix which

increases the cell resistance and cause imbalance in the series -

parallel assembly

Major obstacles to be overcome

. Economics (tube costs are @2.50/sq. cm with goal of l-2 cisq unof

surface}

. Reliability and cost of seals

. Reliability and cycle life of r alumina tube

2-10
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I Freeze—thaw problem

. Safety under EV mechanical environment.

2.3 Conclusions re Molten Salt Systems

l.

8.

9.

l0.

ll.

Life cycling data is sketchy

. British Railroad E cell 250 Hhr unit gave lOOO cycles.

(a) R. J. Bones 8 D. A. Teagle - Experimental Study of Six

Interconnected NaiS cells. J. Power Sources 3. 45 (l973).

Cell and component evaluations are still being actively pursued but

few batteries have ever bean assembled and/or tested.

First Molten Salt application will be '83 BEST facility test of 2.5

M Hhr. Na—S battery. Chloride will be testing a Na/S battery in a van

in '79.

Reliability in S alumina tuies is a continuing problem.

System does not appear suitable for consumer EV usage since safety is

still of major concern.

Cell balancing by overcharge is not Feasible due to the inability to

overcharge without permanent damage to cell.

Thermal shock problems remain unresolved as to how to survive start on

after freezing in large Na-S cells.

Seal reliability continues to require study and further improvement.

Basic material costs do not look too excessive with Na N 4lcflb hut

substantial capital investment will he required to minimize costs.

F alumina cost reduction will Only he achieved as a consequence of the

development of a load levelinn or other large market demand.

Power density of molten salt cells is not attractive. Present prediction

is that howeert and cycle life cannot be mutually achieved; NaS has

better capability than LifAl)/£ 5.

2-[1
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11. . Na/S requires substantial para11e1ing of ce115.

- Li/FeS can mu'ltip1e p'Iate ce'Hs thus reducing need for peraHeHng.

12. bb1ten Salt

. Systems w111 not be developed to permit “battery“ evaluation to be

compIeted by 1981 on a singIe design concept.

2-12
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2.4 Nickel Iron Battery System

Appendix 6 contains the technical analysis and data on this system. As

indicated, non proprietary data is limited but additional comments are warranted.

NiFe

o Best nickel iron cells in Europe are Daug (German) cells but little

data are available although tests have been underway for some time.

- Swedish Su iron electrode costs are said to be lf3 of Ni electrode cost

but since process is proprietary these cannot be justified.

. Swedish Su electrode is reported to have highest efficiency due to .8mm

thickness. Westinghouse iron electrode is reported only 60/?01 as ef-

ficient as 5U.

. Problems of iron contamination on nickel electrode are beginning to

be reported.

I Thermal control is required since NiFe system is inherently inefficient

at high and low temperatures.

. Hater addition and frequent servicing is n' ded.

- Electrolyte circulation has been proposed as a means of overcoming thermal

proulems but this introduces even more difficult problems.

. 0.C. capatity lass is 2.2%fday for the SU electrode.

- Low cell voltage necessitates additional cells in series.

1.12v for NiFe vs l.50v for NiZn vs l.95v for Pb.

2—13
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2.5 Nickel Zinc Battery Systems

Appendix 0 contains the technical analysis and data on this system. Major

emphasis has been given to conventional nickel zinc systems since data on the

ESB Vibrocellasystem is still 11L1t9d. Additional comments on the nickel zinc

system follow.

- Cycle life is still the major problem. It is aggravated by ggry

high temperature rise during cycling of present cells.

. System tests with large size cells in excess of lOOv show wide

performance variations.

. Zinc poisoning of the nickel electrode is emerging as a problem.

. Separators for EV—Hi power applications are still sought. In-

organic separators that reportedly have long life are too re—

sistant to permit high rate discharge.

- Cost of Ni and cost of cell assemblies remain as major obstacles.

The ESB Vibrocell®capacity degradation with cycling appears to be less than

with conventional cells.

. Vibrocellwis probably more sensitive to power demands due to need

for spacing between electrodes.

. Polarization appears to be minimal in the Vibrocell®negative.

2-14
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2.6 Lead Acid Batteries

The lead acid battery has been the most widely used power source for propelling

electric vehicles in use today. The golf cart. the forklift trucks, and mine loco«

motive are typical examples of motive power use. in general. these applications stress

long life. reasonable power and energy density and cost. Height has never been of

major concern.

The other major usage of lead acid batteries is the SL1 market where major

emphasis has been directed toward maximizing cold cranking (amps) performance.

The Department of Energy's contracts with ESB. Globe and CED (Eltra) managed

by Argonne National Labs are directed at two levels of improvement.

l. Improved State—of—the—Art.

2. Advanced Batteries.

These goals are given in Table 1. Each of the three subcontractors has ex-

pressed confidence in being able to simultaneously achieve all of the 150A goals.

Figure 1 shows a typical Ragone plot (Watts/Kg vs Matt hr/Kg) for the present

Golf Car {Eilflbl battery to which have been added a line fer ”Improved Golf Car"

and the 150A and Advanced Battery goals. Data from £58 experimental cells and

batteries tested in July l978 have been added to indicate performance that has

been achieved. Similar results have been indicated by other DUE contractors. Life

test data is still being accumulated but the risk in this area does not appear to

he too great. Cost goals [based on 'T6 estimates) should be achievable; actual

prices will rise since '?6 estimates were based 0n 25c/lb lead with Feb '?9 lead

at the dad/lb and rising!

Since this development effort is based on “Improving the State-of-the-Art“.

manufacturing facilities are available to supply initial requirements for the EV

market and scale up can be accomplished on a schedule consistent with the scale up

required by the vehicle nanufacturers.
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’ DISCHARGE

TIME, hr

SPECIFICPOWER.WIkg

6 IO 20 40 60 I00

SPECIFIC ENERGY. W-hr/kg

0.02 0.04 0.05 OJ 0.2 0.4
SPECIFIC ENERGY, M J/kg

Performance of Various Lead Acid Battery Systems

F ‘ 1

1 gure ORIGINAL FAG! II
2 _ 1 7 OF POOR QUALITY
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The goals of the Advanced Battery program are more severe and will require

eignificant breakthrough to simultaneOusly achieve all of them! Achievement of

several goals with a relaxatien of others appears to be a more nmderate level of

achievement in the next two to three years.

Based on the best available data, the performance of the lead ac1d battery

available in 1981 to meet the Phase I Hybrid goals will be that described by the

DOE 150A program.

2-18
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3. CONCLUSIONS AND RECOMMENDRTIONS

Lead acid batteries are the only energy storage sources that are sufficiently

developed and available to "met the requirements and schedules for pure electric

and hybrid electric vehicles. Advanced battery systems now under development still

have sufficient problems to make them deuhtful candidates for mass production or

use for the next decade.

Table 2 tobulates the projected |98l data on the systems examined in this

effort. Data on Flywheel is included based on information supplied by GE.

2-20
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flgp_en_dix__ A

Li(M)/Fe5x Battery Systems

:cr SJE rpousoruhip and the diiectinn . ?tfll Enqlc——Dither, wield Inc.. and

:urs are in the prowess of commercialization of technology developed by hNL

and these industrial organizations for the Li/LiCl~KC1/Fesx mo1ftn salt system.

i ci‘metion has been gleaned :rom ANL, IECEC and other publica—

l 8 and represents the better cell designs fabricated and tested.

da a are "eru difficult to obsin from these publicatiOns because

es tee cells tested are not divcherged at more than two or three

,:g asta are not alwavs calculated and vublisheé with its associ-

ues but rather a peek W-‘kg value is given for eecn of a variety
ns.

12‘
_
Ia- u

n

9
t

mu nI
I‘. I'U fi q; II 1:; L1 Pu H
I” r? ‘i {1- c

‘5,
3." 1r:

': {D so1..-h;.fcell dos .3;

I“

an is 1 summarizes early cells.manufactured in 1976 and testeé in 1977 and

eprecscnts crismetic designs made in the discharged state Table 2 is similar

fists for two glsteeu LixFesa cells made in the discharge state about the some
time at Psi-:L.

4

r

Table 3 gives date for selected Eagle-Picher cells showing peak power and

specific e.ergv in Hhr/kg for their two plateau Pesz cells. Table 4 gives
‘Esgone clot data read from curves in the paper bv Dr. Dunne Barnev at the

Seccnc annual Fettery s Electrocb.emical Technoloc} Conference, June 5-7, 1973,

entitled "Develocnen t Status of Li/Metel Sulfide Batteries.” See enclosures

1 end 2 for applicable curves. Gould cells have lower energy sensities to date.

The correspo.éing Regone plot is given as Figure 1.

Table 5 is a recent ANL oc timizetion stuév ccmpe-ing performance a.c costs as

a function of the number of positive plates in their Propose: multiplate cell

Teese data were given by H. Shimoteke at the flay 9~lO, 1978 Annual DOE Reziew
at .RRL. See enclosure 3.

figure 2ssummer ices this and earlier date and comgeres performance to AK: goals

fer cells and batt.eries. ifliile projections have been made, no experimental

sete on Ev betterius have been published; however, tests by Esgle-?icher on the
Hers in 4C- }:nfl r oatt ry should now he in progress. Enclosure 4 summerircs the

present state of the art in cells rs. battery goals as a function of calendar

year of develoPnent.

  

Unjortconccins are g_§ermflensity i.n LLJEOS cells which give r.elntive1y good
cycle life, and "V.$Ellfe in Li/Fesz cclls wiic.1 giVU highe: and relatively
good power and energy::ensit}. Froiected co.ts haVe also risen and ate likely
to increase evvn more.
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SPECIFICENERGY,W-hr/kg
RGHEVED

Appendix A Page 7 of 16

Specific Energy of Lagle-Piche: Fesz Cells vs. Discharge
Rate in “cuts.
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