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FOREWORD

The Electric and Hybrid Vehicle (EHV) Preogram was cstab-
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 HybriG Vehicle Systems of DOE. The Near-Term Hybrid Vehicle
, (NTHV) Program is an element of the EHV Program. DOE has assiogned
- procurement and management responsibility for the Near-Term Hybrid
’ Vehicle Program to Jet Propulsion Laboratory (JPL) .

The overall objective of the DOE EHV Program is to promote
the development of electric and hybrid vehicle technologies and
T 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

s 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-
2 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 7 of
) the Contract, the following documents are submitted as appendices:

I APPENDIX A is the Mission Analxsis and Performance Specifi-

- cation Studies Report. This 1s Deliverable Item and reports

‘ on the work of Task 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 TrE reference vehicle; and conclusions and recommenda-
tions of the nission 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:

® Volume I -- Design Trade-Off Studies Report

e Volume II -~ Supplement to Design Trade-0f € Studies
Report, Volume T

e Volume IIT -- Ceomputer Program Listings.

Volume I presents the study methodology; the evaluation and com=
parison of candidate power trains; the control strategy and the
selected design concept. Volume Il presents reportu submitted by
subcontractors on heat engines, battery power sources, and vehicle
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technology along with detailed background on motors and controis.
Volume IIT consists of listings of computer programs used in
analyzing the various design options.

APPENDIX C is the Preliminary Design Data Package. This is
Deliverable Item 3 and reports on the work ol Task 3. It pre-
sents the design methodology, the design decision r.tionale, 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 Sensitivitx_ﬂpa}ysis_ﬁeport. This is
Deliverable Item 8 and reports on Task 4. It presents the study
methodology, the selection of input parameters and output vari-

ables, the sensitivity study results, and the conclusions of 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:

Subcentractor Area of Support

® ESB, Inc. Batteries

® General Electric Space Heat Engines
Systems Division

® Professor Gene Smith, Mission Analysis and
University of Sensitivity Analysis
Michigan

® Triad Sexrvices Vehicle Design and

Analysis

Other contributors to the General Electric Vehicle Program
whose consultations were applicable to this study were:

N
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Source Arca of Consultation
: ¢ Diahatsu Motor Company
- Ltd. (Mr. Sheii Momda) fiybrid vehicles
i ® General Electric DO Motors
; Motor and Generator
g Department
Y]
ot ® General Electric Tronsmissions and other
R Ordnance System Mechanical Compounents

Products Department

® Volkswagen AG Heat Engines and liybrid
Vehicle Power Trains
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Section 1

IMTRODUCTION AKND SUMMARY

1.1 INTRODUCTION

This report is Deliverable Item 7, Final Report, and i9 the
summary report of a series which decument the results of Phase T
of the Near=Term iWwlhrid Vehicle Program. Thig phage of the pro-
gram was a study leuding to the preliminary design of a 5-pascun=
cer hybrid vehicle utilizing two encrgy sources (elec.ricity und
gacoline/diesel fuel) to minimize petroleum usage on a fleet
basis.

The program is sponsored by the US Department of Energy
(DOE) and the California Jnstitute of Technology, Jet Propulsion
Laboratory (JPL). Responsibility for this program at DOE resides
with the Office 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 Aone on
Phase I, in the following manner:

® Overall summary of the Phase I activity

® Summary of the individual tasks

e sSummary of the hybrid vehicle design

® sSummery of th~ alternative design options
e Summary of the computer simulations

e sSummary of the economic analysis

® Summary of the maintenance and reliability
considerations

e summary of the design for crash safevy
® Ribliography

These 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
—
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Deliv--"le
Appendix Ttem Task Title
I
.} A 1 1 Mission Analysiz and Perform-
——7 anrce Specification Studies Report

{ B 2 2 Vol. I - Design Trade-Off

| Studies Rcport

|

T Vol. II - Supplement to Design
Trade-0ff Studies Report

Vol. III - Computer Program

Listings
Cc 3 3 Preliminary Design Data Package
:"5 D 8 4 Sensitivity Analysis Report

PR
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1.2 OBJECTIVES

The objectives that were set for

th for this effort are iden-
tificu in the following subsections.

1.2.1 OVERALL DOE EHV PROGRAM OBJECTIVES

The overall objective of the DOE EH
development of electric and hybrid v
demonstrate the validity of these sy
options which are less dependent on

V Program is to promote
ehicle technologies and to
stems as transportation
petroleum resources.

The Near-Term Hybrid Vehicle Pro
EHV Program. DOE has assi

sponsibility for the Near-

gram is an element of the
gned prccurement and management re-
Terw Hybrid Vehicle Program to JPL.

1.2.2 DOE NEAR-TERM HYBRID VEHICLE PROGRAM OBJECTIVFS

The DOE Near-Term Hybrid Vehicle (NTHV) Program Objectives
are summarizcd as follcws: : -

L Advance the state of the art in hybrid vehicles

L 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
L 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: ‘

° Phase 1 == Design Trade-Off Studies and Preliminary

Design

) Phase 1I1 == Final Design and Fabrication of Test Vehicles

1.2.3 SPECIFIC PHASE I OBJECTIVES

The specific objectives of Pha

sc I of the Near-Term Hybrid
Vehicle Program are to:

il
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® Identify missions for hybrid vehicles that
promise to yield high petroleum impact,

¢ Characterize the single vehicle concept which
satisfies the mission or set of missions that
provide the greatest potential reduction in
petroleum consumption,

°

Develop performance specifications for the
characterized vehicle concept,

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

Identify technologies that are critical to
successful vehicle development,

Develop a proposal for the Phase II activities
that include vehicle design, critical technology
development, and vehicle fabrication.
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1.3 DESCRIPTION OF MAJOR TASKS

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 I1I

Task 6 - Phase I Documentation

Task 7

- Program Management and Integration

The wor) done on this program is described in subseqguent
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 1, 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 specifica-
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,
Mission Analysis and Performance Specification Studies Report.

1.3.2 TASK 2, DESIGN '"RADE-OFF STUDIES

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

[ )
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developed in Task 1 and offers the greatest promise of redueing
petrocleum consumption. The work done in this task is reported in
its entirety in Appendix B, Design Trade-off Studies Report,
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 breakdcwn by major sub-
assemblies; projected production and life cycle costs; performance
(including all categories specified in Task 1); and identification
of technelogy 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 pieparing a proposal for Phase II of the
program which included a final vehicle design based upon results
of Task 3 preliminary design. Subjert to JPL approval of this
final design, two hybrid vehicles with spares and support egquip-
ment will be fabricated in Phase II. The Phase IX effort also
includes testing the vehicles, delivering them to JPL, and provid-
ing field support during acceptance testing. The Phase II pro-
posal was prepared in response to RFP JC-2-2974-305 issued by JPL
on July 6, 1979. The proposal, Phase II of the Near-Term Hybrid
Vehicle Program, Proposal RFP JC=2-2974-305, was submitted to JPL
on August 24, 1979. It consisted of ‘hree volumes which were:
Volume I - Technical Proposal; Volume II - Management Proposal;
and Volume 1II - Cost Proposal.

1.3.6 TASK 6, PHASE I DOCUMENTATION

Task 6 consisted of preparation of monthly status reports;
the separate reports for Tasks 1, 2, 3, and 4, respectively;
the proposal for Phase II; and this final report for all of Phase

AP
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I. These reports have been identified where appropriate in the
nreceding paragraphs.

1.3.7 TASK 7, PROGRAM MANAGEMENT AND INTEGRATION

Task 7 consists of the program management and integration
effort required to maintain technical and cost control and assure
A 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.
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1.4 SUMMARY OF PHASE | PROGRAM RESULTS

T The completed Phase I Program has resulted in the Prelimin-

= ary Design of a hybrid vehicle which fully meets or exceeds the
- requi.ements set forth in JPL Contract 955190. This work is

Y fully documented as discussed in Section 1.3. Highlights of the
\ preliminary design are presented in the following sections along

\- with the alternative options wkich were considered.

1.4.1 PRELIMINARY DESIGN SUMMARY

il
i

h There are many aspects of the preliminary design that are

. considered important. The following sections discuss those deemed
2 to be most relevant.

1.4.1.1 General Layout and Styling

chascis are:

i
A,“
i The general characteristics of the vehicle layout and
)
|

: ® Curb weight

- 1786 kg (3930 1lb)

® Body style

ﬂ- - Four-door hatchback

°F{ - Drag Coefficient - 0.40

i{ - Frontal area - 2.0 m2 (21.5 ftz)

® Chassis/Power Train Arrangement

- Front wheel drive

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

= Frel tank under rear seat
) ® Baseline ICE Vehicle

= 1979 Chevrolet Malibu

5} A three-dimensional cutaway of the hybrid vehicle indicating
the placement of the power train is shown in Figure 1.4.1-1. 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 80 hp (peak) 1.6 liter fuel-injected
gasoline engine, a 45 hp (peak) separately excited dc motor, an
automatically shifted transmission, clutches, and accessory drive

*% components. An artist's rendering of the vehicle styling is shown
|

1-8
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PROPULSION BATTERY
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FUEL TANK

HEAT ENGINE

ELECTRIC MOTOR

Term Hybrid Vehicle, Three-
Dimensional Cutaway

Near-

“’lo

Figure 1.4.1
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in Figure 1.4.1-2. A four-door hatchback body type was selected
because it maximizes the all-purpose 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. Fiqure 1.4.1-3 shows that the fuel
economy of the near-term hybrid vehicle is in excess of 60 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, in-

cluding generating efficiency) by the near-term hybrid vehicle is
about 5% less than the Reference ICE Vehicle.

1.4.1.3 Cost Considerations

A second important goal of the hybrid vehicle design was to
be competitive with the Reference ICFE 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
1.4.1-5 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/gal.

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.

1.4.1.4.1 Vehicle Design - The Vehicle Design features which

are considered to be of greatest importance in reducing technical
risk while meeting JPL performance requirements are:

(1) A microprocessor-based controller evolvad from vehicle
and electrical system controls developed by GE/CRD for the Near-

Term Electric Vehicle Program and the highly-refined electronic
engine controls developed by Vw,

(2) A drive motor based on the motor developed by CE DC Motor
and Generator Department for the Near-Term Electric Program,

[
l
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=
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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 battery subsystem based on the battory developed by
Globe-Union for the Near-Term Electric Vehicle Program and rccent
developments on electrolyte cireulation for the Argonne National
Laboratory Near=-Term Battery Program,

(4) An engine based on a VW production engine, VW advanced
studies and experiments on emissions, and YW proprietary work on
quick start for on/off engine operation,

(5) A vehicle subsystem design by Triad Services based on the
extensive use of major components from late model production cars
with a minimum of new design,

(6) A hybrid Erogulsion subsystem (including the battery)

which is packaged entirely under the hood with no intrusion into
the passenger compartment or the luggage compartment.

(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 indi-
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 fast 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 the electric motor ox the heat engine can operate
the vehicle with reduerd performance nhould one of the syatems be
inoperativo,

i v e I TR b o R

o

1.4.1.4.3 Vehicle Pexformance

- The hybrid vehicle has the following perfermance charaec=
! teristies:

(1) T: can perform all the driving missions required of a
5-passenger family sedan.

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

A (3) It offers acceleration, cruising speed, and passenger
comforts comparable to the Reference ICE Vehicle (1979 Cnevrolet
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 11,850 miles, electricity costs of 4.2 ¢/kwh, and
gasoline costs of $1/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 ALTERNATIVE DESIGN OUPTIONS

A number of design options were evaluated in considerable
depth before making the firal decisions on the preliminary de-
sign. These are discussed in Section 4, Alternative Design
Options Considered and Their Relationship to the Design Adopted. ‘1

1.4.2.1 Summary of Major Design Options Considered

The power trein design options considered in depth and the
ones chosen for the near-term preliminary design are listed in f
Table 1.4.2-1.
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Table 1.4.2-1

POWER TRAIN DESIGN OPTIONS CONSIDERED IN DEPTH*

Prineipal

, Selected Alternate
Considerations/Component Option Option
Type of Hybrid Arrange- Parallel Series
ment
Use of Secondary Storage No Yes
(flywneel)
Fraction of Peak Power 2/3 -
from Heat Engine
Battery Type ISCA Lead-Acid Ni-Zn¥*
Engine Type Fuel-injected, Turbocharged

naturally aspirated diesel*

Electric Drive Type

Transmission Type and
Gear Ratios

Torque Combination

gasoline

dc sevarately
excited mntor,
field control,
battery switching

Automatic, gear
box (3-speed)

Single shaft

dc separately
excited motor
with armature
control and

field control

Synchromesh
gear box
(4-speed)

Power differential

* Options considered in depth means those analyzed using detailed
vzhicle 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 Near-
Term Hybrid Vehicle Program if technical uncertainties were resnlved.

1.4.2.1.1

Alternative Options Which Should Be Monitored - The

following options were identiried which warrant monitoring during

the Phase II Program:




Rl

LU

i

|

N v] P

bt

ceneRAL @ erceTric

T

Electric 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 probabhility of this type of system being
in prouuction in 1982, particviarly at a competitive cost, is low.
There is development work beiig 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 possib‘lities for 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 - 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 NOy 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 .n engin= dynamo-
meter for operating cycles appropriate for the hybrid appl.cation.

Ni-Zn 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 ISOA lead-acid
batteries used in the preliminary design. However, there has been
relatively little operating experience to date with Ni-2n 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 11 Proposal that a *wo part de-
velopment program be undertaken to furnish Ni-7n batteries which
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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
Near--Term Hybrid Integrated Test Vehicle.

1l.4.3 INTERFACE COMPONENT AND SYSTEM CONTROL 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 techneclogy point-of-view 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.

1.4.3.1 Identified Problems Reguiring 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,

(2) Design 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 softwarc to implement
it in the system microcomputer,

(6) Simulation of component and power train transients on
the computer,

(7) Development and debugging of the system microcomputer
hardware,

(8) Development of the heat engine emission control system
to meet the 1981 Federal Emission Standards during on/
off operating modes of the engine,

1-18
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(9) Modification of the automatically shifted gearbox using
input signals from the system microcomputer,

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

1.4.3.2 Solution/Approaches to Identified Problems Requiring
1 Development

The approaches to the solution of the design/analysis prob-
lems are discussed in the following paragraphs. These will have
z to be solved before the Phase II Final Design and fabrication is
undertaken. Each of the design/analysis problems is treated
separately.

(1) Torque 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
p 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 I, Task 3.

) (2) Automatic 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 pecal). The basic hardware for this
clutch could be a standard automotive, dry clutch, but its control
> must be developed. 1Initial 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. 1ts operation will be developed
with initial work done on the engine dynamometer, but the final
work should be done in a hybrid test bed mule vehicle.

~ (4) Blending of Electric Motor and Heat Engine Torques.
There are several operating modes in which the outputs of the
electric motor and heat enginc must be blended (i.e., power
sharing). The blending involves both the phasing in of one of
the primec movers when the other is alrcady operating and also
phasing out one of the prime movers when it is no longer needed., o]
This load sharing will be done using the system controller and
will involve determining the proper torgque rise time, decay
time, and scquencing procedure needed for smooth vehicle opera-

1-19
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tion. The torguve blending studies should be done in a hybrid test
bed mule vehicle.

(5) Control Strateqgy and Software for Its Implementation.

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 ithe 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 fabri-
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 1.6 ¢ EFI-L gasoline engine utilizes a
three-way catalyst and feed-back control of A/F ratio using an
O2-sensor. 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 develcpment work is needed
tc ensure that the hybrid vehicle will meet the 1981 emission
standards. Initial studies will be done on the engine dyna-
mometer to determine the raquired 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 warm-up and cool-down. Data should be obtained
so that the emissions calculations made using HYVEC can be val-
idated for the various driving cycles. [Imission measurements
should include the effect of cold start.
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(9) shifting Autinatic Gearbox. The transaxle/gearbox 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. 7In 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 on 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-conditioner, 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 transmission shift systems. Available
automotive components have been identified from which the acces-
sory systems can be built, but considerable effort will be re-
quired in Phase II to design and test them.
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1.5 ORGANIZATION OF THE FINAL REPORT

The remainder of this report is organized to be consistent
with the Data kequirement 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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Santion 2

o SUMMARY OF PHASE | ACTIVITY

2.1 INTRODUCTION

L A summary of all Phase I activities is presented in this

. section. It is structured around Tasks 1, 2, 3, and 4. For each
task the objectives are given, the methodology is discusseAd,

and the findings, conclusions, or recommendations are presented.
4 The material describing the work in each task is summarized from
the appropriate appendix which is referenced. The Near-Term
Hybrid Vehicle Program, Phase I, was divided into five tasks:

N 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 sejuence 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 1, 2, 3, and 4 are included under separate
cover.
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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

® Characterize ICE vehicles in terms of weight, fuel
economy, and performance,

® 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, aud 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 High-Speed 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 2.2.2-1).

Projected characteristics of conventional ICE passenger cars
were collected and examined. The characteristics of particular
interest were:

v~
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Exterior Dimensions
Curb Weight
Fuel Economy

¢ & o 9

Exhaust Emission Standards

Data wer? correlated for the 1978 models and projected for 1985.
The EPA wiban and highway driving cycles werce assumed to be repre-
gentative. of urban and highway driving in 1985 and were used to
determin:: vehicle composite fuel economy for the conventional

cars (see Figure 2.2.2-2)., The 1977 sales mix of the four size
classes was used as the basis for the 1985 sales mix in order to

target the Lize 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:

® Inside Standard Metropolitan Statistical Areas (SMSAs)
® 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 a2 Living (Work Travel)
® Family Business

® Civic, Educational, or Religious

® 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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Table 2.2.2-1

FUEL USE BY SIZE CLASS 1IN 1985

Salen Mix Composite Fraction of
ize Class | % | Iw, b ) mpg | Fucl Used
Small 23.9% 1900 43.8 0.16
Comp..ict 23.3 2300 34.5 0.198
Mid-Size 24.3 2900 26.0 0.274
Full-Size 27.6 3500 22.0 0.367
i 0.999
70 | i:ATURALLV ASPIRATED DIESEL EPA - 1985

et

FUEL ECONOMY {mpg) — COMPOSITE

TURBOCHARGED DIESEL
NN

4 CYL (70-9 CID)

— 4 CYL (80130 CID)

MOST ‘IKELY
ENGINE CONFIGURATION

-~
-,
-~ .
S
-,
—

6 CYL (200-250 CID)

CID - CUBIC INCH DISPLACEMENT

1 1 1 |

Figure 2.2.2-2.

2500 3000 3500 4000
VEHICLE INERTIA WEIGHT () - LB

Projected 1985 Composite Fuel Economy
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Characterization of automobile travel requires the following
main factors:

® Annuil Milea.e (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. 1In 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
Vehicle

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:

® Passenger Capacity
® Sales Volume

® Acceleration Porformance
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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 75 90
Personal business only
50th percentile 3,000 20 29 39
75th percentile 4,500 25 38 49
90th percentile 6,500 32 49 66
Personal business plus
work trips
50th percentile 6,625 21 32 43
75th percentile 8,125 26 39 57
90th percentile 10,125 32 51 76
All-purpose (excluding
intercity travel)
50th percentile 6,400 34 52 69
75th percentile 9,200 52 74 99
90th perxcentile 11,600 >100 >100 >100
All-purpose (including
intercity travel)
50th percentile 7,000 36 61 >100
75th percentile 11,300 50 84 >100
90th percentile 17,000 70 >100 >100

*Percentiles are for vechicle miles
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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 25 38 52
75th percentile 6,500 31 49 67
90th percentile 9,300 43 64 82
Personal business plus
work trips
50th percentile 6,275 23 36 54
75th percentile 8,375 31 49 68
90th percentile 11,175 42 64 90
All-purpose (excluding
intercity travel)
50th percentile 7.200 40 62 83
75th percentile 10,600 61 90 >100
90th percentile 12,700 >100 >100 >100
All-purpose (including
intercity travel)
50th percentile 9,000 43 72 >100
75th percentile 13,700 58 >100 >100
90th percentile 20,500 84 >100 >100

. *percentiles are for vechicle miles
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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.
4 Interior dimensional criteria noted by Consumers Union (April
T 1978) were used to identify several 1978/1979 model mid-size cass
: 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 (1978/1979 Model)* was
bt based on the availability of detailed information on the ICE ve-
-, hicle which was selected.

2.2.3 CONCLUSIONS

) GENERAL CONCLUSIONS AND OBSERVATIONS

b The following general conclusions were formulated hased on
: the work done on mission analysis:

R (1) The statistical character of automobile use is important
R in determining the "electric" range of the hybr :'/electric vehicle
) and the fraction of potential car buyers whose ti.nsportation

2 needs would adequately be met by a specific hybrid/electric

) vehicle design.

(2) Statistical data on annual mileage including the rela-
tionships between annval 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 SAE i
J227a (B) cycle. 1

weight; length - 185 inches, width = 73 inches; fuel economy -
28/42 EPA uncorrected, 23/33 EPA corrected; acceleration - 0-=60
mph, 16 sec.
**A 65%/35% 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 o proportionately more urban/ 1
suburban driving than the national average.

j
]
|
A
1
|
5 *Reference ICE Vehicle (1985 Model): GM mid-size; 2600 lb curb ¢
Al
!
1
%
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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.**

SPECIFIC CONCLUSIONS

(1) The Chevrolet Malibu (1978) with a v-6, 231 CID engine, a
5-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.

i

*Acceleration performance is given in terms of 0-96 km/hr (0-60 mph) !
rather than 0-90 km/hr (0-50 mph) as in the contract exhibits be- -
cause it conforms more closely with the current practice of auto-
motive publications for stating conventional vehicle performance.
Thus most readers would have a better feel for the performange of
the hybrid vehicle relative to conventional ICE vehicleg if its
performance is given in terms of the 0-60 mpl acceleration time.

§ 2=11 o
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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 “erort,
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 micro-
processors,

Evaluate and compare various hybrid power train con-
figurations and component combinations in terms of total
vehicle weight and initial cost,

® Simulate on the computer second-by-second hybrid vehicle
operation over various complex driving cycles, and

® 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 counfigurations.
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 inteiest. 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 vehicle-level screening was
to identify those drive-line 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-
second simulation of the hybrid/electric vehicle designs operating
over several driving cycles. This simulation required detailed
modeling of the various drive-line 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, en-
gine type, motor voltage control technique, and variations in con-
trol strategy. The second-by-second vehicle simulations were per=

2-12
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formed using the Hybrid Vehicle Calculations (HYVEC) computer
program.

The third step in the Design Trade-off Study was to deter-
mine whether attractive hybrid power train arrangements could be
packagzd 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 Components and
Configurations considered

There is a myriad of possible hybrid/electric power train
configurations and components which could be considered in desian
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:

® Electric drive through individual wheel-mounted
motors

e The split power train in which one set of wheels
is driven by the heat engine and the second set
by the electric motor

Wwheel-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 trade-off 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-of-view
were investigated using the HYVELD computer program.

2.3.2.2 Component Characterization

In order to perform the trade-off studies it was necessary
to characterize each of the components in Table 2.3.2-1. The
degree of detail required for each component depended on whether
it was included only in the vehicle level (first step) screening

2-=13
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or in both the vehicle level and second-by-second simulation
screenings. For the initial screening, each component was
characterized in terms of specific weight (1b/kW) and specific
cost ($/kW). For the second-by-second simulaticns, 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 a wide
range of charge/discharge currents. For the most part, the com-
ponents weyxe characterized using data taken on existing hardware.
Extensive characcerization 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 ton-mi, fraction of the energy 3
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 vchicle and power train specifica-
tions on the attractiveness of the various components is of
particular importance.

2.3.2.3 Methodology for the Evaluation and Comparison of ‘ i
Candidate Power Trains '

During the initial screening of the candidate hybrid/electric
power tcrains, 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
paseline 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 all-electric 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.
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candidate power trains included in the second-by-second
simulation studies were compared in terms of range primarily on
battery-stored electricity, fuel economy (mpg), heat engine
emissions, and energy use. These comparisons were made for urban/
surburan, highway, and intra-city driving using appropriate com-
binations of the Environmental Protection Agency's urban and high-
way cycles and the SAE J227a Schedule B cycle. In addition, the
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Table 2- 30 2-1

HYBRID POWER TRAIN CONFIGURATIONS AND COMPONENTS

CONSIDERED IN THE DESIGN TRADE-OFF STUDY

General Power Train Arrangements

s 1.
3 2.

Series
Parallel

¥ Heat Engines

: 1.
- 2.
g 3.

a.
5 .

Fuel-injected Gasoline (naturally aspirated)
Diesel (naturally aspirated and turbocharged)
Uniform Charge Rotary

Single-shaft Gas Turbine

Stirling

Transmission/Clutches

1.
2.
3.
4.

L L

‘l I
e i e e

il

Power Addition with Differential Action
Multi-speed Shifted Gearbox with Clutch
Torgue Converter with Lock-up

Continuously Variable Transmission (CVT)

Electric Drives

Fo,
Kol

1.

2.

1.
2.
3.
4.

DC Separately Excited with or without Armature
Control

AC Induction with Pulse-width Modulated Inverter

Lead-acid
Ni-2n
Ni-Fe
LiAl-FeSx

3y
)
41 . Batteries (Primary Storage)
{
[
!
i

1.
2.

! :
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Flywheel
Lead-Acid Batteries
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Table 2.3.2-2

VEHICLE AND ECONOMIC FACTOR IWPUT PARAMETERS
FOR THE DESIGN TRADE-OFF CALCULATIONS

Hjbrid/Electric Design Parameter

Basel ine Chassis Weight .
Payload Weight .
Power-to-weight Ratio

Range (Design) - All-electric

Range (Design) - Hybrid

Electric Drive-line Efficiency

Cost of Additional Chassis Weight

Weight Propagation Factor

Miles Traveled per Year

Fraction of Miles in City

Energy Consumption in City (kWh/ton-mi)
Energy Consumption on Highway (kWh/ton-mi)
Fraction ¢of Energy from Engine in City
Fraction of Energy from Engine in Highway
Price of Electricity

Specific Cost of Motor/Generator ($/kW)
Specific Cost of Generator ($/kW)

Specific Cost of Controller ($/kW)
Specific Weight of Motor/Generator ($/1b)
Specific Weight of Generator ($/1b)
Specific Weight of Controller ($/1b)
Average Engine bsfc in City hd
Average Engine bsfc on Highway *
Time for Sustained Power from the Flywheel *

* * % * B » » » =

Conventional Vehicle Design Parameters

Power-to-weight Ratio

Specific Weight of Engine
Specific Weight of Transmission
Specific Cost of Engine
Specific Cost of Transmission
Fuel Economy in City

Fuel Economy on Highway
Consumer Cost

Price of Gasoline

* 2 @ * »

Maintenance Cost per Mile

Economic Factors

Discount Rate
Inflation Rate
Interest Rate
Payback Period
Finan e Period
Tax Rate

Sales Tax ®

* » * B

@

L4

*lnput Paramoters Held Constant in Vehicle Synthesis
Calculations
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0-60 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 Considerations

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-and-rear-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 Strategy and Vehic¢le Operation 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. Power matching is accomplished by means of a trans-
mission and/or power combination differsntial. The control
strategy should be self-adaptive 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 FINDINGS

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

(1) The parallel configuration with a 60/40 split between
peak power of the hecat engine and electric drive systems is near-
optimum from the standpoints of vehicle weight, ownership cost,
and energy usage (fuel and electricity).

¥Detailed cesults of the design trade-off studies are given in
Appendix B (Vol. I, Sections 5 and 8).
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(2) Based primarily on economic conaiderations, a dc elec-
tric drive system utilizing a separately excited motor with field
control and bittery switching was selected for the Near-Term
Hybrid Vehicle.

(3) The prime heat engine candidates are a fuel-injected
gasoline engine and a turbochargcd diesel. Both engines are 1.6
% 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 NO, 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 700
1b of ISOA lead-acid batteries yielded satisfactory electric
range and vehicle acceleration performance.* The Ni-2Zn 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 1979 Chevrolet Malibu
without any intrusion into the passenger compartment.

(7) The initial selling price (in 1978 dollars) of the hybrid
vehicle was calculated to be about $7000 compared with $5700 fcr
a conventional ICE vehicle of the same performance and passenger-
carrying capacity.t The ownership (life cycle) cost of the hybrid
was calculated to be 17.8¢/mi compared with 18.5¢/mi for the
Reference Vehicle for energy costs of $1.00/gal 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,

* Battery weight was established as 770 1b during Preliminary Design.
+ Selling price was modified to $7600 during Preliminary Desian.

2-18




i ceNERAL @ ELECTRIC

i
o e e e e

e e

C

e e =

. . . < :
oz D < N [
LR IR St

s . -
. ey P
e A e e e

the fuel aconomy was 83 mpg using a gasolinec 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 gasoline engine and 55

mpg using the diesel engine. The highway fuel economy of the
hybrid vehiele is slightly hetter than that of the Reference ICE
Vehicle (1985 model). 1In urban driving the hybrid would save about
769 of the fuel used by the conventional vehicle and in combined
urban/highway driving the fuel saving is about 50%.
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2.4 TASK 3 - PRELIMINARY DESIGN

This subsection summarizes the work done on Task 3 which io
fully reported in Appendix C -~ Preliminary Design Data Package.

2.4.1 OBJECTIVES

The major objectives of the Task 3 effort were to

® 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,

® Perform ride and handling and barrier crash ccmputer
simulations of the hybrid vehicle design,

® Contact potential suppliers of major power train compo-
nents and refine the sizing of those components,

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

® Refine the second-by-second hybrid vehicle simulation
program, and

)

Determine the performance and energy-use characteristics
and ownership costs for the Near-Term Hybrid Vehicle.

2.4.2 METHODOLOGY

The preliminary design activities were concerned with
developing detailed designs of the vehicle and power train sub-

systems
primary

from the design concepts evolved in Tasks 1 and 2. The
activities undertaken in Task 3 were the following:

Full-scale layouts of the vehicle and power train

® Vehicle styling

e Vehicle handling and crashworthiness simulations

® System microcomputer software study

e Battery switching, field chopper, and battery charger
circuit design

o

Refinement of HYVEC simulation calculations.

in Task 1, the Chevrolet Malibu (mid-size GM car) was selected
as the Reference ICE Vehicle. Subsecuent work in Task 2 indicated
that the Malibu would also be a good choice for a base vehicle from
which to build/fabricate the Near-Term Hybrid Vehicle.* Hence all
the preliminary design layout work in Task 3 was done using the 1979

*This vchicle is to be built by 1982 and thus nust use materials and
automotive components available at that time.
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Malibn as the starting point for the hybrid conversion. The
Malibu was extensively redesigned with only the passenger com-
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 an¢ underbody structures and front and rcar 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 trouble-
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 extericr 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
0lds 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 corponents and the options were:

e Heat Engine -~ fuel injected, gasoline (VW 1.6 &) or a
turbocharged diesel (VW 1.6 )

® Transmission - multi-speed, automatically shifted gear-
box or a steel belt, traction drive continuously
variable transmission (CVT)

® Torque Combination Unit - Single shaft or power
differential

® Batteries - lead-acid or Ni-Zn

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 category. Hence, the detailed vehicle
layouts were prepared using (1) a fuel-injected gasecline engine
(1.6 2), (2) a multi-speed, automatically shifted gearbox, (3} a
single shaft (fixed speed ratios between input/output ghafts)
torque combination unit, and (4) IS0A lead-acid batteries.
Further discussions of the use of a turbocharged diesel engine,
the steel-belt CVT, and Ni-Zn batteries in the hybrid/electric
power train are included uwnder advanced technology developments.
The power differential torgue combination was dropped from further
consideration, becausec of the complexity of the control of such a
unit and the belief that development of the single-shaft unit
would permit adequate smoothness in power blending from the heat

2=-21

T RO

it
i




P S N I PSSP N S S S SSRGS P S PRSP L

PESDUAR APPSR T AV S

e

cenesaL @ eLEcTRIC

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 - NOy 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-2Zn 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 Near-Term 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).

(5) The use of a turbocharged diesel and/or Ni-Zn batteries
in the hybrid power train would lead to a more attractive hybrid
design (25% better fuel economy and 400 1lb 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 0-60 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.

*The power train 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 8).
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‘ .(?) The operation of the heater/defroster and air-conditioner
significantly increases the energy~use of the hybrid vehicle when
the eleciric motor is the primary propulsion unit.
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2.5 TASK 4 - SENSITIVITY ANALYSIS

- w4 g
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This subsection summarizes the work done on Task 4 which is
fully reported in Appendix D - Sensitivity Analysis Report.

'5’ 2.5.1 OBJECTIVES

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

g ® Travel characteristics
N Energy costs

Component costs
Vehicle lifetime
Maintenance costs

Fuel economy of the Reference ICE vehicle

on the

Utility
Economic attractiveness
Marketability

i .
N /..___MLL.,_,_,.\....‘_,,‘ - e

of the 5-passenger hybrid vehicle selected as near-optimum in
Task 2.

2.5.2 METHODOLOGY

Jhﬂi,},www,,,\,i N 'L"u

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 S
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.

e

1l

L.
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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-to-weight ratio Xp equal to
0.02 W/1b. 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 j
calculations yielded parametric results for other hybrid/electric ~
vehicle configurations, but those results are not discussed in
this task because the Design Trade-Off Studies indicated clearly
that the parallel hybrid approach was far superior to the others.
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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 : '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 conventional ICE B
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 1.0¢/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
o for electricity prices between 2.5¢ and 8.5¢/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
a2 dependent on the fuel economy baseline used for the Reference ICE
é
l

Vehicle (1985 model). Using projected 1985 fuel cconomy values, the
hybrid vehicle wcould have a fuel savings of about 55% or 250 gal per 1
vehicle per year. j

(8) Hybrid vehicles would be economically attractive te « wide
group of new car buyers with the ownership cost and fraction of

fuel saved varying only slightly between the 35th and 90th per-
centile of car owners,
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(2) 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 com-
pared to the corresponding conventional ICE vehicle (1985 model).
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; Section 3

SUMMARY OF THE NEAR-TERM HYBRID
o VEHICLE DESIGN
- A summary of the Near-Term Hybrid Vehicle preliminary design

is presented in this subsection. Topics addressed include the gen-
s eral layout and styling, the power train specifications with dis-
o 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

3 The general characteristics of the vehicle lavout and chassis
| are:

® Curb weight
- 1786 kg (3930 1b)
® Body Style
- Four-door hatchback

- Drag Coefficient - 0.40 (effective wind weighted)

2

- Frontal area - 2.0 m“ (21.5 ftz)

® Rolling Resistance
- .011 1b/1b (tires plus wheel bearings)
® Chassis/Power Train Arrangement

- Front wheel drive

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

- Fuel tank under rear seat
® Reference ICE Vehicle
= Chevrolet Malibu (1985 model) *
Full-scale drawings of the near-term 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/electric vehicle.

4
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the drawings was the 1979 Malibu.

seating package. A three-dimension
hicle indicating the placement of t
Figure 3.1-1. Note that the comple
cated in front of the firewall with
compartment. An artist's rendering
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-
pPassenger vehicle.

No changes were made in the
al cutaway of the hybrid ve-
he power train is shown in

te hybrid power train is lo-

o0, > 2 7

R JOE Y b s
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PROPULSION BATTERY

HEATER

: “’
2
A

\(mm //‘\‘ ki - J

FUEL TANK

7 HEAT ENGINE e

ELECTRIC MOTOR

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

Left Front Quarter View

Figure 3.1-2. 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 microcom-
puter are discussed and the vehicle weight breakdown is pre-

, sented.

e et o L o e i e+ e e s e

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
g\ hybrid vehicle uses front-wheel drive with both the heat engine
! and electric motor mounted in a transverse orientation above the
g transaxle. This is clearly a parallel hybrid configuration.

; Clutches are required to permit decoupling the drive system from
A the vehicle drive shaft and operating the heat engine and elec-

-3 tric motor in combination and separately. A schematic of the
5 power train is shown in Figure 3.2.1-2.
!

Specif’cations 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 K-Jetronic
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 VW

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-
11 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 fleet-testing cars using the
L-Jetronic 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 Near-Term Hybrid Vehicle Program.

SRSV, S

. e
USRS

Considerable fuel consumption and emission data were avail-
able to characterize the clectronically fuel-injected (EFI), 1.6~
liter engine. Those data were used in the HYVEC simulation
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studies. The EFI 1l.6-liter engine is rated at 80 hp at 5500 rpm
with a maximum torque of 84 ft/lh at 3200 rpm. Hence, the engine
ig sized almost exactly to meet the hybrid vehicle power require-
ment 2nd is an ideal choice for the hybrid application.

3.2.1.2 ELECTRIC DRIVE SYSTEM

The electric drive system in the hybrid vehicle utilizes
a dc 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 pecak 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 (1-2 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 develcped by a modest redesign of the electric motor used in
the Near-""erm 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 arnd
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 fiel.' weakening and battery
switching. The battery is arranged in two parallel banks so that
it can be operated to yizld 60 V or operated in series to yield
120 V. The base speed of the motor is 1100 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 12 1/4 in.

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

Rated Voltage 108 Vv

Rated Current 190 A

Rated Field 8.2 A

Rated Flux 0.84 Megalines

Base Speed 2200 rpm

Maximum Speed 6000 rpm

il
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ACCESSORIES

CLUTCH-1

OVER-RUNNING

OVER-RUNNING
| CLUTCH-2

HEAT
ENGINE

ELECTRIC
MOTOR

C1
CLUTCH

C2
CLUTCH

TRANSMISSION

DIFFERENTIAL

WHEEL —>

Figure 3.2.1-2. BSchematic of Drive Package
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3.2.1.3 Batteries ) f

]
B The hybrid vehicle is designed to atilize 770 1b of Improved
o State-of~the-Art (ISOA) lead-acid batteries. The batteries are
! positioned under the hood in front of the firewall as shown in
l 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 C/3 rate. The 770-1b battery
z pack stores 12.5 kWh at the C/3 rate for an energy density of
16.4 Wh/1b. The power characteristics of the battery are based
A on the voltage-current relationship for a 15 second pulse at 50% 1
l state-of-discharge during a C/3 rate discharge. The power
°§ characteristics specifications are the following:

- Pulse Current, A Volts/Cell Volts/Module
t 210 1.82 10.9
- 315 1.71 10.3
420 1.61 9.6
For the maximum current pulse of 420 A, the corresponding power
- density is about 53 W/1lb with a voltage droop of 20%. The lead-
acid batteries used in the preliminary design of the hybrid vehicle
t have energy density and power characteristics comparable to those

O 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.

o 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 R
taken from an automatic transmission. 1In 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=-specd,

overdrive automatic transmission. Unfortunately, such a trans-

mission in a transaxle unit is not currently being marketed by

a U.5. or foreign auto manufacturer or supplier. Such a unit might
become available as auto manufacturers seck to improve fuel ccon-
omy. The gearbox used in the preliminary design studies of the
Near-Term Hybrid Vehicle is part of the three-speed automatic
transmission used in the ncw GM X-body cars (e.a., Chevrolet Cita-
tio.). That gearbox has ratios of 2.84/1.6/1 in 1st, 2nd, 3rd

gear respectively. An axle ratio of 3.3 has been used in most of -
the HYVEC calculations. ‘That value is compatible with maximum A
motor and enginec speoeds of 6000 rpm and yields good Fuel ceonomy
in both urban and highway driving.

A} ~. - - - = -
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3.2.1.5 Torque Combination

The outputs of the heat engine and the electric motor are
combined using the single-shaft approach in which thLere are fixed
ratios between the rotational speeds of the heat engiiz, 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-

- prccessor and avoids the need for a power differential which

Y 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

"

E? A detailed control strategy for operating the heat engine
B and electric motor has been developed as indicated in Figure
\ 3.2.1-4. The key features of the control strategy are:

)

=) e On/off engine operation

® Regenerative braking whenever the batcery 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 permittinrg) when vehicle speed is less
than VMODE*

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

L.,

® Batteries recharged by heat engine in a narrow
state-of-charge range (0.7<5<0.8)

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

® Heat engine primary for highway driving

® Electric motor always used to initiate vehicle

motion from rest and in low-speed maneuvers (e.g.,
parking)

® Vechicle operation controlled by a system micro-
processor.

- ® 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 mnicroprocessor
control logic (software) corresponding to the control strateqy

- - e e e e L
I

*Vohicle speed at which the heat engine becomes the primary
source of power
3-11
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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 sends 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 BREAKDOWN

J‘“‘/‘* e e b e e i =" 2

A weight breakdown for the Near-Term Hybrid Vehicle is given
in Table 3.2.2-1. A vehicle curb weight of 3928 1lb is projected
leading to an inertia test weight of 4228. This is 228 1lb greater
than the 4000 1b used in the HYVEC calculations given 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.

A —
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*The weight used in the Design Trade-0Off Studies assumed optimum
use of 1985 automotive technology and materials and a complete
ground-up design. All the automotivc components nceded to do
this will not be available by 1981/82 for use in the Near-Term
Hybrid Vehicle. Hence its weight is greater than that of the
optimum design.
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o) &
4 Diagnostics
1 t
. { ¥ 1 4
§ Monitor He?t Heat Engine |
! Displays & Engine Microprocessor Heat
: Warning Feedback (from VW)  |—— Engine
3 Control
g
) 4 Operator Vehicle Speed | Transrgission ]
“E Commands Sequencer Control ‘ Clutches
Vehicle Controller
- Software
Electric Electric
Drive
Motor —={ Controller
ELECTRIC DRIVE CONTROLLER
Vehicle Elec. Drive
) Controller Signals
[ -/
- Contactors . . Monitor Test
By & Electric Drive & &
A Sw. Res. Sequencer Warning Diagnostics
. $ Charge Field
L { Control Control
i Electric Drive "i
Controller
Battery Figid Software
Charger Regutator

Figure 3.2.1-5. Hybrid Vehicle Microcomputer Control
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WEIGHT BREAKDOWN ~ MALIBU BASED HYBRID

Chassis/Running gear

Structure
Bumpers
Suspension
Wheels and tires
Brakes

Subtotal

Exterior/Interior/Control

Seats
skins

Human factor and control

Air-conditioner

Power train

Subtotal

Gasoline engine (VW 1.6%)

Fuel system (incl. 10 gal. gasoline)

Transaxle

Electric motor

Power electronics and controller

Lead-acid batteries

Total curb weight

Subtotal

3-16

Wweight (1b)

806
164
230
254
128

104
155
484
113

284
78
90

220
50

770

1582

854

1492

3928 1b
(1785 kg)
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3.3 VEHICLE PERFORMANCE

A format for presenting and discussing the per formance 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 (Pl to P17) will be divided into several
parts. In this subsection, items Pl to P9 are considered. These
items deal directly with vehicle performance, operation, and cost
under normal (or routine) operating conditions and have been stud-
jed in considerable detail in the Phase I effort. Some of the
other items which reiter 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. 1In all respects,
the Near-Term Hybrid Vehicle design meets or exceeds the minimum
requirements. This includes minimum requirements Rl 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 subzero temperatures.

|
|

s
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Table 3.3-1

VEHICLE PERFORMANCE CHARACTERISTICS

Pl Minimum Nonrefueled Range

Pl.1 FHDC (Gasoline = 10 gal. tank) 550 km(a)
PL.2  FUDC 120 km, (P} . 400 km(@)
P1.3 J227a(B) (all-electric opecration) 80 km(a)
b P2 Cruise Speed - 130 km/h
P3  Maximum Speced
P3.1 Maximum Speed © 150 km/h
P3.2 Length of Time Maximum Speed Can 1 min
Be Maintained on Level Road
P4 Accelerations
P4.1  0-50 km/h (0-30 mph) 5.0 s (6.0)
: P4.2  0-90 km/h (0-56 mph) 12.6 s (s.0)
. P4.3  40-90 km/h (25-56 mph) 8.6 8 (12.0) (&
PS Gradability
Grade Speed Distance
PS5.1 39, 100 km/h (90) () (Unlimited) ()
| P5.2 5% 95 km/h (Unlimited)
- P5. 3 8% 80 km/h (50) (¢ (Unlimited)
; P5.4 15% 40 km/h (26) (€) (Unlimited)
P5.5 Maximum Grade . 25% e o
- 149 Payload Capacity (including passengers) 535 kg
r7 Cargo Capacity 0.5 m3
p8 Consumer Costs
T rg.1 Consumer pPurchase Price (1978 §) $7600
. p8..2 Consumer Life Cycle Cost (1978 §) 0.11 $/km
) P9 Emissions - Federal Test Procvdure(d) (Gasoline kngine)
) P9.1 tiydrocarbons  (1IC) 0.09 gm/km, 0.13 gm/km
S r9.2 Carbon Monoxide (CO) 0.62 gqm/km, 0.79 gqm/Km
' P9.3 Nitrogen Oxides (NO) 0.48 gm/km, 0.57 gm/km

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

: (b) Range at which the battery is first recharged by the heat engine.
(c) JPL minimum specifications.

(d) The t.rst number corresponds to first 50 km, second to 120 km.

(e) On heat cngine alone.

S . e e S e e et TR EEOAAZ T
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Table 3.3-2
| . VEHICLE PERFORMANCE CHARACTERISTICS
; P10 Ambient Temperature Capability
;: Temperature¢ range over which
. minimum perforrance requirements
i can be met.
{ -20 °c to 40 °c |
g' Pll Rechargeability
Maximum time to recharges from

80% depth-of-discharge (routine
( charge to 96% capacity)

) : 6 hr
::; P12 Required Maintenance (Battery)
R Routine maintenance required
j per month i
N Watering (1 or less, depending 15 min/ea.
o 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 ©C to
+50 °c
P13.1 Duration > 5 days
P13.2 Warm-up time required !
Battery heating (-20 °F) 10-15 min
Engine starting <30 s

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 cyeles 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 E8) 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 1lb 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
components 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.

$idll
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FUEL ECONOMY MPG) AND BATTERY STATE-OF-CHARGE %)
g
L)

BATTERY STATE-OF CHARGE ~
(EPA URBAN CYCLE)

b— MPG (EPA HIGHWAY CYCLE)

NEAR-TERM HYBRID VEHICLE

" MPG (E5A URBAN CYCLE)

30 50 70 90 110 km
A [ ' 1] P 1
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URBAN DISTANCE TRAVELED

Figure 3.4-1. Battery State-of-Charge and Fuel Economy
for Urban and Highway Driving
UPDATED VEHICLE DESIGN
a0
REFERENCE ICE VEHICLE (1985 MODEL)
]
=] TOTAL ENERGY USED (FUEL & ELECTRICITY)
>
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Figure 3.4.2.

URBAN DISTANCE TRAVELED

Total Energy and Petroleum Fuel Usage in
Urban Driving
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ENERGY CONSUMPTION MEASURES

{k
!
g Table 3.4-1
|
{

(Near=Terin Hybrid Vehicle)

El Annual petrolcum fucl encrgy consumption per vehicle

compared to reference vchicle over contractor-developed miasion(a)

25,710 MT

\ savep (P
- . {¢) savE
1} E2 Annual total encrgy consumption per vchiecle compared to reference
A vehicle over contractor-developed mission (a) 3,425 MJ(b)
k“‘v SAVED
N E3 Potential annual fleet petroleum fuel cnergy savings compared 9
to reference vehicle over contractor-dcveloped mission(c) 25 x 107 MJ
E4 Potential annual fleet total ecnergy consumption(C) compared to 3.4 x 109 MJ(b)
reference vehicle over contractor-developed mission (d SAVED
ES Average energy consumption(c) over maximum nonrefueled range
E5.1 FHDC (gasoline only) 2.45% MJI/km (32 mpg)
Es.2 rupc(®) 3.59 MJ/km, 3.68 MJ/km,
3.8 MJI/km
E5.3 J227a (B) (electricity only) 2.45 MJ/km
E6 Average petroleum fuel energy consumption over
maximum nonrefueled range
E6.1 FHDC 2.45 MI/km (33 mpg)
6.2 rupc'® 1.5 m3skm (54 mpg), 2.45 MI/km (33 mpgl,
6.3 J227a {B) 0 MJ 3.4 MI/km (23.5 mpg)
E7 Total energy consumed(C) versus distance traveled starting
with full charge and full tank over the following cycles
E7.1 f£HDC 2.45 MJ/km (Not a Function of Distance)
E7.2 FUDC {See Figure 1.4.1-4)
E7.3 J227a (B) 2.45 MJ/km (Not a Function of Distance)
E8 Petroleum fuel enerygy consumed versus distance traveled

starting with full charge and full tank over the follow-
ing cycles (f)

EB.1 FHDC
E8.2 FUDC
E8.3 J227a (B)

2.45 MJ/km (Not a Function of Distance)
(See Fiqure 1.4.1-4)

0 MI/km (Not a Function of Distance}

. 1 MJ = 0.278 kWh = 948 Btu = .00758 gal gasoline

9

(. 10° MJ/yr = 452 barrels crude oil/day

/;; (a)
= on (b)
P (c)

(d)
(e)

. (f)

Mission is 11,852 mi/yr; 65% EPA urban cycle, 35% EPA highway cycle

The annual fuel and energy usaqges of the Reference ICE Vehicle (1985 model)
are 456 gallons of gasoline and 60,158 MJ. A flect of onc million Reference
Vehicles would use 60 x 109 MJ.

Includes energy needed to -jenerate the clectricity at the power plant
(35% efticiency)
For onc million hybrid vehicles replacing one million leference Vehicles

The first number corresponds to the first 50 km; the sccond number to
120 km; the third number to 425 km, at which th2 gasoline tank is empty

Docs not. include petroleum consumption resulting f{rom generation of wall
plug clectricity used by the vehicle

3=22
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3.5 INITIAL COST AND OWNERSHIP COST

& The initial and ownership costs of the hybrid vehicle have

‘ been caleulated using the methodology discussed in Section 6. AN
initial cost breakdown is shown in Table 3.5-1. The hybrid vehicle
selling price is estimated to be $7667 compared with §$5700 to: the
Reterence ICE vehicie.* The difterence in power train costs 18

3 $1562. Both the vehicle selling price and the power train cost

B difference are somewhat higher than tound previously in the Design
4 Trade-0ft Study. The difterences are due primarily to the more
detailed information that is now available concerning the size

and cost of the power train components,

- The ownership cost of tus Near-Term Hybrid Vehicle has been
o calculated from results obtained in the Design Trade-0ff Study
K task by correcting for the change in selling price ot the hybrid
3 vehicle. This was done by calculating the fixed capital recovery
= factor (FCRS) and applying it to the initial price ditterence.
The change in ownership cost was 0.63¢-mi tor the nominal set of f

econor:~ factors. The ownership costs tor the near-term hybrid
vehicle are shown in Figure 3.5-1 as a tunction of the price of
gasoline. A breakeven price ot gasoline ot aboat §1, gal is in-
dicated in the figure. At gas prices in excess ot §1.gal, the
hybrid vehicle has a lower ownership cost, resulting in the net
annual savings shown in Figure 3.5-2. The sensitivity of the
ownership costs to changes in the use pattern and the price of
electricity are discussed in detail in Appendix D, Sensitivity
Analysis.,

e i
*the Retorence ICE Vehicle selling price ($5700) v tor a 1978
Chieviolet Malibu (V-6) with antomatic transmission, air —condition-
ing, power steering, ete, The corresponding 1979 selling price
is SHR2H (source:  Automotive New:s, [97¢ M ket Data Rook lasue),
1t was assumed that the selling price ot the 1985 model Reterence
ICE Vehicle would be the same an o that in 1978 in 1978 dollars,

P L I L
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Section 4

R ALTERNATIVE DESIGN OPTIONS CONSIDERED
E AND THEIR RELATIONSHIP TO THE DESIGN ADOPTED

"E\ ': 4.1 INTRODUCTION

A summary of the alternative design optionrs 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
=l split fraction between heat engine and electric motor, battery
oA type, engine type, electric drive options, transmission type and
' gear ratios, and torque combination options.

||i

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

The power train evaluations done in Task 2 were based on
vehicle synthesis calculations and secona-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
o, second step are clearly identified in subsequent discussions.

1 All the calculations were done for five-passenger vehicles which
i would meet the minimum electric range and acceleration performance >
S specifications set in Task 1 based on the characteristics and the

Sy use-pattern of the Reference ICE Vehicle (Chevrolet Malibu).

The hybrid power train option which was selected for the y
. preliminary design task was not the one which in the calculations {
o yielded the "best" hybrid vehicle from a purely technical point- .
B 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
a) in emission standards, etc., were taken into account in addition
? to the technical attractiveness of the vehicle in selectinqg 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 trdin 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

.
)
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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 &nd 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 (or ranking) system used is the following:

+2 significantly better
+1 slightly better

0 reference (selected for the NTHV)
-1 slightly worse
-2 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.

i dilnai
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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 acceler-
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 1b and $2800, respectively. If the comparisons had
been made for a much lower power-to-weight ratio (e.g., 0.012
kW/1lb rather than .02 kw/1b) ,T 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
gigtzign Parallel* Series
Vehicle Weight 0 -X
Vehicle Cost 0 -X
System Control )
Complexity 0 +1
System Efficiency 0 -1
Enerqgy Use 0 -X

¥Tncluded in HYVEC studies

*As shown in Firnre 2.2.2~1, this power-to-weight ratio is needed

tor sate passing in two-lare highways (55 mph) and on that basis
has been «elected as the design value for the Near-Term 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 calcula-
tions were made using a composite flywheel or high-power density
lead-acid batteries as the secondary storage unit to reduce the

power requirements on the primary battery.

The calculations in-

dicated that for the power-to-weight ratio of interest (Kp =

0.02 kW/1b) there was not a significant reduction ir 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. A3 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.
Tahle 4.3-1
SECONDARY STORAGE (FLYWHEEL) CONSIDERATIONS
Without With Secondary
Declision Secondary Storage(a)
Factors Storage (flywheel)
Vehicle Weight 0 +1
Vehicle Cost 0 =1
System Control Complexity 0 -1
Storage Unit Availability 0 -X
Transmission Requirements(b)
and Availability 0 =X
System Efficiency and
Packaging Requirements 0 -2

(a) composite flywheel
(b) continuously variable transmission

*Included in HYVEC s tudies

o e
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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, Fyg, 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 1 - FHg. 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 lead-acid and
Ni-Zn batteries, Fyp equal to about 0.6 results in a near-minimum
vohicle weight for Kp = 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 Fyg 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 Fyp 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
eagine 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 hattery type and size for the hybrid vehicle
was based on vehicle synthesis and detailed simulatioen calcula=-
tions. Vehicle designs were studied using the following types
of batteries:

ISOA lead-acid

Advanced lead-acid (not shown in Table 4.%5-2)
Ni~-Zn

Ni-Fe

Li-st

e o T ——— e

The characteristics of the various batteries are discussed in de-
tail in Appendix B, Volume I, 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 4.5-2.

lead-acid battery in Table 4.5-2. 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. ' 4
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-Zn 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-2n.

}
%
§ The various battery systems are rated relative to the ISOA
?

As noted in Table 4.5-2, Ni-2Zn batteries have both signifi-
cant advantages and disadvantages. The advantages are high energy
density and good power characteristics. The disadvantages are 1
inadequate cycle life and difficulty in determining the state-of- N
charge. These disadvantages have persisted for a number of years
" making the availability by 1982 of Ni-2n batteries having satis-
o factory life and charging characteristics very uncertain. 1In
addition, most projections of the cost of Ni-Zn batteries indicate
values considerably higher than for lead-acid. For these reasons,
it was decided to use the ISOA lead-acid batteries in the Near-
Term Hybrid Vehicle. The vehicle desic can, however, easily
N accommodate Ni-Zn batteries if sufficieui progress is made in
PR their development in the next few years.
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PATTERY TYPE CONSIDERATIONS

Table 4.5-2

Battery Type

Decis ion TSOA
Factor lead-acid?* Ni—-2Zn* Ni=Fn¥ .i—8
Energy Dens ity 0 +2 +1 +2
Power
Characteristic 0 +1 =X 0
Cycle Life 0 =2 +2 =1
Initial Cost 0 =1 -1 +1
Near-term
Availability 0 -2 -1 -X
Maintenance
and Charging 0 -1 -2 -1
*Included ir HYVEC studies
+Lithium Aluminum Iron-Sulfide (LiAl-FeSx).
4-8
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4.0 ENGINE TYPE

An indicated in Table 4.6-1, selection of the heat engine
for the hybrid vehicle was dependent on a number of factors.
ey considerations were engine weight and size as they affect
pownr train packaging cnd the current state-of-development of
the engines as it affecrs availabilit:. Based on packaging and
near=-term availability conaideorations, only the reciprocating
gasoline and turbocharged dicsel engines could be considered
for use in the Near=-Torm lybrid Vehicle. A rotary gasoline
engine could have been considered if a single rotor engine of
about 70 hp had been available in a highly developed state
rather than the two rotor engine (100 hp) used by Mazda in the
RX-7. The naturally-aspirated (NA) diesel could have been used
if 50 hp had keen sufficient to meet the peak power requirements
of the Near-Term Hybrid Vehicle designed. 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 *

-

Lo Reciprocating Naturally
Decision ~ h S Turbocharged Rotary Cov s Gas
casoline (fuel Aspirating : a . . Stirling

Factors injected) (@) Diesel Diesel Gasoline Turbine
weight (&) 0 -2 -1 +1 - +1
size P o -x -1 +1 -x +1

B
Cost”"' 0 -2 -1 -1 -2 -2
Control h
(on/off mode) 0 -1 -1 -1 -1 -2 g
Fuel (e
Economy ‘¢’ 0 +2 +2 0 +2 -1 {
Emissions(c) )
Gases 0 0 0 -1 +1 -1
Particulates 0 -2 -2 0 0 0

Transmission
Requirements 0 0 0 0 0 -X .
Near-Term (di
Availability 0 0 -1 -x -X =X
(a) Included in HYVEC studies i
(b) Engine characteristic
(c) Vehiele characteristic

(d) Single rotor enqgines with 70-80 hp are not presently available

The characteristics of various types of heat engines are discuss:d
in detail in Appendix B (Vol. I), Sec. 3.2. Characterization of
heat engines in a single table is not possible and the reader 1

shovld consult Appendix B for the basis of the rankings given in
Table 4.6-1.
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Hybrid vehicle simulation calculations were made using
boti: reciprocating gasoline and turbocharged diesel engines.
The diesel engine yields higher fuel economy in urban driving
for »ll ranges with the advantage of the diesel being 25% for
rarses 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 eadvantage of the diesel powered hybrid is significantly
reduced because the higher energy content (per gallon) of the
diesei fuel is included in that calculation. The total enerqgy
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 engine-powered hybrid vehicles
would easily meet the 1982 emission standards of 0.4 g/mi HC and
3.4 ¢/mi Co for ranges up to at least 75 mi. The untreated
NO, emissions of the diesel-powered hybrid are lower than for
thd c;asoline 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 lePel. Meeting an NO_ standard of 1.0 g/mi for
ranges up to 75 mi would not oresent difficulty with either
eng.ne. However, meeting a standard of 0.4 g/mi NOx would be
considerably more difficult with the diesel because the three-
way ~atalyst 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 3/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 % VW gasoline
angiine 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 cold-start capability of the diesel
engine in the on/off operating mode. The fuel economy advantage
nf the diesel is attractive, however, and both the particulate
emission and potential cold-start problems of diesel should be
studied further in Phuse 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.

4=10 .
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4.7 ELECTRIC DRIVE OPTIONS

The major clectric drive system op ‘mons considered wer the
dc scparately excited motcor with armatuie voltage control o
battery switching and the ac induction motor with a pulsed-width
modulated (PWM) inverter. 1In both cases, the power conditioning
unit would use high-power 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 4.7-1.

Table 4.7-1

ELECTRIC DRIVE SYSTEM CONSIUERATIONS

dc-Battery dc-Armature ac Induction Motor
Decision Factors Switching*® Control* and PWM Inverter
Size/Weight 0 0 +1
Cost 0 -2 -2
Vehicle Control 0 +1 +1
Efficiency 0 0 +1
Ruggedness 0 -1 -1
Near-Term
Availability 0 i 0 -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 fzilure 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.

4=11
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4.8 TRANSMISSION TYPE AND GEAR RATIOS

The tran:-mission options considered included gearboxes taken
from conventional automatic and manual synchromesh transmissions
and a steel-belt, traction-drive continuously variable transmis-
sion (CVT). The options are rated in Table 4.8-1 relative to the
automatically shifted gearbox which was selected for use in the
hybrid vehicle.

Table 4.8~-1

TRANSMISSION SELECTION CONSIDERATIONS

o Automatic Synchromesh Steel-
Decision Gearbox Gearbox belt
Factors (3 speed)* (4-speed) * CVT*
Weight/size 0 0 -1
Cost 0 0 -1
Component
Efficiency 0 +1 -1
Power Train
Control 0 -2 +1
Vehicle
Fuel Economy 0 +1 +2
Near-term
Availability 0 0 -X

*Tncluded in HYVEC studies

As indicated in the table, both the synchromesh gearbox
and the CVT weould yield better urban and highway fuel economy,
based on hybri ' vehicle simulation calculations, than the
automatically shifted, three-speed gearbox. The four-speed
synchromesh gearbox yielded better fuel economy by 5-10% because
of its higher gear ratio range and the absence of hydraulic
pumping losses. The prime disadvantage of the synchromesh gear-
box is the difficulty in providing smooth, automatic shifting
and power train control during the inevitable transients resulting
from shifting. The automatic, hydraulically shifted gearbox has
internal clutches and bands which permit power transfer during
the shift and thus significantly rcduce the transients resulting
from the shift.

The steel-belt 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 speeds. In addition, the infinitely variable

4=12
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character of the CVT significantly reduces transicnts during
speed changes and thus simplificg the control of the power train.
Discussions with thec developer of the steel-belt CVT, Borqg Warner,
indicated that the transmission would not be available before
1985 and that considerable special development would be required
for the hybrid application. Hence the CVT was not considered

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 X~body 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 three-speed unit with an overall gear ratio of 2.85.
It would be desirable to utilize a four-speed gearbox having

a higher overall ratio if one with the proper shaft configuration
should become available in 1980 or 1981.
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4.9 TOROUE COMBINATION OPTIONS

The two options considered for combining the torque of the
clectric motor and heat engine arc 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 usc of two over-running clutches to maintain the
heat engine and electric motor in their opurating 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, Sec. 3.5.4.

It was concluded that the added complexity of the power di

f-

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.

4-14
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ENGINE — J_ TRANSMISSION
ELECTRIC
MOTOR

Single-Shaft Torqu2 Combining Arrangements

ELECTRIC HEAT ENGINE
MOTOR
1 L
SUN PLANETARY RiNG] T CHUTCH
L
} —  POWER DIFFERENTIAL
OVER-RUNNING UNIT
CLUTCH B
OVER-RUNNING~] =
CLUTCH GROUNDED
TRANSMISSION
:

Schematic of the power Differential Arrangement.

Figure 4.9=-1. Torque Combination Options
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Seoction &
CESCRIPTION OF COMPUTER SIMULATIONS
5.1 INTRODUCTION

Computer Simulations, their use, thc task on which they werc
used, and the user/devcloper are given in this scction. As showrn
in Table 5.1-). extensive us¢ was made of computer simulations in
ali tasks of the Phase I Study. Some of the conputer programs
were developed especially for the hybrid vehicle studies and others
were available and in routine usc as a vehicle design tool. In
this report, only those 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.
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5.2 DAILY TRAVEL STATISTICS

' A computer program was developed to analyze daily travel

- statistics, i.e., the fraction of days and the fraction of annual
milee traveled on days for which the total miles traveled was
less than a specified value. The ealeulation procedure vsed is
shown schematically in Figure 5.2-1. The inputs to and outputs
from cach step of the ealculation are indicated in the fiqure.

In essence the daily travel statisties are calculated frem 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.q., 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 HYBF.D VEHICLE &ES:: .« (HYVELD) CALCULATIONS

The computer program (HYVELD) was developed as part of the
Design Trade-off Study. It was used extensively to perform the
first step in the screening of the various power train configur-
ations and component combinations. 1In addition, it was used as
the primary tool in the Sensitivity Analysis Studies (Task 4).

A complete listing of the prngram is given in Appendix B, Volume
IXI.

As indicated in Figure 5.3-1, the HYVELD calculation pro-
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 configurations 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 ¢f 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 Jone sequentially for -
all-electric, 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-2Zn, 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 ($/gal),
and net dollars saved or lost ($/yr) for specified unit energy
costs, economic conditions (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.

Energy-use 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 expressed both in terms of enerqgyr 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- 4
respondina values for the hybrid/electric vehicles. Fuel and
energy se ings are then determined for each power train combina-
tion.

te
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5.4 HYBRID VEHICLE SIMULATION CALCULATION (HYVEC)

The computer program (HYVEC) 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. HYVEC was also used in the Preliminary
Design Task to update the hybrid vehicle energy-use 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 narticular 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-of-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 AH-rating at the €/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 consun;-
tion and emissions characteristics are input as maps of bsfc
and bSem (brake specific emissions - HC, CO, NOy, particulates)
as functions of percent spesed 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 hydraul-
ically shifted. The steel-belt 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, speed-dependent loss term for the cvr,
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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 electrie 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 ot 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. 1In
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 rfor 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.
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Section 6
ECONOMIC ANALYSES
6.1 INTRODUCTION

Initial and ownership costs of the hybrid vehicle relative to
+he Reference ICE Vehicle (1985 model) are important factors in de-
termining the marketability of the hybrid vehic'e. 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. Aimost 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 eimilar to that de-
signed in Task 3.

The results of the Task 2 and Task 4 studies, including the
economic ealculations, are presented in detail in Appendices B
and D. HKence, in this report, the methods used in the economic
analyses are emphasized and the results cbtained are considered
only in general terms. In particular, guantitative 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

6.2.1 DETERMINATION OF COMPONENT COSTS

o The costs of the components in the hybrid power train were
" calculated using specific cost values ($/kW or $/kWh) assigned
] to each component. The specific cost values were determined as
”Q part of the Design Trade-Off Study.* For the electric motor and
EY power electronics, including the microcomputer, the specific
cost values used were based on the results of a cost study done
by GE as part of the GE/DOE Near-Term Electric Vehicle Program.
The specific costs of the heat engine and transmission were based
on published and unpublished results of the Pioneer Engineering
and Manufacturing Company for conventional ICE automobiles. For
the batteries, the specific cost ($/kWh) of the various types

was taken from the published cost goals for the DOE/ANL battery
programs.
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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

2 S

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., kW or kWh rating of the com-
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 ($/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 Near-Term Hybrid Vehicle calcu-
lated using OEM component costs and a markup factor of 1.3 agrees
well with that calculated starting from component manufacturing
costs and a multiplication factor of 2.0 as suggested in the
Electric and Hvbrid Vehicle Cost Handbook prepared by JPL.

*Appendix B, Volume I, Section 3.
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6.2.3 CALCULATION OF THE OWNERSHIP 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

¢ Depreciation

® Battery replacement cost

® ruel and electricity costs

® Routine maintenance and repair costs

@ 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
z (Nv-k)
Resale Value _ k=0
Original Value Ny
r k
k=1

where Ny is the lifetime of the vehicle and Np
period of the first owner.
is then

is the finance
The nonlinear depreciation factor

ZNV - NF + 1

Nv + 1

NLLF =
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The annual cost of depreciation ‘ACD) for the vehicle can se
written as

ACD = (NLLF) (FF) (FRCV) (VIC)
where 1

VIC = Vehicle initial cost (less batteries)

Finance factor = NE IRE __ %

1 - (1 + IRg) NF

FF

FRCV

Fixed recoveryv factor

_ DR - IF/1l + iF

1 - [L+ DR -NV
I + IF

The economic condition factors used are defined as follows:

IRE = Effective interest rate = (1 - Tx)IR
Tx = Tax rate

IR = Interest rate

DR = Discount rate

IF = 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 = (FF) (FRCB) (BC)
where
BC = Battery cost (less salvage value) 1
FF = Finance factor
- FRCB = Fixed recovery factor :

')VJ’\:;L"
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wYL

_DbR=-1F f, _ [L + DR
1 + TP 1 + IF

Yo, = Battery Life (years)

i)

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/discharce 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 calculations.

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 anrual niles traveled.

The fuel costs (¢/mi) for the Reference :CE Vehicle were
calculated from input values of miles per gallon for urban and
highway driving.

6.2.3.4 Routine Maintenance and Repair Costs

All maintenance and repair costs, with the exception of
battery replacement, were included in the category of routine
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maintenance and repair. The maintenarce costs of the hybrid
vehicle (MCHV) were referenced to those of the conventional
ICE vehicle (MCCV) as

MCHV = (1 - 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 1978 dollars. It is felt that after the hybrid
vehicle is highly developed and road-tested, 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.
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6.3 MAJOR FINDINGS

Extensive calculations were made in Ta ks 2 and 4 dealing
with the cconomic attractiveness of the hybrid vehicle relative
to the Reference ICE Vehiecle. The results of those calculations
for various hybrid vechicle designs arc discussed in detail in the
final reports of those tasks (Appcndices B and D). In this
section, the majer findings of the cconomic 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 vehicie
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/gal. 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 ‘uel 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 pene-
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 7

MAINTENANCE AND RELIABILITY CONSIDERATIONS

7.1 INTRODUCTION

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 7jarding maintenance and re-
liability of the hybrid vehicle  ,iven in Appendix C, Section 4.8.

7.2 MAINTENANCE 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. Considerable thought 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 . raking 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 ktave 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 road-tested. This assumption is primarily
based on the less frequent need for engine maintenance/tune-ups
and the expectancy that the electric motor/electronics are rela-
tively maintenance free. It was also assumed that with proper
desion of the nonpropulsion components,* the effective lifetine
(miles or years) of the hybrid vehicle could be extended beyond

#*hdditional chassis and running gear cost (5%) has been included
for the hybrid vehicle.

7-1
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Table 7.2-1

MAINTENANCE FOR DOE/GE NEAR-TERM ELECTRIC VEHICLE

Maintenance
Item

Maintenance Action

F requency

| Propulsion
i Batteries

Flame
Arresters

Watering
Tubing

AC Power
Cord

108 Volt DC
System

Ground-Fault
Current
Interrupter

High-Amperage
Heavy Cabling

1 ¢
toF M by it 7
e et s,

Drive Motor
Brushes, Com-
mutator
Cleanliness

.

A T

Drive Motor
Brushes

Perform watering procedure

vent valves

Check watering/venting tub-
ing for evidence of cracks,
Pinching, looseness on
fitting

Perform equalization pro-
cedure

Drop battery tray and clean
battery tray of debris

Check specific gravities
or open-circuit voltage
Inspect and clean

Replace Flame Arresters
Inspect and move or replace

flattened section of off-
board watering tubing

Inspect for frayed or
broken wires

Validate isolation of 108
ac system from chassis

Check normal ¢rip mechanism
via test button

Inspect cable from battery
to OD switch to PCU and
mnotor

Inspect

Replace

Check operation of watering/

charges
Every 6 months

Every 6 months

Every 6 months
Every 2 years

Every 6 months

Every 2 months

Every 6 months

Every 6 months

Every 6 months

Every 2 years

Every 2 months

Every 2 months

Once every 7 normal

Every 12 months

Every 6 months and when
battery compartment
removed from vehicle

S e e T T

U A
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that of the Reference ICE Vehicle because of the expected longer

T . calendar life of the heat engine and the longevity of the electric

Y drive components. A hybrid vehicle life of 12 years or 120,000

| miles was used in the cost calculations. It would, of course, |
8 be necessary to replace the battery pack several times during the

E 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 shculd 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- B
ate on either of the drive systems alone, but at reduced perfor- :
mance. i

It is difficult to assess quantitatively the vehicle mainte- : 74
nance and reliability factors (P14 through P16). If the probab-

ability of a failure for each of the components in the power train 1
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 coula
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. 1In
addition, suitably designed electrical/electronic components have
less freguent 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 or rebuilt one as is done with '
alternators, starter motors, and electronic ignition systems '
in conventional vehicles. 1In 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 i
P14 through P16 are estimated qualitatively in Table 7.3-1 in !
relation to the Reference ICE Vehicle only after the hybrid 1
vehicle is well-developed and road~tested. Hence the maintenance/

reliability factors are intonded only as lony-term design goals )
of the hybrid vehicle development program. i

[ S
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)
J Table 7.3-1

{: VEHICLE MAINTENANCE AND RELIABILITY FACTORS*

vY Estimate Relative
o Factor to ICE Vehicle

o, Pl4 Reliability
P14.1 Mean usage between failures - | same as or less fre-
power train quent failures

P14.2 Mean usage between failures -| less frequent failures
friction brakes

Pl14.3 Mean usage between failures -| same as or less fre-
vehicle querit failures

P15 Maintainability

P15.1 Time to repair - smaller
mean

P15.2 Time to repair - smaller
variance

P16 Availability

Minimum expected utilization rate higher
defined as time in service divided
by the sum of time in service and
time under repair

*Compared with an ICE vehicle atter the hybrid vehicle is well
developed and road-tested
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Section 8
DESIGN FOR CRASH SAFETY

8.1 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 Fiqure 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.

Af ter the base vehicle (Malibu) simulation was completed,

a series of calculations was made to study the following hybrid
vehicle factors:

® Longitudinal and transverse heat engine package
without a battery pack

® Both engine configurations with battery packs in-
stalled behind the heat engine
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Ml - body Ke = engine mount (rearward)
—. M2 - engine/drive system K6 - engine mount (forward)
X My - cross member/unsprung mass K, - transmission (rearward)
N My, - battery Kg = transmission mount
(forward)
M5 - Dbarrier
Kg - drive system/firewall s
Kl - upper sheet metal
KlO - battery/firewall
r, - radiator/engine front
Ky - engine/battery :
K3 - front frame rails
Kyp - battery containment
K4 - rear frame rails structure

Figure 8.2-1. Schematic of the Hybrid Vehicle
Forward Structure and Components
for Crash Simulation
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NEW REAR
HATCHBACK

MALIBU

CHEVROLET

NEWLY STYLED WNOSE

NEW UNDERBODY

NEW FRONT STRUCTURE
WITH CATWALK

Hybrid vehicle Body Structure,

Exploded View

Figure 8.2-2.
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e standard and soft battery pack crush character-
istics
® Structural component changes
® variations in vehicle height
The cases calculated and the results obtained are summarized in

Table 8.2-1. The details of the crash simulation studies are
given in Appendix C, Preliwminary Design Data Package.
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8.3 CRASHWORTHINESS ANALYSIS CONCLUSIONS

The following conclusions were derived from the crash simu-
lation study:

(1) The Transverse Drive System (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 8.3-1 and 8.3-2. 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 res.lt 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.
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