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PREFACE 

The Near Term Electric Vehicle (NTEV) Program is a constituent 

element of the overall national Electric and Hybrid Vehicle 

Program that is being implemented by the Department of Energy 

in accordance with the requirements of the Electric and Hybrid 

Vehicle Research, Development, and Demonstration Act of 1976. 

Phase II of the NTEV Program is focused on the detailed design 

and development, of complete electric integrated test vehicles 

that incorporate current and near-term technology, and meet 

specified DOE objectives. 

The activities described in this Mid-Term Summary Report are 

being carried out by two contractor teams. The prime contractors 

for these contractor teams are the General Electric Company and 

the Garrett Corporation. This report is divided into two discrete 

parto. rarl 1 (yellow pages) describes the progress of the 

General Electric team and Part 2 (pink pages) describes the 

progress of the Garrett team. 
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General Electric Company 
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ABSTRACT 

The activities described in this Mid-Term Summary Report are 
being carried out by the General Electric Company and its subcon­
tractors under Contract No. EY-76-C-03-1294 with the u.s. Depart­
ment of Energy (DOE) as part of the Near-Term Electric Vehicle 
Program (Phase II). This report covers the period from April 1977 
through April 1978. 

The program described in this report will result in the de­
velopment and delivery to DOE of two Integrated Test Vehicles in­
corporating technology improvements for energy-efficient opera­
tion. The vehicles will meet the DOE Near-Term Objectives shown in 
the report and will be designed for adaptation to future production 
requirements specified by Public Law 94-413. 

The Mid-Term Summary Report covers developments in the areas 
of system analysis and design, subsystem analysis and design, and 
test and evaluation. Significant technical accomplishments which 
are described include aerodynamic design and testing to achieve an 
extremely low-drag body design and development of a lightweight 
vehicle structure which will satisfy the current Federal Motor Ve­
hicle Safety Standards. 

Achievements in the electrical drive subsystem include the de­
sign of a highly efficient de drive motor, improvements in the 
motor controller technology, and the development of high-power, 
low-cost transistor power modules. An improved lead-acid traction 
battery has been designed, which promises to provide a 25% increase 
in energy density as compared with present commercially available 
batteries. By the proper integration of these technology advance­
ments, it is predicted that the Integrated Test Vehicles will sat­
isfy DOE's objectives for performance, safety, and producibility. 

iii 
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Section 1 

INTRODUCTION 

PROGRAM MANAGEMENT 

The activities described in this report are being carried 
out by the General Electric Company and its subcontractors under 
a contract with the u.s. Department of Energy (DOE). This work 
is part of the Near-Term Electric Vehicle Program being adminis­
tered by DOE in accordance with Public Law 94-413, the Electric 
and Hybrid Vehicle Research, Development and Demonstration Act 
of 1976. Management responsibility for the Near-Term Electric 
Vehicle Program is within the Division of Transportation Energy 
Conservation under the Assistant Secretary for Conservation and 
Solar Applications. Messrs. V.J. Esposito and P.J. Brown are the 
DOE Program Manager and Deputy Program Manager respectively of 
the overall national ELECTRIC & HYBRID VEHICLE PROGRAM of which 
this Near-Term Electric Vehicle Program is a major element. 

R.S. Kirk and G.J. Walker are the DOE Program Director and 
Program Manager respectively of this Near-Term Electric Vehicle 
Program. General Electric's contract is administered by the San 
Francisco Operations Office of DOE; Mr. J. Hirahara is the respon­
sible Contract Specialist. The organizational relationships within 
DOE are shown in Figure 1-1. 

Technical management of the General Electric contract is the 
responsibility of the Jet Propulsion Laboratory (JPL) of Pasadena, 
California. Mr. Thomas A. Barber is Manager of the Electric and 
Hybrid Vehicle Systems Project at JPL. The Contract Technical 
Manager for General Electric's contract is Mr. T.A. Almaguer. 

Within the General Electric Company, primary responsibility 
for the Near-Term Electric Vehicle Program has been assigned to 
Corporate Research and Development (CRD), at Schenectady, New York. 
Mr. E.A. Rowland is the Program Manager. The relationship of CRD 
to other elements of the General Electric Company is shown in Fig­
ure 1-2. 

The General Electric program organization for the Near-Term 
Electric Vehicle Program is shown in Figure 1-3. Project leaders 
within GE/CRD are identified in this figure along with Project 
Managers for each major subcontractor. Also shown in Figure 1-3 
are other departments of General Electric who are contributing 
to the design and development of the Integrated Test Vehicles (ITV). 
Table 1-1 provides an explanation of the roles performed by each 
contractor under this contract. 

The Chrysler Corporation has a major role in the electric 
vehicle program, with responsibility for design and development 
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Southwest 
District 
Office 

Program 
Coordinator 

0. Dyes 

Sa11 Francisco 
Operations Office 

Joe LaGrone, 
Acting Manager 

-~--

Contract 
Services 
Division 

G. Maki, Chief 

Contract 
Specialist 

J. Hirahara 

Figure 1-l. 

Secretary 
of 

Energy 

James P. Schlesinger 

I 
I 

Assistant Secretary for 
Conservation and Solar 

Applications 

Donald A. Beattie, 
Acting 

I 
Division of 

Transportation 
Energy Conservation 

Vincent J. E!>pnsitn, 
Director 

I 
Assistant Director for 

Electric and 
Hybrid Vehicle Systems 

Paul J. Brown 

I 
Electric Systems Branch 

Dr. Robert Kirk, 
Chief 

I 
Jet Propulsion Vehicle Systems 

Laboratory Developments 
Electric and -

Hybrid G.J. Walker, 

Vehicle Project Program Manager 

T.A. Barber, Mgr. 

I 
Contract 
Technical 
Manager 

T.A. Almaguer 

DOE Organizational Elements 

of all vehicular syst~ms, fabrication and assembly of the Inte­
grated Test Vehicles, and performance of integrated vehicle tests. 
The key members of Chrysler's program staff are identified in Fig­
ure 1-4. Also identified in this figure is Chrysler's design and 
fabrication subcontractor, Modern Engineering Services of Detroit, 
Michigan. 
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TABLE 1-1 

CONTRACTOR RESPONSIBILITIES 

Contractor 

General Electric/CRD 

Chrysler Corporation 

ESB, Inc. 

Globe-Union, Inc. 

Triad Services, Inc. 

General Electric/DCM&G 

General Electric/ICPD 

General Electric/OS 

General Electric/SPD 

Role in Program 
- -

• Prime Contractor & System Integrator 

• Development of Electrical Drive 
Subsystem 

• Development of Power Transistor 
Modules 

• Development of Vehicle Subsystem 

• Vehicle Fabrication and Assembly 

• Integrated Vehicle Testing 

• Consultant, Battery Modeling and 
Regenerative Braking 

• Development of Lead-Acid Battery 

• Battery Subsystem Integration 

• Battery Fabrication and Testing 

• Phase I Vehicle Design 

• Consulting, Phase II 

• Design of DC Drive Motor 

• Drive Motor Fabrication & Testing 

e DC Contractors & Controls 

• Consulting, MotO! Controllers 

• Mechanical & Thermal Design 

• Packaging of Drive System Electronics 

• Environmental Testing 

• Power Transistor Fabrication 

l-6 



PROGRAM OBJECTIVES 

The general objective of the Near-Term Electric Vehicle 
Program is to confirm 

1. That, in fact, the complete spectrum of requirements 
placed on the automobile (e.g., safety, producibility, 
utility) can still be satisfied if electric power train 
concepts are incorporated in lieu of contemporary power 
train concepts, and 

2. That the resultant set of vehicle characteristics are 
mutually compatible, technologically achievable, and eco­
nomically achievable. 

The approach to meeting this general objective is focused 
on the design, development, and fabrication of complete electric 
vehicles incorporating, where necessary, extensive technological 
advancement. 

The program described in this report will result in the 
development and delivery to DOE of two Integrated Test Vehicles 
(ITVs) incorporating technology improvements for energy-efficient 
operation. The Integrated Test Vehicles will meet the DOE Near­
Term Objectives shown in Table 1-2 and will be amenable to mass 
production in the early 1980s. 

Specific DOE vehicle performance and characteristic objec­
tives for this program are presented later in this section under 
"Technical Approach." These objectives define a four-passenger 
car similar in concept to today's subcompact vehicle, which is 
widely used for urban transportation and commuting service. 
The driving mission for this car is specified by means of the 
Society of Automotive Engineers J227a (Schedule D) driving cycle, 
which is representative of urban stop-and-go driving. 

The electric car resulting from this program must be suit­
able for future production at a cost comparable to conventional 
(internal combustion engine) autos. When produced in quantities 
of 100,000 or more per year, the electric car should be available 
at a consumer price equivale~t to $5000 in 1975 dollar~. Life 
cycle cost must not exceed $0.15/mile, on the basis of a ten-year 
life-span and 10,000 miles of operation per year. 

Performance objectives specified for the electric car include 
a range of 75 miles in simulated urban driving, acceleration from 
0 to 30 mph in nine seconds, and a top speed of 60 mph. Hill­
climbing capability on a one-mile-long grade will be sufficient 
to maintain 50 mph on a 5% grade. To meet these performance re­
quirements an improved lead-acid battery which delivers an energy 
density of 17 Wh/lb must be used. Significant improvements in de­
sign and efficiency are required, to meet these performance objec­
tives, as compared with present commercially available vehicles. 
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TABLE 1-2 

DOE OBJECTIVES 

Parameter 

Minimum passenger capacity 

Maximum curb weight, lbs 

Minimum urban range (J227D), miles 

Maximum initial cost, projected, 1975 

Minimum life, miles 

Minimum life, years 

Maximum life-cycle cost, projected in 
1~75 do1Jars/mile 

Cost of energy in dollars/kWh 

Maximum electric recharge ener.gy in 
urban driving~ kWh/mile 

Maxjmum rE:!chargc timP., hr 
(115 volts, 30 amperE:! service) 

Minimum top pas~ing speed, mph 

Minimum top cruising speed, mph 

Minimum accessories 

Safety features 

Minimum unserviced park duration, day 

Maximum years till production ready 

Maximum critical materials required 

Near-Term DOE Objectives 

4 adults 

Open 

75 

5000 

100,000 

10 

0.15 

O.O!:i 

0.5 

6 

60 

55 

Heater/defroster, 
on-board charger 

FMVSS requirements 
at time of contract 

7 

5 

Few 

Minimum accelerat:ion (0-30 mph), sec 9 

Minimum mPrgin4 time (25-S5 mph), sec 18 

sustdined spec~ on 5% one-mile grade, 
mph 50 

Maximum scheduled maintE:!nance, 
dollars/mile 

Minimum ambient temperature range, °F 

Interior noise 

Turning and bra~ing 

TECHNICAL APPROACH 

0.02 

-20 to +125 

Minimum 

No power assist required 

The specific technical approach to be implemented in the Gen­
eral Electric Integrated Test Vehicle includes the following de­
sign features which have been identified as key requirements by 
DOE: 

• Regenerative Braking -- The vehicle will utilize regP.n­
eiative -"'Eral<lrig to recover electrical energy during 
periods of deceleration. 
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• Inte rated Pro ulsion Control/Char in -- Onboard elec-
tronlcs w1ll e for attery charging, and the 
charger function will be integrated with propulsion 
control electronics to minimize size, weight, and pro­
duction cost. 

• Microi?rocessor Control -- A microprocessor will be 
utiTized to prov1de on-line supervisory control of the 
electric propulsion system, including acceleration, 
cruise, and regenerative braking modes. In addition, 
the microprocessor will provide monitoring and control 
functions associated with operator displays, warning 
indicators, battery charging, and emergency overrides. 

• Transistorized Controls -- DC chopper controls for the 
vehicle arivemotor armature and field will be imple­
mented with high power transistors selected or devel­
oped to meet the vehicle power requirements and operat­
ing environment. Packaging of power transistors will 
be accomplished in the manner that is more amenable 
to future low-cost production. 

• Inte~rated Power Modules -- An objective of the Gen­
eral Eleclric ae·sign -program is to furnish integrated 
power modules for both armature and field choppers. 
These modules will consist of high-current, low-cost 
transistors packaged and bonded directly to a heat 
sink for simple plug-in or bolt-down replacement. 

DESIGN GOALS 

Specific design goals were established at the outset of this 
program for each subsystem of the Integrated Test Vehicle. These 
goals are summarized in Table 1-3. 

WORK BREAKDOWN STRUCTURE 

The General Electric contract effort has been organized into 
manageable work packages as depicted in the work Breakdown Struc­
ture (WBS) of Figure 1-5. The WBS provides a convenient method 
to define and assign responsibility for all major technical tasks 
under the contract. In general, the division of work has been 
planned so that a single organization has responsibility for each 
work package. Responsibility for the coordination of work pack­
ages within each major WBS element is assigned to one contractor, 
who is then responsible for delegating and supervising any subcon­
tract work within his area of responsibility. A summary of the 
major contractor responsibilities, by WBS element, is shown in 
Table 1-4. 
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Subsystem 

Vehicle Body/Structure 

Vehicle Chassis & 
Drive Train 

Electrical Drive Subsystem 

Battery Subsystem 

TABLE 1-3 

DESIGN GOALS 

Critical Parameter 

Aerodynamic Drag 

Vehicle Curb weight 

Rolling Resistance 

Vehicle Curb Weight 

Regeneration Braking 

Transmission Efficiency 

Motor Speed Range 

Motor Efficiency 

Max. Armature Current 

Armature Chopper Effici~n~y 

Field Cltupper/B;.t:tP.ry 
Charger Effioi~ncy 

Size and Weight 

Energy Density 

Power Density 

Cycle Life 

Design Goal 

CDA product .i 5.7 ft 2 

we .i 3000 lb 

Drag force .$. 9 lb/1000 lb 

we .$. 3000 lb 
Range increase 2 15% 

n = T 98% at 45 mph cruise 

2:1 with field control 

90% at full load 

400A for 5% grade @ 50 mph 

97% @ full load 

>90% in both modes 

100 lb & 2.~ ft3, m~x. 

17 Wh/lb at 3 hour rate 

100 W/lb maximum 

500 cycles to 70% discharge 

TABLE 1-4 

CONTRACTOR ASSIGNMENTS BY WBS 

Contractor 

General Electric 

Chrysler Corporation 

Globe-Union, Inc. 

WBS Element~ 

1.0, ~.0, 3.2, 4.0, s.o, 6.0 

3.1, 4.3, 4.6, 5.2, 5.3, 6.0 (Inputs) 

3.3, 6.0 (Inputs) 
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Figure 1-5. Contract Work Breakdown Structure (WBS) 



PROGRAM SCHEDULE 

A summary schedule for the General Electric contract effort 
is shown in Figure 1-6. The 24-month contract started on April 28, 
1977 and is scheduled for completion by April 28, 1979. Program 
milestones have been established for each WBS element; these mile­
stones provide the basis for measuring technical progress versus 
plan, and this progress is reported monthly to DOE. 

PROGRAM STATUS 

This section describes the status and findings of the Gen­
eral Electric contract one year after contract go-ahead. The 
systems engineering phase (conceptual design, trade-off studies, 
performance analyses, and specification development) has been com­
pleted. Performance goals and design criteria established during 
this early phase have been translated into design layouts, cir­
cuit designs, and working "breadboard" hardware. Detailed design 
and fabrication of subsystems are now underway, leading to the 
final assem~ly of test vehicles which will occur near the end of 
calendar year 1978. A brief summary of the technical progress 
in each WBS category is presented here; further details can be 
found in later sections of the report. 

S:i_stem __ Anal~sis a~? De_~ign 

Based on a thorough analysis of the DOE Near-Term Objectives 
and Statement of Work requirements, design concepts were formu­
lated for the Integrated Test Vehicle. Design studies carried 
out during the Phase I portion of this contract provided a st~£t­
ing point for the development of a compliant Phase II design. 
Additional studies and tradeoffs were necessary, and these were 
performed with the aid of computer simulation programs developed 
by General Electric for the purpose of accurately predicting ve­
hicle performance under the specific operating conditions set by 
DOE. 

By reiterating the performance prediction programs while 
varying a number of vehicle design parameters, target performance 
values were selected for each vehicle subsystem. These perfor­
mance targets were then documented in the form of system and sub­
system specifications which control the total vehicle design. 
Separate specifications were developed for weight control and 
power loss control, to ensure a continuing emphasis on weight re­
duction and energy effiGiency. System and subsystem performance 
specifications were issued early in the program and have been up­
dated to reflect changes determined by subsequent analyses. 

(l)"Near-Term Electric Vehicle Program, Phase I, Final Report," 
SAN/1294-1, General Electric Company, Corporate Research and 
Development, August 1977. 
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1977 1978 1979 

MAJOR WORK ELEMENTS MONTHS FROM START I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 19 2c: 21 22 23 24 

M J J A s 0 N D J F M A M J J A s 0 N D J F M A 

1.0 PROGRAM MANAGEMENT AND INTEGRATION 

2.0 SYSTEM ANALYSIS AND DESIGN 

3.0 INTEGRATED TEST VEHICLES 

3.1 Vehicle Subsystem L~R 
3 .1.1 Body Structure 

3.1. 2 Chassis, Steering, Suspension 
and Brakes 

3 .1. 3 Air Handling and Electrical System 

3. 1. 4 vehicle Fabrication and Assembly 

3 .1. 5 Design and Fabrication Subcontract 
R 

3.2 Electrical Drive Subsystem 
R 

3.2.1 Parameter Optimization 

3. 2. 2 Control Strategy and Sensors 

3.2.3 Drive Motor 

3. 2. 4 Armature PCU 

3. 2. 5 Field Chopper/Battery Charger 

3.2.6 Microprocessor Module " 
3.2.7 Accessory Charger !1i!i!! ,. z .. 

3.2.8 Drive Test Instrumentation 

3.2.9 Power Modules and Transistors 

3.2.10 Electronics Packaging Subcontract 
R 

3. 3 Battery Subsystem 

3. 3. 2 Component Design ' 
3. 3. 3 Tooling Development 

3. 3 .·4 Battery Fabrication 

3. 3. 5 DevelopmPnt Testing 

3. 3. 6 Technical Support 

4.0 TEST AND EVALUATION 

4.1 Test Planning and Integration 

4.2 Special Test Equipment ' 
R 

4. 3 Mule Car 30 mph Barrier Test 
R 

lTV 30-mph Barrier 4. 3 Test 
R 

4.4 Electrical Drive System Tests 
R 

4.6 Integrated Vehicle Tests 
R 

5.0 MANUFACTURING STUDY /. 

6.0 DOCUMENTATION (SEE DELIVERABLES) 

DELIVERABLES: t -Program Plc:~n 4~ ~ 

-Progress Reports ~~ ~ ~~ ~~ ~ ~ ~~ ~ ~ ~lf ~L Ol ~ l ~L ~ l ~ ~ ~ 

-Project/Task Reports See Detailed Schedule 

-Test Plans See Detailed Schedule 

-Test Reports See Detailed Schedule 

-Design Review Materials • I ~I I I I tf. I I 
-Design Review Notes and Action Items One Week After Design Review 

-Safety Report l~ 

-Documentary Film (Master and 10 copi~s) 

-Operation and Maintenance Manual ;. 
-Final Report Draft ~ 

-Final ReiJurt .Approval ;. 
-Detail Design Drawings ;. 
-Math Models (TO be included in Project/ ;. 
Task Reports) 

·Opetoting and Test Algorithm for Micro- ;> 
processor 

-Two Integrated Test Vehicles ~ 
-Residual Property ;.J -Final Report Reproducible and 50 Copies 

LEGEND: 
~ Scheduled Milestone 

~ Completed Milestone 

<) Modified Milestone 

~ Time Span 
~R WBS Reports 

Figure 1-6. Electric Vehicle Program Schedule 
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Interface specifications have also been developed to assist 
in defining electrical, mechanical, thermal, and operational in­
terfaces between major subsystems. When augmented by interface 
control drawings which are now being developed, these documents 
will completely define the interactions between subsystems. 

Design reviews, conducted by the Jet Propulsion Laboratory, 
have been held to audit the work performed by General Electric 
and its subcontractors and to verify compliance of the emerging 
vehicle design with DOE requirements. A preliminary design re­
view (PDR) was held on September 15 and 16, 1977. The PDR con­
firmed the early design concepts of the ITV and allowed detailed 
design work to begin on many of the electrical and vehicular sub­
systems. Because of special concerns expressed at the PDR, sepa­
rate minlreviews were scheduled on the Power Modules and Transis­
tors project and the Battery Subsystem. These reviews were held 
on September 29 and October 7, 1977, respectively. Guidelines 
established at the minireviews provided direction for thP. detailed 
work on these important projects. 

An Interim Design Review (IDR) was held on February 1, 2, 
and 3, 1978. Detailed design data and preliminary test results 
were presented to describe the technical progress achieved during 
nine months of contract effort. Approval was obtained from JPL 
to proceed with the final design activities leading to the genera­
tion of detailed drawings and prototype tools. A Critical Design 
Review (CDR) is scheduled for June 14 and 15, 1978. The CDR will 
serve as a final validation of the ITV design prior to the start 
of vehicle fabrication and assembly activities. 

Other activities within the system analysis and design area 
include reliability and safety analyses and electromagnetic com­
patibility studies. These analyses are designed to ensure that 
the Integrated Test Vehicles will be free from catastrophic fail­
ure modes, safety hazards, and electromagnetic interference. 

Vehicle S_ubsysteJ? 

Based upon size, weight, and performance req11irements of the 
ITV, the Chrysler "L Car" vehicle was selected as a baseline for 
development of the electric vehicle body structure and chassis. 
The·L Car, which was unannounced at the otart of this contract, 
is now known as the Plymouth Horizon and Dodge Omni. The L Car 
represents a modern lightweight design fe~ttlrinq front wheel drive, 
excellent seatiny accommodations, and full compliance with BedeLal 
Motor Vehicle Safety Standards (FMVSS) . Selected components from 
the L Car were used to formulate a preliminary design layout of 
the ITV. Subsequent tradeoff studies have resulted in the modi­
fication or replacement of some production components to obtain 
the performance required fur the ITV/-bnt many L Car components 
have proved to be an excellent choice and were retained. Only 
by using proven production components wherever feasible is it pos­
sible to achieve a well-engineered vehicle within the 24-month 
schedule allocated for this program. 
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The first major design study undertaken on the vehicle sub­
system was to determine the optimum means of packaging the propul­
sion batteries, along with four adult occupants, into the vehicle 
envelope. The result of this study was a battery tunnel which 
extends through the vehicle centerline and branches into a T-shape 
at the rear. This battery arrangement and other features of the 
vehicle packaging are illustrated in Figure 1-7. The batteries 
are carried in a tray which is raised into place by a hydraulic 
jack and bolted to the underside of the car. This arrangement 
was found to combine low weight, good accessibility, and excellent 
structural properties. 

MICROPROCESSOR 

POWER CONDITIONING UNIT 

DRIVE MOTOR 
BATTERY TUNNEL 

TRANSMISSION 

Figure 1-7. U.S. Department of Energy Near-Term Electric 
Vehicle Program GE/Chrysler Vehicle 

After the preliminary vehicle packaging study was complete, 
a detailed styling and aerodynamic design effort was conducted 
by the Chrysler Corporation. The resultant body design is shown 
in Figure 1-8. This attractive fastback coupe exhibited an aero­
dynamic drag coefficient of 0.30 during wind tunnel tests, making 
it an extremely efficient design in terms of road losses. 

To allow on-road development of suspension, steering, and 
brake systems for the lTV, a "Mule Car" was built and tested at 
the Chrysler Proving Grounds. The Mule Car consists of a modi­
fied Plymouth Horizon, which is fitted with a battery compartment 
and ballasted to duplicate the weight and balance properties of 
the ITV. Modified suspension and brake systems were fitted to 
the Mule Car, including a fully independent trailing arm rear 
suspension. After development testing, the Mule Car was evalu­
ated for riding comfort and handling qualities by a "ride jury" 
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Figure l-8. Body Design by the Chrysler Cur~urdtlori 

composed of Chrysler, General ~lectric, and JPL representatives. 
The Mule Car was judged to be fully satisfactory, and its chassis 
design will be carried over directly to the final ITV. 

Structural design of the electric vehicle to meet FMVSS re­
quirements has been carried out by the Chrysler Corporation, using 
modern computer-aided design techniques. The Mule Car structure 
has been modified to reflect the structural properties determined 
by computer analysis; a 30 mph barrier impact test will be con­
ducted in May of 1978 to confirm that the Federal safety standards 
are met. Any design phanges which are shown to be necessary will 
be incorporated into the final design, and a second 30 mph barrier 
test will be performed on the final vehicle configuration to es­
tablish FMVSS compliance. 

Detailed drafting, tooling development, component fabrica­
tion, and final vehicle assembly will be performed by Modern En­
gineering Services under a subcontract with the Chrysler Corpora­
tion. The detailed design work is now in process, and vehicle 
fabrication and assembly work will be started soon after the Cri­
tical Design Review. 

Electr!cal prive S~bsys~em 

Studies conducted by General Electric during the Near-Term 
Electric Vehicle Phase I contract established a baseline config­
uration for the electrical drive subsystem (Ref. l). This base­
line design incorporated a separately excited de motor with tran­
sistorized choppers to control both armature and field power. 
An onboard battery charger was to be integrated into the control 
electronics, to minimize size and weight. A microcomputer was 
conceived to provide efficient, flexible control of the drive 
system during all modes of driving and during battery charging. 
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Regenerative braking was specified as a means of energy recovery, 
to achieve greater range in urban driving. Integrated transistor 
power modules were to be used in both the armature and field mod­
ules, providing advantages in size, weight, energy efficiency, 
and production cost. 

The Phase II contract to date has resulted in the design and 
breadboard testing of all critical elements of the electrical 
drive subsystem. Early simulation studies resulted in the selec­
tion of a custom-designed drive motor which provides high energy 
efficiency, excellent torque characteristics, and a field control 
speed range from 2500 to 5000 rpm. More than twenty motor designs 
were examined in arriving at the selected motor. A transistor­
ized armature chopper has been designed and tested at full power. 
This chopper provides smooth control of the motor from 0 to 2500 
rpm in both motoring and regenerative modes. Operating over a 
frequency range from 100 to 2000 Hz, the armature chopper achieves 
a full-load efficiency greater than 96%. A transistorized field 
chopper/charger has also been designed and tested. This circuit 
accomplishes dual-mode operation without switching relays or trans­
formers, and achieves high efficiency for both field control and 
battery charging operations. Speed control of the drive motor 
from 2500 to 5000 rpm is provided by the field chopper. A com­
pact solid-state logic power supply and a solid-state de-to-de 
converter to charge the 12 volt accessory battery from the 108 
volt propulsion battery have also been designed and tested. 

All of these power electronics modules are being packaged in 
a single Power Conditioning Unit (PCU) which provides efficient, 
forced-air cooling by means of an innovative cast aluminum heat 
exchanger. Thermal control, size and weight, and environmental 
control characteristics of the PCU are fully compliant with the 
design goals established for this program. 

A microcomputer based on the Intel 8080A microprocessor fam­
ily has been developed and tested. Software design and verifica­
tion for the microcomputer is well underway and will be completed 
in time for integrated drive subsystem testing later this year. 
The microcomputer is a finite-state machine which provides fail­
safe sequencing of the drive subsystem as well as closed-loop con­
trol of the drive motor speed and torque. Additional functions 
of the microcomputer are fuel gaging (battery charge indication), 
driver displays and warnings, and built-in self-test features. 

An international survey of power transistors, to meet the de­
manding requirements of the electrical drive subsystem, revealed 
that only two manufacturers could provide transistors which would 
meet the electrical requirements and were suitable for power mod­
ule packaging. One of these candidates was a power Darlington 
transistor developed by General Electric for low voltage (100 volt) 
applications. During the past year, this transistor has been re­
designed and repackaged to create a 400 ampere, 300 volt power 
module which is uniquely suited to the power and frequency require­
ments of the electric vehicle. The specifications of the General 
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Electric power module , and a comparison with othe r competing de­
vices in this power range, are shown in Figure l-9. 

I POWER TRANSISTORS AND INTEGRA TED MODULE TECHNOLOGY I 

Volume 

Weight 

Number of Transistors 

Other Integrated Components 

Current Rating 
(Gain~100) 

Voltage Rating 
(BVceo) 

Max. Power Dissipation 
(25°C Case) 

Present Unit Price 
(Quantity <1 00) 

Estimated Production Price 
(350 ,000/Year) 

Toshiba 
''Giant Transistor '' 

318 cc (19.4 in3
) 

1.6 Kg (57 ozs) 

None 

400A 

300V 

2500W 

$338 

NA 

Power Tech General Electric 
" Power Block" Power Module 

208 cc (12 . 7 in3
) 115 cc (7 in3

) 

1 .1 Kg (39 ozs) 0 .4 Kg (14 ozs) 

6 2 

None Power Diode 

300A 400A 

325V 300V 

1750W 1750W 

$90 (Includes $30 
$944 Power Diode) 

$37 (Includes 
$360 Power Diode) 

Figure l-9. Power Transistors and Integrated ModulP. ~P.chnology 

~att~r l' Subsyst~.m 

The Globe Battery Division of Globe-Union, Inc. was selected 
by General Electric to furnish an improved lead-acid battery for 
the Integrated Test Vehicles. This battery wil l represent a sig­
nificant improvement over currently available traction batteries. 
An energy density of 17 Wh/lb is predicted, at the three-hour dis­
charge rate. Total battery capacity for the ITV will be approxi­
mately 18 kWh at 108 volts. A cycle life of 500 dcep-dischurge 
cycles has been specified for the battery. Several unique design 
features are used to obtain the imp r oved energy density an~ long 
cycle life required for this program. One of these innovations 
consists of a modified container design which allows the battery 
plates to be rotated 90 degrees from their usual orientation; a 
high-rise cover is also used, allowing the battery plates to be 
somewhat larger in the vertical direction. The resultant grid 
size for the Globe-Union battery is much larger than a conven­
tional golf-car battery, as illustrated in Figure 1-10. The 
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GRID FROM GOLr CAnT BATTERY 
Globe-Union GC2-19l 

Showing Radial Grid Structure 

GRID FROM IMPROVED ELECTRIC 
VEHICLE BATTERY 
(Globe-Union EV2-13) 

Showing Larger Size Due to 90 Plate 
Rotahon and High-Rise Container 

Figure 1-10. Grids from Golf Car (left) and EV2-13 Battery 

large plate area, along with other design innovations, results 
in improved energy density and power density for the EV2-13 bat­
tery. 

The EV2-13 battery design is complete and a few hand-pasted 
cells have been tested. These preliminary tests indicate that 
thP nP.sign objectives for the battery will be met. Fabrication 
and testing of complete batteries are contingent on delivery of 
the container tooling, which is scheduled to be received in August 
of 1978. 

TEST AND EVALUATION 

A comprehensive test program has been planned to validate 
the performance and safety aspects of the Integrated Test Vehi­
cles. A master test plan was developed to establish the specific 
tests required for subsystem and system evaluation. 

Categories of tests to be performed include development test­
ing of major components; subsystem testing of the Mule Car, Elec­
trical Drive Subsystem, and Battery Subsystem; and integrated 
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vehicle testing of the completed test vehicles. All specifica­
tion requirements for speed, acceleration, driving range, and 
energy consumption will be verified by road tests. In addition, 
30 mph barrier tests will be performed to verify crashworthiness. 
An electromagnetic compatibility test will be performed to ensure 
that the vehicle operates without internal failures due to elec­
tromagnetic radiation and does not radiate undesirable levels of 
interference into the environment. 

Component-level testing has been performed to validate the 
design of all critical elements. Mule Car testing, as previously 
described, has also been completed. Preparations and test plans 
are nearly complete for the Mule Car 30-mph barrier test (sched­
uled in May 1978) and the Electrical Drive Subsystem integrated 
testing (to start in August 1978). Integrated Vehicle Testing 
will occur in the first quarter of calendar year 1979. 

MANUFACTURING STUDY 

A brief study will be performed to determine the estimated 
selling price and life cycle costs for the Near-Term Electric Ve­
hicle if this vehicle were to be produced in quantities of 100,000 
units per year. An assessment will also be made to determine the 
probable consumer acceptance of this vehicle as compared to con­
ventional subcompact vehicles. These activities will begin in 
August 1978 and are scheduled for completion by April 1979. 
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Section 2 

SYSTEM ANALYSIS AND DESIGN 

WBS 2.1 REQUIREMENTS REVIEW AND ANALYSIS 

The system design was initiated with a review of the Phase I 
design, the ERDA Near-Term Performance Objectives, and the Phase II 
Statement of Work requirements. The initial baseline system re­
quirements are shown in Table 1-2. 

A specification tree was developed which allocated system 
requirements to four major subsystems: Vehicle, Electrical Drive, 
Battery, and Support Equipment. The specification tree is depicted 
in Figure 2.1-1. As shown, each major subsystem is further broken 
down into major components or groups, with a specification sheet 
developed for each. 

I 
VEHICLE 

SUBSYSTEM 
PRIME ITEM 

SPEC 

5180-Bl-100 

r- Body Structure 
5180-Bl-100-A 

Chassis Group 
5180-Bl-100-B 

Air Handling and 
Electrical. Group 
5180-Bl-100-C 

Operator Controls 
and Displays Group 
5180-Bl-100-D 

INTEGRATED 
TEST 

VEHICLE 
SYSTEM SPEC 

J 5180-A-001 

I 
ELECTRICAL 

DRIVE SUBSYSTEM 
PRIME ITEM 

SPEC 

5180-Bl-200 

Sensors 
5180-Bl-200-A 

Drive Motor 
5180-Bl-200-B 

r- Armature Control 
5180-Bl-200-C 

r- Field Control/ 
Battery Charger 
5180-Bl-200-D 

Microprocessor/ 
Signal Conditioner 
5180-Bl-200-E 

I 
BATTERY 

SUBSYSTEM 
PRIME ITEM 

SPEC 

5180-Bl-300 

Propulsion Battery 
5180-Bl-300-A 

Accessory Battery 
~180-Rl-100-B 

~ Accessory Battery 
C:har.ger 
5180-Bl-300-C 

I 
SUPPORT EQUIP­
HENT SUBSYSTEM 

PRIME ITEM 
SPEC 

5180-Bl-400 

(Laboratory Test 
Equipment)* 

Mobile Test 
.E:quipmcnt 

(Test Facilities)* 

Logic Power Supply 
and Wiring Group 
5180-Bl-200-F 

*Included in Master Test Plan 

-on-Board Charger 
Power Unit 
5180-Bl-200-G 

Figure 2.1-1. ITV Specification Tree 
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In addition to the above, an interface matrix was developed 
delineating major interface requirements between subsystems. 
This matrix resulted in the development of an interface specifi­
cation tree and subsequent interface specifications. The inter­
face specification tree is shown in Figure 2.1-2. A working group 
on vehicle design tradeoffs was initiated consisting of the Lead 
Systems Engineer and representatives from both Chrysler and Globe­
Union. A Weight Control Specification and Power Loss Control 
Specification were generated and are used as a formal means of 
controlling these parameters and as a prime input for design trade­
off decisions. 

INTEGRATED 
TEST 

VEHICLE 
SYSTEM SPEC 

5180-A-001 

PARAGRAPH 3 .1. 4 

I I 
BLECTRICAL DRIVE BATTERY SUPPORT 

SUBSYSTEM SUBSYSTEM EQUIPMENT 
INTERFACE SPEC INTERFACE SPEC INTEnFACE SPEC 

5180-IS-200 5180-IS-300 ::i180-IS-400 

I 
TNTF.RF'ACF. AS REQUIRED FOR 

CONTROL GROUP, SUBASSEMBLY 
DRAWINGS + OR COMPONENT 

INTERFACE 
DELINEATION 

Figure 2.1-2. ITV Interface Specification/Document Tree 
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WBS 2.2 SYSTEM MODELING AND PERFORMANCE PREDICTION 

WBS 2. 2.1 J?escr i_~~ion of_ Pro~ ram 

Programs are available for simulating a variety of perfor­
mance tests, including SAE J227a driving cycles. Five basic types 
of simulations are possible: 

1. Vehicle range on SAE J227a driving cycle. Schedules B, 
C, and D can be simulated. 

2. Vehicle range at any constant velocity from 5 to 55 mph 
(or higher, if desired). 

3. Time to accelerate from 0 to 30 mph or 0 to 60 mph. 
(Conversely, program will define power profile to achieve 
0 to 30 mph in specified time.) 

4. Time to accelerate from 25 to 55 mph, or other specified 
velocities. (Conversely, program will define power pro­
files to achieve 25 to 55 mph in specified time.) 

5. Maximum speed achievable on a specified grade. (Conversely, 
program will define power profile to maintain a specified 
speed on a specified grade.) 

A great deal of flexibility is available in the existing pro­
grams to accommodate a wide variety of vehicle parameters. The 
following parameters can be entered or changed independently: 

• Vehicle test weight 

• Wheel rolling radius 

• Final drive ratio 

• Aerodynamic drag coefficient (C0 ) and frontal area (AF) 

• Number of transmission speed ranges (gears) 

• Speed ratio for each gear 

• Rolling resistance drag coefficients (k 1 , k 2 , k 3 ) 

• Wheel inertia 

• Transmission/final drive efficiency 

• Motor design parameters (as defined by motor model) 

• Battery design parameters (as defined by battery model) 

• Electrical losses in drive train (as defined by armature 
and field chopper models) 

• Auxiliary power losses (including logic power, acces­
sories, and ventilating blowers) 
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A number of output (print) options are available for each 
simulation, depending upon the information desired. For example, 
when the J227a Schedule D range test is run, a single cycle print­
out can be obtained which shows the calculated values of motor 
current and voltage, battery current and voltage, etc. at each 
second during the cycle. An alternate print mode displays snap­
shots of each variable at specified points during each cycle, and 
records the number of cycles (as well as distance traveled) for 
one continuous driving mission. Since the main use of this pro­
gram is design optimization, a record of vehicle losses is made 
during each simulation to account for the energy consumed by each 
system component. 

Another feature of the program is that a regeneration mode 
can be simulated in the J227a cycle. The regeneration mode occurs 
during the coastdown phase of the cycle to provide internal com­
bustion engine "feel," and during the braking phase to simulate 
both electrical and hydraulic braking. During regeneration, the 
motor acts as a generator with losses modeled in a fashion similar 
to the motoring phase. 

Modeling and S~~~l~~ion Techniques 

Vehicle performance during a simulated driving segment is 
determined by solving a series of equations which mathematically. 
define the response of the vehicle subsystems to each calculated 
set of operating conditions. For example, to determine the ve­
hicle range on the J227a Schedule D driving cycle, the computer 
program would step through the following calculations: 

• Specify vehicle speed versus time according to stored 
Schedule D velocity-time coordinates. 

• Compute vehicle propulsion loads for each time incre­
ment (aerodynamic drag, rolling resistance, etc.). 

• Compute motor torque and speed required at each time 
increment to achieve the specified velocity or required 
acceleration. 

• Computer drive subsystem voltages, currents, and power 
losses at each time increment. 

• Compute instantaneous values of battery current and 
terminal voltage. 

• Calculate from the battery dischnrgP mnnPl ~he fraction 
ot battery capacity consumed during each time interval. 

• Repeat the above steps until the battery is completely 
discharged, calculating the total distance travelen 
during the mission. 

The mathematical models which are used to represent the ve­
hicle and drive subsystems are represented by blocks in the over­
all system model of Figure 2.2-1. A brief description of the 
individual models will be presented. 
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+ 

Field 
Chopper 

.-------+---f Armature 
Chopper Motor Gearing Car 

Load 

Inertia 

Grade 
Resistance 

Rolling 
Resistance 

+ 12 V Aero Drag 

Figure 2.2-1. Overall System Model 

The propulsion battery is modeled as shown in Figure 2.2-2. 
This is a very simple representation, whereas the equations which 
describe the battery behavior are quite complex. However, the 
figure does illustrate the basic concept. The battery consists 
of a voltage source (EB) supplying current through a variable 
resistance (R) . The value of R is determined by battery state­
of-discharge, represented by s. During regeneration, current flow 
to the battery is reversed and the battery state-of-charge is in­
creased (state of discharge, s, is decreased). 

R= f (s) 

0 + 

+l lsAT EBAT Es • 
-_l 1_-

--

Figure 2.2-2. Propulsion Battery Model 

Speed and torque of the electric vehicle drive motor are con­
trolled by means of armature and field choppers. Each of these 
chopper devices is modeled as shown in Figure 2.2-3. Here the 
chopper is represented as a variable-ratio de transformer which 
converts the battery voltage to a lower value as required to achieve 
proper motor excitation. Ignoring chopper losses, Power Out = 
Power In, so that VM . IM = EB tt . IB tt . In the actual 
armature chopper moael, 1ntern~I IO~ses a~e ~e~ounted for by means 
of fourteen equations which are solved for each time step. 

2.2-3 



Field 
E Battery VMIM Chopper 

: ~ Armature 
Chopper 

!Battery Power Out = VM'IM 

Figure 2.2-3. Chopper Model 

Figure 2.2-4 illustrates the model used to represent a de 
separately excited drive motor. The equations which define rotor 
speed, torque, and motor losses are shown; these equations con­
stitute the actual model used by the computer to predict motor 
performance during each time interval. 

I ARM -+ Rl RA 

1 r !IFLD 

VCHOP 

EQUATIONS: 

(VMQTOR) Flux'\ 

I 
CEMF I 

I 
I 

Rotor 
losses 

Armature loop: VCHOP = CEMF + BD + IARM (RA + Rl} 

CEMF = KV * RPM * FLUX 

Rotor Power loss: 

Core loss: WCl = WCL 1 (RPM/1000) 
1
·
5 

Friction: WF = WF1 (RPM/1000} 

Windage: WDG = WDG1 (RPM/1000}3 

Stray load Loss: Wll = 1% of Power Out 

Torque: TG = IARM * KT *FLUX 

Figure 2.2-4. Motor Model 
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The remaining models for the electric vehicle are quite simple 
and do not merit a detailed description. Over a period of more 
than two years the accuracy of these models has been refined, and 
new components have been modeled as the need has been identified. 

WBS 2.2.2 Summary of Results 

The initial system-modeling mathematical model was developed 
for the Parameter Optimization Project and used to select the op­
timum de drive motor design. Boundary values for key vehicle pa~ 
rameters (weight., AF' CD, FRR), were selected and used to determine 
sensitivity of the motor des1gn to variations in vehicle design. 
The results of this effort were presented at the Preliminary Design 
Review (PDR) and documented in Task Report SRD-77-160, WBS 3.2.1 -
Parameter Optimization, dated 31 October 1977. 

The initial Performance Predictions of the Near-Term Elec­
tric Vehicle were made using the EV-106 battery model and a re­
generation technique that used no friction brake blending during 
the braking mode, resulting in very high armature currents. Ar­
mature currents of this magnitude result in high battery currents 
which, in turn, would adversely affect battery life. 

The initial range performance results and vehicle parameters 
are summarized as follows: 

Range J227 D cycle 61 miles 

Range 25 mph cruise 117 miles 

Range 35 mph cruise 131 miles 

Range 45 mph cruise 104 miles 

CDA 5.7 ft
2 

Rolling resistance 0.009 lb/lb 

In response to a concern expressed at the PDR, a brief anal­
ysis of the performance tradeoffs associated with shifting trans­
missions was petfurmed. The results indicated a potential range 
performance improvement of less than 1% on the J227a Schedule D 
cycle if realistic values of transmission efficiency are used. 
This analysis was documented in a letter report dated October 14, 
1977. 

Globe-Union provided an estimate of the performance of the im­
proved EV2-13 battery, which was modeled analytically and incorpora­
ted into the program. The regeneration model was revised to incor­
porate regeneration during the coastdown phase of the J227a Sched­
ule D cycle and electrical and hydraulic brake blending during 
the braking phase. The battery charging currents used during both 
phases were adjusted to acceptable values based on data provided 
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by Globe-Union. The new battery model also reflected full dis­
charge to 1.3 volts per cell as the criterion for termination of 
th2 cycle. The effective frontal area (C0 A) was increased to 5.8 
ft , based on scale-model wind tunnel tes~s. 

The following additional modifications were made to the Per­
formance Model: 

• Updated and more detailed modeling of the armature 
chopper losses. 

• Decrease in field chopper efficiency from 95 to 90 %. 

• Improved drive motor performance based on design op­
timization. 

• Inclusion of updated power requirements of the logic 
power supply, accessory charger, and armature and field 
contactors. 

• Inclusion of transmission overall efficiency of 96 %. 

• Optimized acceleration profile (cun~taut IBAT). 

The range performance and vehicle parameters resulting from 
the above updates are summarized as follows: 

Range J227a Schedule D 71 miles 

Range 25 mph cruise 129 miles 

Range 35 mph cruise 146 miles 

Runge 45 mph cruise 124 miles 

CCA 5.8 ft 2 

FRR (rolling resistance) 0.009 lb/lb 

Energy flow models were developed for the Integrated Test 
Vehicle (ITV) for the J227a Schedule D driving cycle and constant 
speeds of 25, 35, and 45 mph. These are shown as Figures 2.2-5 
through 2.2-8. 

As a result of an IDR Action Item, the acceleration segment 
of the J227a Schedule D driving cycle was modified to simulate 
a linear acceleration. Using this profile and restricting motor 
current to the present design limit resulted in a significant 
range decrease. A letter report dated February 23, 1978 was writ­
ten detailing GE's position on ~stablishing an arbitrary constraint 
on the velocity versus time profile during this acceleration seg­
ment. As a result, JPL requested that the acceleration profile 
in the performance model be simulated to provide a repeatable 
constant !BAT acceleration, cycle to cycle. This request has been 
implementea 1n the model. 
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30.3 kwh 
Input 

Charger Battery 
Loss 2.5 kwh Loss 7.27 kwh 

t 
Energy Returned 

from Regeneration 
3.82 kwh 

16.98 
kwh 

.63 kwh 

13.83 
kwh 

Distance Driven - 71 Miles 

Gear Train 
Loss .55 kwh 

Energy Applied 
to Wheels 

5.12 
kwh 

Aerodynamic 
Loss 3.55 kwh 

'----------------------------------~ 
3.82 kwh 

Figure 2.2-5. 

Charger Battery 
Loss 3.0 kwh Loss 5.74 kwh 

Total Regenerative 
Losses 1.3 kwh 

Overall Energy Used = 0.35 kwh/mi. 

Energy Flow Model for GE-ITV on J227a 
Schedule D -- Performance Prediction Model 

1--- 1.34 kwh 

Aux. Pwr. Loss Control System Motor Loss 
6.14 kwh 

30.3 
kwh 

27.3 
kwh 

1.34 kwh Loss 2.39 kwh 

21.56 
kwh 

20.22 
kwh 

17.83 
kwh 

Distance Driven - 129 M lies 

Gea.- Train 
Loss .46 kwh 

11.69 kwh 

Overall Energy Used = 0.23 kwh/Mile 

Rolling Res. Loss 
8.58 kwh 

(.067 kwh/mi.) 

Aerodynamic 
Loss 2.39 kwh 
(.019 kwh/mi.) 

Figure 2.2-6. Energy Flow Model for GE-ITV at Constant 25 Mph­
Performance Prediction Model 
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Charger 1-----i 
90% 

30.2 kwh 
Input 

Char3er Loss 
3. kwh 

30.2 27.2 
kwh kwh 

Figure 2.2-7. 

Energy 
Input r----, 

1.08 kwh 

Aux. Pwr. Loss Control System Motor Loss Gear Train 
1.08 kwh Loss 1.37 kwh 3.2 kwh Loss .62 kwh 

21.45 
kwh 

20.4 
kwh 19.0 kwh 

Distance Driven = 146 Miles 

15.8 kwh 

Overall Energy Used = 0.21 kwh I Mile 

15.2 kwh 
to Wheels 

Rolling Res. Loss 
9.67 kwh 

Aerodynamic 
Loss 5.28 kwh 

Energy Flow Model for GE-ITV at Constant 35 Mph -
Performance Prediction Model 

..-----, Energy 

Charger 1------i 
90% 

Battery 1--..-----i 
78% 

Control 
System 1------i 

96% 
Motor 
86% 

Gear Delivered to Wheels 
Train 
96% 

Char8er 
Looo 3. kwh 

29.4 kwh 29.4 
Input kwh 26.5 

kwh 

Figure 2.2-8. 

Battery 
Loss 5.78 kwh .72 kwh 

Aux. Pwr. LO!Ill c..;ontrol System Motor Lo3o 
.72 kwh Loss .89 kwh 2.69 kwh 

20.72 
kwh 

20.0 
kwh 19.11 

kwh 
16.42 
kwh 

Di:Jtance Driven - 1?4 Miles 

Overall Energy Used = 0.24 kwh/Mile 

Goar Train 
Loss .65 kwh 

15.77 kwh 
to Wheels 

Aerodynamic 
Loss 7.43 kwh 

Energy Flow Model for GE-ITV at Constant 45 Mph -
Performance Prediction Model 
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WBS 2.3 SYSTEM DESIGN AND SPECIFICATION 

WBS 2.3.1 General S~stem Description 

The Integrated Test Vehicle is an all-electric subcompact 
vehicle designed to carry up to four passengers in a suburban 
driving environment. The lTV system block diagram is depicted 
in Figure 2.3-1. 

;sa~t:r;S;b;y~:rn: i- ;l~t-;i;;:l-D~~ -;u~~t~- i i-- -;e~c~e -;u~~t~- - -~ 
I 

I 
I 
I 
I 
I 
I 
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I 
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I 
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I I I Drive Controller Motor Transmission 
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I I I 
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I I 
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I 

Final 
Drive 

l 

I 
I 
I 
I 
I 
I 
I I ( ) 

I I I L _____________ ...J L ____________ _j 

Figure 2.3-1. lTV System Block Diagram 

The principal system elements are the Battery Subsystem, the 
Electrical Drive Subsystem, and the Vehicle Subsystem. The Bat­
tery Subsystem includes 18 propulsion batteries and their venting/ 
watering system, propulsion battery wiring, the 12 volt accessory 
battery, and the accessory battery charger, which is physically 
located in the power conditioning unit (PCU). The El~ctrical 
Drive Subsystem includes the PCU, which contains the armature con­
troller, field control/battery charger, logic power supply, and 
the accessory battery charger. The drive motor, microprocessor/ 
signal conditioner, onboard charger power unit, and differential 
pressure transducer amplifier and exciter (part of the regenerative 
braking system) are also elements of the Electrical Drive Subsys­
tem. The Vehicle Subsystem is composed of the body structure, 
chassis, and air handling and electrical groups. The ITV is de­
signed to conform to applicable Federal Motor Vehicle Safety Stan­
dards (FMVSS). Other significant system parameters are delineated 
in the Integrated Test Vehicle System Specification, 5180-A-001. 

WBS 2. 3. 2 Summary of Sl:stem . and Subs:tst~!!!...3..e.~cJ_U.ca~_:i.ons 

Figure 2.1-1 showed the five major equipment-related specifi­
cations of the Integrated Test Vehicle. The specifications were 
developed in general according to the MIL-STD-490 specification 
format. The top level specification is that for the system. The 
subsystem specifications have requirements allocated from the sys­
tem specification. Specifications sheets which form a part of 
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the subsystem specifications define component requirements. In 
addition to the hardware-related specifications, a weight control 
specification and a power loss control specification have been 
developed. Performance against these specifications is tracked 
on a continual basis. The specifications are useful as a design 
tradeoff decision-making tool, since control of weight and power 
loss are the key factors affecting vehicle performance. These 
specifications were issued for the Preliminary Design review and 
revised for the Interim Design Review. The final revision, Re­
vision 2, is in process and will be available for the Critical 
Design Review. 

WBS 2.3.3 ~~mmar~ of Interface Specifications and Drawings 

Section 2.1 (Figure 2.1-2) defined the interface control 
specification tree. The interface specifications are used to de­
fine principal functional interfaces between the Vehicle Subsystem 
and the Electrical Drive Subsystem, Battery Subsystem, and Mobile 
Test Equipment. These specifications also serve as an integration 
tool and are structured to define responsibilities and provide 
visibility of unassigned areas and responsibilities. Interface 
Control Drawings (ICDs) currently being documented contain most 
of the details of the interfaces. Drawings defining the vehicle 
power wiring, signal wiring, general safety interlock system, and 
battery safety quick-disconnect system are being prepared. A 
major revision to the interface specifications to include the ICDs 
is in process, with a goal of completion for the Critical Design 
Review. 

WBS 2.3.4 Special Stud~~ 

As part of the system analysis and design task, a number of 
special studies have been performed. The most significant ones 
are: 

• Battery compartment heating, cooling, and venting 

• Alternate designs to improve vehicle range 

• Electrical drive subsystem cooling 

• Battery emergency disconnect system 

• Effects of battery life as a function of equalization 
charge 

• Battery life above 100 °F ambient temperature operation 

• Implementation of a ground fault current interrupter 

• Hydrogen safety during battery charging and motoring 

• Electrical hazards 
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WBS 2.4 SAFETY AND RELIABILITY ANALYSIS 

WBS 2.4.1 Safety Analysis 

An electrical safety analysis was performed to document po­
tential hazards and to provide guidance for elimination of these 
hazards. The ITV operator and passengers must be protected from 
two types of shock potential in addition to those associated with 
the 12 volt electrical system found in an internal combustion 
powered automobile. 

The 108 volt propulsion system is the first source of 
possible electric shock. The 108 volt system has been isolated 
from the vehicle body and chassis. For a shock hazard to occur, 
therefore, there would have to be at least two electrical subsys­
tem or component failures. An example is a motor insulation fail­
ure, resulting in the chassis being at approximately the same 
potential as the positive 108 volt supply, coupled with a failure 
which causes exposure of the 0 volt common in the microcomputer 
to the passenger or driver's "touch." The probability of two 
such failures occurring and resulting in a shock hazard is ex­
tremely low. 

The second possibility of electrical shock is leakage cur­
rent from the propulsion battery charging circuitry. The instal­
lation of a ground fault current interrupter (GFCI) in the vehicle 
to preclude the possibility of shock due to leakage current re­
sulted from a study performed following the Interim Design Review. 
The results of this study were documented in a report dated 
March 6, 1978. 

A study has been initiated to investigate the hazard poten­
tial of environmental electrical noise and strong radio frequency 
signals. Of prime concern are sudden or uncalled-for increases 
in acceleration or malfunctions that could cause the driver to 
lose vehicle control. The EMC susceptibility of the electrical 
drive subsystem is being examined to identify the most probable 
paths into the microcomputer system. In addition, an EMI/EMC 
test of the total vehicle is planned during the integrated vehicle 
testing program. A search is continuing for the required shielded 
room to permit RF radiation testing of the ITV. 

An analysis was made of the requirements of the NHTSA Elec­
tric/Hybrid Vehicle Safety Standard draft, especially in the area 
of safety hazards not covered by existing standards~ The follow­
ing safety standards included in the draft have been implemented 
on the Integrated Test Vehicle: 

• Propulsion system isolated from the vehicle chassis 

• Transformerless onboard charger provided with a GFCI 

• Battery charger receptacle interlock disconnecting 
charging power if the battery compartment is opened 

2.4-1 



• Interlock to prevent driving the vehicle while connected 
to the power source 

• Warning light activitated if the motor overheats 

• Positive ventilation of battery compartment during 
charging 

• Flame arrestors utilized 

• Battery mounts implemented to restrain the batteries 
from occupant compartment intrusion during collisions 

• Auxiliaries on a separate circuit from the propulsion 
system 

• Audible warning for reverse 

In addition to the above, other interlocks have beem imple­
mented to prevent electrical shock hazard. 

As a result of direction received at the Interim Design Re­
view, the primary focus of the reliability task is to analyze 
critical failure modes of the electrical drive subsystem, with 
emphasis on vehicle/ personnel safety. The following failure 
categories to be used in the reliability analysis were defined: 

• Category IA - A critical failure resulting in loss of 
vehicle control (allowable only if fall 
back mode exists) 

• Category IB - a critical failure resulting in an elec­
trical shock hazard (no such failures 
allowable) 

• Category IC - a critical failure resulting in other 
forms of hazard (explosion, fire --no 
such failures allowable) 

• Category II - a failure other than critical, resulting 
in total ur mdjor loss of vehicle func­
tion 

• Category III - a minor failure resulting in no or slight 
impairment of vehicle function and for 
which corrective maintenance can be de­
ferred until convenient to perform 

The failure mode effects analysis of the armature chopper 
circuit has been completed. Analysis of potential malfunctions 
in the armature chopper circuit primarily indicate that they will 
cause either direct shutdown or subsequent commanded shutdown of 
the microcomputer, resulting in loss of vehicle power. Failures 
in this category, although listed as Category IA, are normally 
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recoverable since a fall-back mode exists (steering the vehicle 
to the side of the road and stopping) . 

The potential of a failure resulting in the vehicle's lurch­
ing when stopped in traffic under conditions of maximum field cur­
rent and zero armature current has been identified. This failure 
mode will be further analyzed, and results of the analysis will 
be reported at the CDR. 

Failure mode effects of the field chopper/charger circuit 
have been completed. Malfunctions in the charging circuit cause 
no critical failures. Malfunctions in the field chopper result 
in an increase in vehicle acceleration characteristics, power loss, 
or a commanded microcomputer shutdown. In all cases, a fall-back 
mode exists which allows recovery. 

Efforts are underway to perform a failure mode effects anal­
ysis of the microcomputer. 
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• Section 3 

SUBSYSTEM ANALYSIS AND DESIGN .~ 

WBS 3.1 VEHICLE SUBSYSTEM 

Introduction 

... 
• :f. I • 

. . 
The Phase II Near-Term Electric Vehicle represents the state- • 

of-the-art in automobile design. The sleek aerodynamic styling 
is attractive and contemporary in appearance and contributes 
significantly to the attainment of the range performance goals. 
The front air dam, contoured door glazing, "Coke bottle" body, 
side paneling, and rear spoiler are all functional features that 
were sculptured and refined in the Chrysler wind tunnel. These 
features are illustrated in Figures 3.1-1 and 3.1-2. The flush 
glazing, concealed headlamps, low drag rearview mirror, full­
belly pan, and low frontal are2 combine with the other features 
to produce a low C A of 5.8 ft . The vehicle comfortably seats 
four passengers anB provides storage space behind the rear seat 
for groceries, luggage, or other cargo. Package comparisons 
are shown in Table 3.1-1. 

• 

Figure 3.1-1. Phase II Near-Term Electric Vehicle 

Chassis features include front-wheel drive, independent front 
and rear suspension, rack and pinion steering, and low rolling 
resistance steel-belted radial tires. Braking is provided by 
combining the regenerating electric drive at the front with a 
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Figure 3.1-2. Phase II Near-Term Electric Vehl~le 

TABLE 3.1-1 

PACKAGE COMPARISONS 

Vega Pinto Ornni Phase I Phase II 
Coupe Coupe Sedan Electric Electric 

Overall Length 175.4 169.3 162.2 160.0 169.4 
(min) 

Wheelbase 97.0 94.5 99.2 92.0 98.0 

Front 'l'rack 54.8 55.0 55.5 54.5 55.5 

Rear Track 53.6 5~.8 55.1 58.0 55.5 

OveraJl Width 65.4 69.5 66.1 66.12 6~.7 
at B-Pillar 

Curl> Weight 2533.0 2443.0 2098.0 2942(Est) 3208(Est) 

Overall Height 50.0 50.6 53.7 53.62 51.6 

four-wheel hydraulic system. Power from the motor is transmitted 
to the wheels through a two-stage chain drive transaxle. 

Extensive use of lightweighl materjals, including aluminum, 
various plastics, and high-strength low-alloy steels, helps to 
offset the mass of lead-acid batteries used to power the vehicle. 
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In addition to all of the above, this car, unlike most elec­
tric vehicles now on the road, is designed to meet the require­
ments of all Federal Motor Vehicle Safety Standards (FMVSS) . Par­
ticular attention has also been paid to minimizing those hazards 
that are peculiar to electric cars. 

WBS 3.1.1 Body Structure 

Basic Packaging 

A thorough review of the Phase I design revealed several 
areas where repackaging could achieve sign i ficant improvement in 
aerodynamic drag, crashworthiness, and customer acceptance. 

Placement of the batteries in a center tunnel is most appro­
priate for proper weight distribution and barrier crash perfor­
mance. However, the double row arrangement in the Phase I car 
results in an unnecessarily wide, high frontal-area configuration. 
Rearranging this concept slightly to the T-shape zhown in Figure 
3.1.1-1 resulted in a low frontal area of 19.1 ft . 

DRIVE MOTOn 

MICROPROCESSOR 

POWER CONDITIONING UNIT 

BATTERY TUNNEL 

TRANSMISSION 

Figure 3.1.1-1. GE/Chrysler Phase II Electric 
Vehicle 

The fore and aft positioning of the traction motor was found 
to be questionable for impact performance, since it does not pro­
vide adequate crush space and would be likely to protrude into 
the passenger compartment. Positioning the motor in a transverse 
configuration low in the motor compartment (Figure 3.1.1-1) re­
sults in a direct load path for the batteries into the barrier 
face and provides adequate crush space to absorb the energy of 
the vehicle. An additional benefit is realized by eliminating 
the need for a relatively high loss right-angle gear set, since 
the motor and drive axes are paralJel. 
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The Phase I design used an unconventional seating arrange-
ment with the rear passengers facing rearward. Since this ar­
rangement was judged to be undesirable in terms of consumer accep­
tance, the seating package was rearranged to provide four forward 
facing seats. The vehicle comfortably seats two 95th percentile 
males in the front and two 50th percentile males in the rear. 
Another major change from the Phase I design is the lift-up, bolted­
in-place battery pack (Figure 3.1.1-2). Alternate approaches, 
including the roll-in design of the Phase I car, resulted in weight 
penalties with no significant advantage in serviceability. 

Aerodynamic Develo_ement 

Once the basic packaging task was completed, a number of 
styling themes were evnluated for esthetic value and aerodynamic 
drag. The final design selection involved nerodynamic studies 
of a square-back station wagon style and a modified tastuack se­
dan. Although the basic station wagun dcsi0n was slightly super­
ior to the sedan for parallel flow, it deteriorated much more 
rapidly when subjected to a quartering or cross wind and did not 
respond as well as the sedan to the addition of the rear spoiler. 
The final design of the vehicle was accomplished by sculptuLing 
a 3/8-scale clay model in the Chrysler wind tunnel at Chelsea, 
Michigan. Figures 3.1.1-3 and 3.1.1-4 are typical flow study 
pictures. 

Areas that required detailed attention to achieve a more 
laminar flow were the windshield - A-pillar - door glass transi­
tion, the front fascia and air darn, wheel openings, side glass 
to C-pillar transition, and rear spoiler. Flush glazing contri­
butes significantly to the drag reduction effort, as docs the 
full-belly pan. 

The final design, including windshield wipers, rearview mir­
rors, and license plates, yielded a yaw 9.orrected drag coefficient 
of 0.303, with a resultant c

0
A of 5.8 tt ·. 

Structural Des~~n 

The basic body structure is patterned after the 1978-79 
Chrysler Omni-Horizon vehicles, which use a unitized body construc­
tion. The main load-bearing members in these vehicles are two 
trusses consisting of the front and rear longitudlnals, the side 
sills, roof rails, and A-, B-and C-pillars, which with the floor 
pan and crossrnernuers are integrated into a unitized body. The 
electric car has a third main structuLal rnernb~r, the battery tun­
nel, which extends the full length of the passenger compartment 
and protrudes forward into the motor compartment. This member 
carries the weight of the batteries and distributes that load to 
the body truss system. 

Structural analysis of the vehicle utilizes a NASTRAN com­
puter model with the Omni-Horizon as the base of reference, as 
shown in Figure 3.1.1-5. A full-size "mule" vehicle, which was 
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Figure 3.1.1-2. Mule Car Battery Pack 

built primarily for development of the suspension system, incor­
porates a complete battery tunnel as well. This car is being used 
to confirm the computer model through static loading in beam and 
twist modes. The static test sequence is illustrated in Figures 
3.1.1-6, -7, and -8. 
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Figure 3.1.1-3. Clay Model FJow Visualization Study in Chelsea 
Proving Grounds Wind Tunnel 

Design of the passenger compartment and "greenhouse" struc­
ture is also based on the Omni-Horizon. The proprietary computer 
programs listed in Table 3.1.1-1 were used to generAte a set of 
minimllm required sectional properties for 18 different areas of 
the vehicle. These section targets are being used to evaluate 
the various electric vehicle sections as the design progresses. 

Frontal Impact Structure 

The front longitudinals and the forward extension of the bat­
tery tunnel are the main load bearing and energy absorbing ele­
ments of the vehicle during frontal impact. These elements pro­
vid~ par~llel load paths into the barrier face, with the tunnel 
extension ahsorbing the energy of tl1e battery mnss and the longi­
tudinals and sills providing for thP. rest of the vehicle. A sprin~­
mass model (Figure 3.1.1-9) was developed to represent Lhe mule 
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Figure 3.1.1-4. Clay Model Flow Visualization Study in Chelsea 
Proving Grounds Wind Tunnel 

vehicle. An impact simulation computer program utilizing this 
mathematical model provided design guidelines for the impact 
structure as illustrated in Figure 3.1.1-10. The predicted ve­
hicle response to a 30 mph barrier impact is plotted in Figure 
3.1.1-11. 

A full-scale 30 mph impact test of the mule vehicle is sched­
uled for mid-May to verify this concept and to provide specific 
input to the structural design of the electric car. 

WBS 3.1.2 Chassis 

Steer in_~ and Suse_e_nsi_<:m 

A four-wheel independent s11spension sy:::;tem utilizing a 
Mar.Pherson ty~e iso-strut at the front and a trailing arm with 
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Figure 3.1.1-5. lTV Mule Car NASTRAN Model 

Figure 3.1.1-6. Mule Car Structural Twist Test 
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Figure 3.1.1-8. Mule Car Jacking Test 
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TABLE 3.1.1-1 

COMPUTER PROGRAMS FOR STRUCTURAL ANALYSIS 

o SST 

o MINIBASH 

o NASTRAN 

o SEPROP 

o SECRIP 

o DRBEAM 

0 
D 

L___. 

- Calculates structural section targets from 
base parameters selected for each section 

- Determines dynamic response of a structural 
system for impact loading 

- Static and dynamic analysis of body struc­
ture by finite element method 

- Calculates section properties and optimizes 
gauges of thin-walled sections 

- Calculates allowable axial and allowable 
bendin0 lnnds about two axes for thin-walled 
beam sections 

- Calculates crippling and buckling strength 
of door side impact beams 

A 

c 

MASSES RESISTANCES 

1 Body A Sheet Metal 

2 Crossmember & Suspension B Front Motor Mount 

3 Motor c Impact Structure 

4 Front Yoke & Bumper D Bt.mper, Fwt·Lt f.nd Sheet Metal 

5 Barrier E Front ]:{ails 

F Rear Rails 

Figure 3.1.1-9. MINIBASH Model - Mule Car 30 Mph Frontal Impact 
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Obtain Preliminary Estimates of 
Force-Deflection Requirements to 

Get Desired Car Impact Response 

r - " 

Determine Car Section Properties 
~ 

~ 

Needed to Get Required Force-
ill Deflection Properties 

' 

~ 

u ~ 
~ 

Re-simulate Car Impact Response .• 
Using Predicted Force-Deflection ~ 

I• 

I• CHECK-Is Predicted Car Impact 
Response Satisfactory? 

' 
NO-Repeat Procedures With 

"Cobbled" Modifications To 
YES Those Components Needing 

Change 

Conduct Barrier Test 
Actual Vehicle 

~ 

ll 

n ' 
CHECK-Is This The Final Design? 

NO-Repeat Procedures With 
YES Parts More Representative 

Of Final Design 
• 

I !11 
END 

Figure 3.1.1.-10. Impact Simulation Process 

strut at the rear was designed and developed on the mule car. 
The iso-strut is well suited to this vehicle size and facilitates 
the design of the front-wheel drive. The parts used are common 

,J 

u 

to the 1978-79 Omni-Horizon cars as shown in Figure 3.1.2-1. The 
independent rear suspension was necessitated by the placement of 
the battery tray. The trailing arm arrangement (Figure 3.1.2-2) 
provides the proper geometry. Figure 3.1.2-3 illustrates a NASTRAN 
model of the trailing arm. 

An anti-rull bar at the front of the vehicle completes the 
suspension system. Steering control is provided by a rack and 
pinion common to the Omni-Horizon. 
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Figure 3.1.1-11. Effect of 30 Mph Barrier Impact 

Figure 3.1.2-1. Front Suspension Schematic Diagram 
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Figure 3.1.2-3. NASTRAN Model Rear Suspension 
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The suspension geometry and rates were determined analytic­
ally through the use of a computer model and optimized on the 
mule vehicle at Chrysler's Proving Grounds. A comparison of sus­
pension jounce travel (ride clearance) of the electric car, the 
Volkswagen Rabbit, and the 1979 Omni-Horizon two-door model is 
shown in Table 3.1.2-1. Figures 3.1.2-4 and -5 show that the 
transient and steady-state yaw response for the electric car, as 
predicted by the handling simulation program, are well within the 
boundaries established by the Department of Transportation for 
the recently completed Research Safety Vehicle Program. Subjec­
tive evaluations of the mule car by JPL, GE, and Chrysler person­
nel verified that ride and handling characteristics of the vehicle 
are comparable to vehicles of similar size currently being mar­
keted in the United States. Comparison of ride frequencies for 
various vehicles is shown in Table 3.1.2-2. 

TABLE 1.l.:l-l 

JOUNCE TRAVELS -MM 

CURB DESIGN GVW 

FREE FULL FREE FULL FREE FULL 

ITV - Front 55.3 87.3 35.6 67.6 27.7 59.7 

Rear 40.8 75.9 24.8 59.9 -0.9 34.2 

VW RABBIT - Front 25.0 74.0 -1.0 48.0 -5.0 44.0 

Rear 60.0 95.0 36.0 71.0 -23.0 12.0 

L-24 - Front 80.8 112.8 60.3 92.0 57.9 89.6 

Rear 86.5 121.5 46.0 81.0 10.6 45.6 

TABLE 3.1.2-2 

RIDE FREQT.TF.NCY COMPARISON AT TWO-PASSENGER LOADING 

Front Frequency Rear Frequency 
Vehicle (Hz) (Hz) 

lTV 1. l q 1. 20 

Chevrolet Vega 1.26 1.66 

r'ord Pinto 1.38 1.74 

Plymouth Volare 1.16 1.31 

Dodge Omni 1.27 1.33 
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Brakes 

Vehicle braking will be accomplished through a dual mode 
system. A conventional hydraulic system will be combined with 
an electric system that uses the traction motor as a retardei. 
The resulting energy generated is used to recharge the propulsion 
batteries, extending the vehicle range. 

The hydraulic system has been designed to meet the applicable 
portions of FMVSS 105(75) without utilizing any regenerative ca­
pability. The system features outboard-mounted front disk and 
rear drum brakes that are similar to those used on the Omni-Hori­
zon. A separate hydraulic system for front- and rear-wheel brake 
actuation will used to accommodate the regenerative brake system. 
A proprietary computer model was used tu analyze and predict the 
performance ot the system. 

The regenerative brake system, shown in schematic form in 
Figure 3.1.2-6, is designed to blend with the hydraulic system 
so that the driver will not be able to discern a change in mode 
during normal operation. Approximately 70% of the braking effort, 
up to a maximum deceleration rate of 6 ft/s/s, will be provided 
by the motor/generator; the remaining 30 % will be provided by 
the brakes at the rear wheels. Deceleration rates from 6 to 16 
ft/s/s will be handled by a blending of regenerative and hydraulic 
braking with full hydraulic braking occurring at rates above 16 
ft/s/s. This braking transition is accomplished by the use of 
a metering valve and a differential pressure transducer. 

The metering valve controls the pressure to the front-wheel 
brake cylinder according to the curve shown in Figure 3.1.2-7. 
The microprocessor regulates the retarding torque of the motor 
in proportion to the output signal of the differential pressure 
transducer as shown in Figure 3.1.2-B. Point B on both curves 
corresponds to the 6 ft/s/s deceleration rate; point C corresponds 
to the 16 ft/s/s rate. 

The regenerative function will also be activated whenever 
foot pressure is removed from the accelerator pedal to simulate 
the feel of engine compression braking in a conventional car. 

The parking brake will consist of a pedal mechanism actuat­
ing a tension cable to the rear brakes. A similar system was suc­
cessfully evaluated on the mule car chassis on a 32% g.rad~ in 
both uphill and rlownhill attitudes at the Chelsea Proving Grounds. 

Tires 

The variety of tires evaluated for handling and rolling re­
sistance on the mule car included one set with an experimental 
elliptical cross section configuration. The best tires to date 
for both characteristics are Pl75/75 Rl3 steel-belted radials in­
flated to 29 psi front and 41 psi rear. Coastdown testing con­
ducted according to the EPA-approved procedure resulted in a rolling 
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resistance coefficient of 0.01114 lb/lb. This coastdown coeffi­
cient includes tires, bearings, differentials, and some of the 
transmission losses. Tire evaluation will continue as additional 
submissions by the tire companies become available. 

Final Drive 

Power is transmitted from the motor to the front wheels 
through a double-reduction chain-drive transaxle designed and 
built by Chrysler's New Process Gear Division. A modified Omni­
Horizon differential is incorporated in the design. Each of the 
axle half shafts has two constant-velocity universal joints to 
allow normal articulation of the suspension and steering system. 
The speedometer drive is taken off the right axle at the trans­
axle housing. The transmission case, after rough machining at 
New Process Gear, is shown in Figure 3.1.2-9. 

A dynamometer test of the transaxle to verify durability is 
scheduled for mid-July. Table 3.1.2-3 briefly describes the dyna­
mometer test mode. 

Figure 3.1.2-9. Transmission Case--Left Side Partially Machined 
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TABLE 3.1.2-3 

ITV TRANSMISSION DYNAMOMETER TEST CYCLE 

1. Wide open throttle acceleration to 60 mph. 

2. Coast to 20 mph with regenerative braking 
to simulate engine braking. 

3. Wide ooen throttle acceleration to 40 mph. 

4. Regenerative brake to 5 mph using 130 ft-lbs 
torque. 

5. Aux i I i ary brake to stop. 

6. Hold@ (0) mph for five seconds. 

7. Repeat steps one through six. 

Bumpers 

The bumper systems utilize a soft plastic fascia over a rigid 
beam attached to hydraulic energy absorbers to obtain the property 
protection requirements of FMVSS 215 without adversely affecting 
the aerodynamic performance of the vehicle. Because of timing 
and cost considerations this program will be limited to design 
and fabrication only; there will be no developmental or certifi­
cation testing of these systems. This approach involves little 
risk, however, since the beams and absorbers are very similar to 
those used on the Omni-Horizon and the subcontractor chosen to 
supply the reaction injection molded (RIM) urethane fascias has 
considerable experience with similar parts. 

WBS 3.1.3 Air Handling _and Electrical Compon~nts 

Heater and Defroster 

The heater/defroster system is an air-water-air system that 
meets the requirements of FMVSS 103. A gasoline-fired burner, 
specifically sized for this vehicle and mounted in the motor com­
partment, is used to heat a water-glycol mixture that is circu­
lated through a heat exchanger in the passenger compartment. All 
of the passenger compartment components, including the heat ex­
changer, blower, and heater/defroster distribution ducting, are 
derived from the Omni-Horizon. The water heating components are 
taken from a commercially available diesel ~ngine preheater manu­
factured by Stewart-Warner. 

Other systems were considered, including direct air-to-air 
exchangers, but none of them could provide the level of perfor­
mance required by the Federal standards. The recirculating fluid 
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.. 
approach also provides a quiet system, since the burner is iso­
lated from the passenger compartment and eliminates noxious fumes 
and odors in the vehicle. 

A full-scale compliance test on an Omni-Horizon prototype 
was successfully conducted in January 1978. Figure 3.1.3-1 shows 
the sequential photographs of the time versus defrosting action 
results to confirm compliance to FMVSS 103. 

1/JJJJ~ItwJJ t m \\ \\\ 

TDlE : 12 1/2 .\liN . TDIE : 20 mN . 

Figure 3.1.3-1. Time vs Defrosting Action Results to Confirm 
Compliance to FMVSS 103 

Windshield Wipers and washers .... . ' .. 

The windshield wiper and washer system is common to the 1979 
Omni-Horizon cars and complies with the requirement of FMVSS 104. 

Instrument Panel and Controls 

The instrument panel shown i n Figure 3.1.3-2 is a one-piece 
molded plastic unit with a separate instrument cluster located 
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Figure 3.1.3-2. Instrument Panel 

directly in front of the operator. The speedometer is calibrated 
in miles and kilometers and is centrally located in the cluster. 
A battery gauge indicates the level of energy remaining in the 
batteries. Other functions are monitored by warning or indica­
tor lights, as shown in Figure 3.1.3-3. The cluster wiring is 
accomplished by means of a flexible printed circuit board, shown 
in Figure 3.1.3-4. 

!<M/'1'\ 

MPH 

.;J_-..1 
0 (J\ 

Figure 3.1.3-3. Instrument Cluster 
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LOCATIONS 

I/P WIRING HARNESS 
6 WAY CONNECTOR 

1 Brake Warning Lamp 
2 Open 
J ~ T/S Indicator Right 
4 High Beam Indicator 
5 Ignition Feed 
6 Over Temp Warning Light 

1 
2 
3 
4 
5 
6 

CLUSTER REAR VIEW 

I/P WIRING HARNESS 
12 WAY CONNECTOR 

Ground 7 Seat Belt Indicator Feed 
Accessory Charger Warning Light 8 Seat Belt Indicator Ground 
Drive Energized Indicator 9 Illumination Lamp Feed 
Over Speed Warning Light 10 Open 
Turn Signal Indicator Left 11 Open 
Main Battery Charging Indicator 12 Low Voltage Warning Light 

Figure 3.1.3-4. Flexible Printe 2ircuit Board 



A drive mode selector with forward, neutral, and reverse 
positions will be mounted on the battery tunnel. A steering­
column-mounted stalk will be used to actuate turn signals, head­
lamp beam change, and windshield wipers and washers. Switches 
for other functions such as heater, headlamps and main power dis­
connect will be mounted in suitable locations on the instrument 
panel. Brake and accelerator pedals are of conventional design. 
An audible warning signal will sound if the operator attempts to 
leave the car without setting the parking brake, turning off the 
headlamps, or removing the key. 

WBS 3.1.4 ~le Fabrication and Assem£l~ 

Chrysler's Uniform Parts Grouping system is being used to 
identify all of the vehicle components for weight estimating pur­
poses. There are three major headings: Body Structure, Chassis, 
and Air Handling and Body Electrical Components. The current 
weight estimate is shown in Table 3.1.4-1. Extensive use of light­
weight materials have helped to keep the weight of the vehicle 
subsystem to the minimum. Alum1num has been substituted tor steel 
for all exterior panels, hood and door inner panels, and road 
wheels. Aluminum has also been used for the battery rack, trans­
mission case, bumper beams, steering gear housing, and brake mas­
ter cylinder. 

Plastic applications include the one-piece ABS instrument 
panel, ABS belly pan, and Lexan ® polycarbonate sheet for side and 
rear glazing. High strength, low alloy steel has been used ex­
tensively in the vehicle underbody and other structural members. 

WBS 3.1.5 ~~J~n and F~brication Subcontfact 

The design activity at Modern Engineering Service, Inc. is 
scheduled to be completed by July 31. As of May l, approximately 
25 % of the known tasks had been completed. 

Die models are currently being finished and flange provisions 
are being added. Completion of the models is scheduled for June 10, 
at which time the die model stack review will be held. These models 
will be used for the construction of three-piece kirksite dies 
for the aluminum exterior body panels. Completion of the first 
vehicle is scheduled for January 1979, with the other two vehicles 
following at one-month intervals. 

®Registered trademark of General Electric Company 
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UPG No. 

llAOl 

1 lA02 

llA03 

llA04 

!lAOS 

llA06 

llA07 

llA09 

llAlO 

llAll 

11Al3 

llA14 

llD 

12 

14 

15 

16 

17 

18 

19 

20 

22 

WBS 3 .1.1 
Body Structure 

Underbody 

Cowl-D<Jsh 

Center Pillar 

Quarter 

Deck Panels 

Roof 

Doors 

Liftgate 

Front Fender 

Hood 

Front Structure 
S/Metal 

Battery Tray 

Loose Panels 

Operating 
Hardware 

Exterior 
Orn<:mentation 

Trim 

Seats 

Sealers/W/Strip 

Glass 

Convenience 
Items 

ll1ter ior 
Moldings 

Paint 

Subtotal 

TABLE 3.1.4-1 

WEIGHT ESTIMATE (KG) 

WBS 3 .1. 2 
Chassis 

Weight UPG No. Weight UPG No. 

87.0 

30.0 

26.0 

19.0 

6.0 

16.0 

23.8 

0.5 

5.0 

8.4 

6.0 

20.0 

1.2 

5.0 

6.0 

40.6 

39.0 

11.8 

31.3 

8.3 

2.7 

4.0 

397.6 

31 

32 

33A 

33B 

34A/B 

34C/D 

35 

36A 

36D 

36G 

36H 

36L 

35H 

Final Drive 

Fore Structure 

Front Sus­
pension 

Rear Sus­
pension 

42.0 

36.0 

35.0 

29.0 

Steering Gear 6.0 
& Linkage 

Steering Column 7.5 
& Wheel 

Brakes 35.0 

Wheels & Tires 69.7 

Parking Brake 2.8 
Controls 

Fender Shields 9.0 

Bumpers 

Tools 

Regenerative 
Brake System 

39.0 

4.0 

2.8 

12F 

12G 

13 

21 

79 

80 

85 

86A 

86B 

86C 

Subtotal 317.8 Subtotal 

WBS 3 .1. 3 
Air Handling 

Windshield 
.Wipers 

Ventilation 
Components 

Interior Lamps 
& Switches 

Instrument Panel 

Wiring 

Heater 

Windshield 
washers 

BattP.ry Cable 
Wiring 

Male Battery 
Connectors 

Quick Discon­
nect Switch 

Totnl 7fi1 ~4 kg (1683.0 lu) 
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Weight 

3.56 

5.21 

1. 35 

7.27 

5.15 

18.53 

1. 51 

3.26 

0.90 

1.5 

48.24 



WBS 3.2 ELECTRICAL DRIVE SUBSYSTEM 

WBS 3.2.1 Parameter 2Etimization 

The work effort was to evaluate all candidate motor designs 
submitted by the Direct Current.Motor and Generator Department 
(DCM&G) for suitability on the electric vehicle. The motors have 
been examined for performance on the J227a Schedule D urban driv­
ing cycle and range at a constant 45 mph while also meeting the 
requirements of 0 to 30 mph accleration in 9 seconds, 25 to 55 mph 
acceler~tion in 18 seconds, and climbing a sustained 5 % grade 
of 1 mile at 50 mph. 

The digital computer program which modeled the battery, drive, 
and vehicle was used to select the motor producing maximum range 
on the J227a Schedule D cycle. A model of the EV-106 battery was 
used because the model of the EV2-13 battery, being installed in 
the vehicle, was not available when this study was conducted. 

Because the performance differences between the best performing 
motors were small, the choice was difficult. The motor selected 
gave the best performance on the J227a Schedule D urban cycle 
and remained a leading candidate for all sensitivity studies made 
for vehicle and battery changes. 

The motor selected is designated as General Electric frame 
size 2366, armature design 2513. The motor is physically designed 
around the following set of preliminary design parameters: 

• Continuous rating 20 hp, 96 volt, 2500/5000 rpm speed 
range 

• Shunt wound, 4-pole with commutating poles 

• Totally enclosed, blower ventilated 

• Shunt field turns = 250 

• Voltage constant = 0.050 volt/megaline-rpm 

• Torque constant = 0.352 lb-ft/megaline-amperes 

• Resistance 
0.0405 ohm 

armature + commutator pole (hot) = 

• Resistance - shunt field (hot) = 5.67 ohms 

• Approximate weight = 217 lb 

Table 3.2.1-1 gives the results for all motors evaluated. 
For all motor/parameter sets the first step in the analysis was 
the determination of the optimum field flux to use during the ac­
celeration/deceleration portion of the J227 cycle in the armature 
control region. This was determined by varying the flux level 
and noting the energy required for one J227 cycle. 

Figure 3.2.1-1 shows the results for the selected motor pre­
sented in graphical form. The tests were repeated for an 80% 
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TABLE 3.2.1-1 

SUl•lM.Z\.RY OF EVALUATION RESULTS 

ARMATURE CURRENT - AMPS 

3peej I J< 27A-D I Range I Motor Fully Charged Battery I 
~nge r----..------i @ 45 MPH Wgt SEGI I SEGI 
(RPM) I CycJ.es I I'Hles I Wiles) (1:::>} J227 0/30 25/55 5% Grade J227 

GE DCM&G I 

I Armature I 
No. Design Frame 

2366 2513 2500/5000 54 54.2B 78.2 225 209 320 370 3<7 214 

2369 4111 2500/50CJ 54 53.26 74.7 305 244 411 343 3C4 247 

2369 2513 1250/~000 53 54.01 77.9 280 200 278 413 354 205 

2366 3312 3~50/5000 53 52.6C 77.3 225 227 369 353 3:5 230 

2368 4511 3000/5000 53 52.07 14.7 2EO 251 434 343 303 255 

2378 2513 1250/5000 52 52.88 ;4.0 450 208 289 392 3~0 213 

2368 2513 1~50/5000 52 52.63 77.8 260 205 300 401 3~7 210 

2368 5711 2500/5000 52 51.55 7 6.6 260 233 383 357 317 237 

2364 2913 2500/5000 50 49.9; 77.8 200 225 360 395 344 229 

2366 5711 ).750/5000 50 49.0~ 74.3 225 255 258 

2366 4911 3750/SOOO so 48.8a 72.2 22s 271 480 348 301 273 

2368 4111 3~00/5000 50 48.73 70.5 260 291 293 

2368 3711 3150/SOJO 47 45. 7--l 70.5 260 319 320 

2364 5711 3750,5000 43 41.92 70.5 200 336 337 

2368 2511 ~000/5000 42 40.E5 69.0 260 470 472 

2346 4911 5000/10, OCCo 49 48. E9 69.2 150 237 240 

2346 4511 6ooo:1o,ooa 48 47.<8 68.4 150 247 252 

2346 4111 6500.'10.000 4B 47.:..9 67.4 150 262 265 

40% Discharged Battery 

0/30 

327 

415 

287 

374 

435 

299 

307 

388 

369 

480 

25/55 5% Grade 

413 358 

364 322 

Not eno•Jgh 
383torque 339 

363 320 

438 371 

500 400 

385 340 

485 N.G. 

366 319 

2346 3312 5000.1 10,00•) 47 47.51 69.7 :so 218 223 ; 

2346 2912 ;ooo11o,ooJ 4~ 47.19 69.4 1so 225 231 1 

~-2_3_4_6 _____ 37_1_1 ______ 5_s_o_o_l_l_o_._o·_~J _______ 4_E ______ 4_5 __ .:_•2 _______ 6_5_._o ________ l5_o _______ 2_8_3··--------------------------------2_8_5 ______________________________ j 

(-) Data n.ot calculated due to poor performance 
of candidate motor =n ~227 cycle 



BATTERY ENERGY · FIELD FLUX 
PERFORMANCE· ON J227 URBAN CYCLE 

2500/5000 MOTOR, 2366 FRAME- 2513 DESIGN 

0.221 + 

+'-. BO% DISCHARGED I/ 
',./ BATTERY I .... _, 

~ 0.220 
u ,._ 
~ ..., 
.... 
z 
0 

~ 0.219 
1-.._ 
"" 

' I 
' I '- I ',I 

+ s '0.64 

i 0.20:~ '""' '"'"'" ;· 
CD ·~ATTERY 

0.217 ·---. s'o 

0.80 O.B5 0.90 
FLUX I MEGALINEI 

0.95 
__J 

1.00 

Figure 3.2.1-1. Battery Energy -- Field Flux Performance 
on J227a Urban Cycle 

discharged battery to verify that there was not a shift in the 
optimum field flux as the battery lost charge. Figure 3.2.1-1 
shows that a flux level of 0.95 megaline is optimum for the J227 
cycle for both a fully charged and an 80 % discharged battery. 
The normal rated field flux for this machine is 0.72; thus the 
optimum flux represents a 32 % field flux forcing. This in turn 
represents approximately a 113 % field current forcing due to the 
machine's magnetic structure saturation. 

Vehicle Parameter Variations 

In order to assure that the motor selected was suitable for 
the anticipated range of car parameters, test cases were run for 
the expected range of parameters. Four candidate motors were se­
lected for this study and their performance calculated for the 
range of variables shown below. 

Aerodxnamic Dra~ 

Fd = 2.151 * Kl * A * D * v2 
(lb) 

A = Frontal area (ft2 ) 

D = Drag coefficient 

V = Velocity (mph) 

K = P/2g = 1.19 * 10-3 at standard atmosphere 

3.2-J 



Rolling Resistance 

FR = -3 l/K2 (W + Wm) (1 + 2.05 X 10 XV+ 2.58 X 

10-5 
X V2 ) (lb) 

where W = wgt of car + 300 lb passenger load 

= wgt of motor 

= Velocity (mph) 

The range of values for l/K2 , W, and A * D * K is shown below 

Min. Max. 

0.0101 0.0138 

2800 3100 

2.151 * K1 * A * D 0.01359 0.01689 

The results are shown on Figure 3.2.1-2. Within the range 
of vehicle parameters tested, the chosP.n mntnr desi0n is either 
at the maximum range or within one cycle of the maximum. 

2368 FRAME 

2366 FRAME 2513 DESIGN 
74 2513 DESIGN : 

2369 FRAME =------ "-.. ~~68 FRAME 
72 · Alii D~~SIGN ~lDESIGN 

!II W '2800 • 
70 I/K2 '0.0101 

AD ·'0.01~ 

68 

0 

::: 66 
.... (21 w • 3100 -----·---
~ 1/K2' lJ.lJilJI • .-, -·-----8 G4 . AD '0.01~-~--"/ • 
Vl 

d 62 
>­
<..> 
,.._ 
~ 60 
~ 

..._ 
0 

5 58 

"' ::;; 

~ 56 

(31 w '2800 

IIK2 •0.01:~ -~·----AD •0.01~ •---

CHRY3L(R ROLLING 

04 RESISTANCE/ •--'r--• ............ 
AERO. DRAG J ~ 

52 ~. '·---
!41 w ·~rnn •.. 

50 I/K2•0.0138 ·r--..____ -----· 
AD •0.016~/ ~. 

48 

Figure 3.2.1-2. Vehicle Sensitivity Study 
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WBS 3.2.2 Control Strate21,and Sensors 

This task includes strategy selection relating to (a) drive 
control methods, (b) rating philosophy, (c) fuel gauge principle, 
and (d) battery charging. 

Drive Control Methods 

The regenerative braking drive requirement favors the selec­
tion of a de, separately excited motor. Motor design evaluation 
studies conducted under WBS 3.2.1 have resulted in the selection 
of a motor which operates with armature voltage control from ap­
proximately 30 to 60 mph. In the armature control mode, the field 
current If is held constant and Ia is varied by adjusting arma­
ture voltage V . In the field control mode, V is at full value 
and Ia is adju§ted by varying If. a 

The important points relating to this strategy are: 

• Te « Ia in armature control (provided If is fixed) 

• T « 1/N in field control (provided V is fixed) e a 

• aT /ai is variable e a 

To give the vehicle a constant accelerator pedal "feel" in 
the light of these points, a torque control scheme was selected. 
Figure 3.2.2-1 (a) and (b) shows two possible closed-loop torque 
control schemes using, respectively, a motor shaft torque trans-· 
ducer and a torque computation circuit. Figure 3.2.2-1 (c) shows 
an open-loop torque control system, the main feature of which is 
a nonlinear gain block that processes the armature current com­
mand, I *, from the total torque reference. This gain block has 
an invefse law relationship, .ri * « 1/If, neglecting saturation. 
The curve can be modified to iflclude saturation, depending upon 
the detailed motor design. 

The open-loop torque scheme was chosen over the closed-loop 
schemes on the basis of simplicity and the moderate torque accur­
acy required by this application. 

The nonlinear gain block of Figure 3.2.2-1 (c) has since been 
found to be highly complex to implement using a microcomputer. 
The nonlinear block is at present being simplified and is re­
placed with a linear gain constant. 

A control strategy block diagram is shown in Figure 3.2.2-2. 

Rating Philoso~h~ 

The ratings and torque envelope resulting from the selected 
control strategy are shown in Table 3.2.2-1 and Figure 3.2.2-3 
respectively. 
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Compression Braking 

Tc 

{ 

Torque Error 
1----<., to I * and I * a t 

Control Loops 

Brake 
tl Pressure T shaft 
Transducer T b 

(a) Closed-Loop Scheme Using 
Shaft Torque Sensor 

Compression Braking 

Tc 

Accelerator --.... ~x ,_ __ ..... 
Ta 

1\ Pressure 
Transducer~ 

Tb 

+V 

(b) Closed-Loop Scheme Using 
Computed Torque 

Tb _,. _ ___. 

From 
6 Pressure 
Transducer 

Ia* 

"--~----.'t,_ __ ~~ 

~ 

(c) Open Loop Torque Control 

Figure 3.2.2-1. Torque Control Schemes 
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Compression h 
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+V 

STAR NOTATION: 

K 

Ia • = Arm. Current Command 

Ia = Actual Arm. Current 

Arm. 
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I( + 1.0 pu 

Al 
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2 

I ' 

Field 
Chopper 

Figure 3.2.2-2. Overall Control St~ategy Block Diagram 
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LL 
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Fuel Gause 

lA = +400A 
125~------------

0 

-67 

.Motor 
r-----~-----1------+------+------+-----Speed 

1000 2000 3000 4000 5000 (RPM) 

lA = -200A 

Figure 3.2.2-3. Torque Envelope 

The fuel gauge principle, as it is formulated at the present 
time, consists of straight-line approximations to the state of 
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TABLE 3.2.2-1 

DRIVE COMPONENT RATINGS 

Armature Chopper 

• Continuous Rating 

Motoring: IA = +200 A, T = 50 % 

Generating: IA = -100 A, T = 50 % 

• Transient Rating 

Motoring: IA = +400 A, T = 50 % 

Generating: IA = -200 A, T = 50 % 

Field Choli!li!er/Char51er 

• Continuous f{ating 

Fie in Supp1y: If = 10.6 A, vf = 53 v 
<l>NL = 0.95 ML 

·, 
Charging: IB = 24 A, VB = 132 v, 

IB = 8 A, VB = 13'2 v, Motor 

• Continuous Rating: IA = ± 175 A, VA = 96 v, 

TB = 80°F (30 A line) 

TB = 80°F (15 A line) 

Psh = 20 hp 

charge versus terminal voltage curves, one of which is shown in 
Figure 3.2.2~4. 

The fuel gauge algorithm involves the use of a continuous 
memory within the microcomputer to transistion the fuel gauge in­
dicated value between motoring and charging modes. When the de­
livered battery characteristics are known, this straight-line ap­
proximation method will be reexamined. 

Batte_r~ Char~ing 

The adopted charging method, as illustrated in Figure 3.2.2-5, 
is as follows: 

Constant Current Portion 

The constant current portion consists of injecting a preset 
value ot current into the battery until the battery voltage reaches 
the Maximum allowable value, VB( 1 . The preset current value 
is in the order of 24 A de for amffs V, 30 A line, and approxi­
mate·lll 8 A de for a 115 V, 15 A line. 
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Figure 3.2.2-4. Fuel Gauge Principle 

20% 

Volta~e Measurement 

The signal conditioning circuitry provides the microcomputer 
with an analog voltage, VBA' which is related to the battery volt­
age, VB' by the following equation: 

VBA = (VB - 120) 0.25 

This signal is resolved by the microcomputer to 1 part in 
127. The maximum and minimum values of VB during the constant 
voltage portion of the charging method are 156.9 V and 126.6 V, 
corresponding to battery temperatures of -20 F and +125 F re­
spectively. 

Constant Volta~e Portion 

an 
At 

The constant voltage porbion is described below, assuming 
ambbent temperature of 80 F for the purposes of illustration. 
80 F, VB(max) = 132.3V. 

Method 

1. Maintain constant charging current until VB = VB(max) 
= 132.3 V; VBA = 3.08 V. 
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133 

132 

Total of 8 Steps 
of Resolution 
= 2.52 v 

.....,.___,r- --- 132.3 v @ 80 °F 

/::;V Constant 
Irrespective 
of Temperature 

-129.8 V@ 80°F 

l,J--------------- TIME 

"'24 A 
25 Initially 

20 

15 

10 

0 

su(.c.cociuP· 2 A 

decrements 
1 minute apart~ 

Current maintained constant 

until VB ~ VB(max)' at 

"lo7hic:h time decrement begins. 

J-~ ------'------J.,_ ____ ......._ ____ ..,.l~----.... TIME 11tter 
0 1 2 (II))._ vnltage limit 

reached 

IB would become negative here 

:. Stop charging (unless on equalization charge) 

NOTE: Average battery vultago dnri.ng "constant-voltage" !JOrtion i.s approximately 

132.3 + 1L~.8 
2 131.1 V, in:;L~ad of· t:he. 132.3 V of the "ideal" sysLeu,. 

Figure 3.2.2-5. Battery Charging Method -- Diagrammatic Summary 
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2. When VB = 132.3 V, decrement battery current IB by a suc­
cession of two-ampere steps until VBA is reduced by ap­
proximately 8* steps of resolution. [1 step = 0.31 bat­
tery volt; hence 8 steps = 2.52 battery volts, using 
Equation (1) .] 

3. The resulting IB value is maintained until VB( ) is 
again reached and step 2 is repeated. max 

4. If I , using the above method, would result in a zero (or 
nega~ive) value, then charging is terminated, as the bat­
tery is now fully charged (regular charging). 

5. When step 4 is reached, charging ceases for regular charg­
ing. If equalizing charge is required, IB is then set 
at 1.5 A and charging continues with no current decrement. 
The conditions for termination of equalizing charge have 
not been determined at this time. 

Step Timing 

It is expected that battery chemistry will demand a wait time 
between the successive 2.0 A decrements. A wait time of 45 to 
60 seconds has been recommended by Globe-Union. 

WBS 3.2.3 Drive Motor 

A separately excited de motor was chosen by CRD as described 
in WBS 3.2.1. Of foremost concern was the selection of the opti­
mum degree of field weakening to be used to accommodate the vari­
ous drive requirements. The required drive motor capabilities 
include: continuous, level vehicle operation at all speeds to 
60 mph; start/stop service, repeated continuously in accordance 
with SAE J227a Schedule D; intermittent acceleration from 0 to 
30 mph in 9 seconds; intermittent acceleration from 25 to 55 mph 
in 18 seconds; and a sustained speed of 50 mph on a one-mile 5 % 
grade. All of these requirements are to be satisfied with accept­
able heating and commutation and at the minimum weight consistent 
with high efficiency. 

A speed of 5000 rpm corresponding to 60 mph was selected in­
itially. As the study progressed, designs were surveyed to con­
firm the wisdom of this choice. Consideration was also given to 
higher speed designs (10,000 rpm), as will be discussed. 

A four-pole motor, incorporating a full complement of commu­
tating poles, was given greatest attention. Such a motor affords 

*The feasible number of resolution steps will depend upon battery 
voltage ripple, temperature drift effects, etc. The exact num­
ber of steps will be determined by experiment with the delivered 
batteries. 
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greatest design flexibility and provides suitable high power den-
sity, commutation margin, and thermal capability particularly 
at overloads. 

Analyses of other de drive motor types will be discussed 
later. These include: permanent magnet motor designs, motors 
having larger and smaller numbers of main poles, and 10,000-rpm 
designs. 

Results 

Details regarding the design which has been selected for 
prototype manufacture are given in Table 3.2.3-1. (Design param­
eters have been modified slightly from preliminary values cited 
in subsection 3.2.1.) 

TABLE 3.2.3-1 

MOTOR DATA 

NP Rating: 20 Hp, 2500/5000 Rpm, 96 V, 175 A 
Cont., Separately Excited at 4.9 A 

Force-Ventilated: 125 Cfm (1 In. H20) 

Winding Resistance: 25 °C 

Armature 

Commutator Field 

Shunt Field 

Shunt Field: 330 Turns/Pole 

Winding Inductances: 

KT = 
Kv = 

WK 2 = 

Armature + CF 

Shunt Field 

Unsat. 

0.52 mH 

2.3 H 

0.352 lb-ft/A Megaline 

0.050 V/rpm Megaline 

2.2 lb-ft 2 

o.o1a9 n 
o.oo54 n 
4.3 n 

Sat. 
(FFF@ 3600 A.T.) 

0.16 mH 

0.21 H 

The selection of the proposed prototype design was the result 
of careful consideration of more than 20 candidate designs (of 
various diameters, stackings, and windings) all of which ft1lfill~d 
the five drive requirements with varying degrees of margin and 
with varying weights and efficiencies. The design selected pro­
vides the maximum range in fulfilling the J227a Schedule D duty 
using the best vehicle and battery information available at the 
time, and promises to be close to the optimum design, as these 
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duty requirements undergo modification as the result of varying 
battery and vehicle characteristics. 

The speed-torque characteristic of the motor is shown as 
curve FFF in Figure 3.2.3-1 under forced full field conditions 
which will provide more torque per battery ampere during brief 
periods of acceleration. The corresponding armature current is 
shown as curve IFFF (scale at right margin). Operating point A 
(60 mph level) is achieved bl_field weakening, providing the 
speed-torque characteristic WF. Line CC is a locus of operating 
points at constant armature current as field strength is varied. 
The motor current at point A is 150 A, the current IFFF correspond­
ing to the intersection of the constant current locus cc and the 
forced full field excitation line FFF. 

6000 

800 

5000 G) \ 0 \ 
4000 \ 00 

\ 
\ \ 1FFF 

3000 

"'\ C0 cc \ 
\.. 

2000 ' RIGHT 400 

1000 ---:-
FFF 

SPEED/TORQUE 
AT FORCED FIELD 

0 ~L---L-----L-~~~--~--~~----~----~----~----~----~0 
0 20 40 60 80 100 120 140 160 180 200 

TORQUE (1b ft) 

Figure 3.2.3-1. Motor Capabilities and Current Requirements 

The current requirements of operating duties B, C, D, and E 
were found similarly. For example, the J227 acceleration duty 
(B) is seen to require about 200 amperes and is accomplished at 
forced full field to 1800 rpm followed by field weakening to 3750 
rpm. The throughway merging duty (D) is accomplished entirely 
with weakened field, requiring about 190 amperes. 

By this process the capacity of the various designs examined 
to fulfill the duty requirements was determined. Some of the 
early designs were discarded because they were incapable of ful­
filling the duty requiremento. In these cases, it was found that 
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the constant armature current locus CC corresponding to some of 
the o~ating duty requirements did not intersect the forced field 
line FFF. 

The various designs chosen for evaluation by CRD were selected 
from those which were shown to be capable of the duty requirements. 
Generally the performance characteristics and the current require­
ments found during the screening process agreed closely with those 
resulting from the later analysis. 

Variet~ of_Desi2ns Developed for Evaluation 

Designs were considered in three different armature diam­
eters; however, most attention was given to designs having an arm­
ature diameter of 5-3/1 in. The axial length, or stacking, of 
the desiyn~ in thiR diameter was varied more than 2:J.. A range 
of armature turn~ was considere~, te~ultin0 in a spectrum of full 
field speeds between the limits of 125U rpm (4:1 field weake11ing) 
and 5000 rpm (no field weakening) . In general, as the full field 
speed was reduced, Lhe motor ~ize was required to be increased 
to meet the duty requirements. For a given full field ~peed, as 
the motor size was increased beyond the minimum size capable of 
satisfying duty requirements, efficiency was somewhat improved; 
however, when the motor size greatly exceeded the minimum required 
size, by a factor of about 2:1, the vehicle range was reduced as 
a result of the increased vehicle weight. 

The results of computer runs show maximum vehicle range on 
the J227a Schedule D duty with a nominal full field speed of 2500 
rpm. With field forcing, the speed is lowered to about 1800 rpm. 
The motor design limits are primarily the torque required for the 
0 to 30 mph in 9 seconds acceleration and for the 50 mph, 5 % 
grade. Because of this, the selected motor will exhibit a very 
moderate temperature rise on the J227a Schedule D urban cycle. 
Because the design is of ample proportions, commutation duty will 
not be severe. 

Computer runs show that a machine having a higher full field 
speed, although it can be built in a smaller size, is capable of 
a more limited J227 duty range -- even if made oversized. It is 
pointed out, however, that these relations are not highly sensi­
tive. A spread of ±15 % as applied to the optimum motor size and 
optimum full field speed results in a variation in vehicle range 
of only n few cycles of J227 duty. 

Appraisal of Other Motor Design Types 

Number of Main Poles 

Motor designs built with greater and fewer numbers of main 
poles were considered. Two-pole designs were substantially hP.av­
ier and do not offer performance advantages of such significance 
as to offset the weight penalty. The primary advantages of six­
pole designs, as compared with four-pole designs, is a weight 
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reduction of about 15 lb and an armature circuit resistance reduc­
tion of about 10 %. Disadvantages include: increased core loss; 
a poorer stator space factor, resulting from the larger number 
of poles and coils; and an inherently lower armature circuit in­
ductance, resulting in greater current ripple when operated from 
a pulse power supply and/or requiring a heavier smooth reactor. 
Reduced armature reaction per pole allows the use of a smaller 
air gap, tending to offset. the need for more field copper because 
of the increased number of poles. 

Six-pole designs afford less flexibility as to armature wind­
ing. In particular, a gap exists between the ratings which can 
be met with parallel-lap and series-wave winding types. The rat­
ing under consideration borders on the unavailable range. It is 
quite possible that the optimization process described above for 
the four-pole designs considered would result in an acceptable 
six-pole design; however, it is likely that further investigation 
would uncover an "optimum" degree of field weakening for a six­
pole motor, which is impractical because of the intrinsic gap in 
this winding type. For this reason, and because of the near equal­
ity of four- and six-pole winding types, a four~pole drive motor 
was selected for development. 

High seeed Motors 

Higher speed motor designs were considered but were not judged 
suitable for maximum range battery operated vehicular application. 
In particular, five motor designs providing a top speed of 10,000 
rpm were evaluated and judged inferior to the 5000 rpm designs 
described above. 

Friction, windage, and core losses of such motors are inher­
ently higher, and, whereas the armature windings can be shrouded 
and streamlined, the increased machine losses more than offset 
the advantage afforded by the weight reduction. The vehicle weight 
can be reduced about 60 lb by the use of a motor rated 20 hp, 6000/ 
10,000 rpm. Not included in this figure are the increased weight 
and decreased efficiency likely to be involved in the doubliny 
of the speed-changer ratio. 

Permanent Magnet Motors 

Permanent magnet excitation of the drive motor offers the 
obvious advantage of elimination of excitation power. Signifi­
cant size and weight reductions can be foreseen, particularly 
with the use of the new cobalt-rare earth magnetic materials which 
are now available. A motor design using such magnets developed 
by the General Electric Company under the trade name Gecor was 
developed for evaluation by CRD. The machine designed uses ap­
proximately 16 lb of permanent magnet material. Two serious short­
comings are evident. 

First, whereas a permanent-magnet-excited machine using Gecor 
can be designed for reasonably high airgap flux densities as re-
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quired for acceptable motor losses during level vehicular opera­
tion, a significant flux decrease at severe overloads cannot be 
avoided -- as compared with the flux increase achieved by field 
forcing with the separately exicted machines discussed above. 
Increased armature current provides the required torque results. 

A second shortcoming is the increased motor current associ­
ated with peak loading when all of the speed control range is 
achieved by armature voltage control. Motor currents in the range 
of 700 A are required, as compared with a maximum current of less 
than 400 A when using the design selected for prototype manufac­
ture. 

Fabrication 

Four motors are now being fabricated with the parameters shown 
in Table 3.2.3-1. Fabrication is expected to be completed during 
May 1978. 

WBS 3.2.4 Armature Chopper 

Circuit Selection 

Both single-phase and multiphase choppers were considered 
for the armature chopper design. Also considered was a bidirec­
tional chopper arrangement in which electric braking is accomp­
lished by the use of a voltage stepup chopper, which is separate 
from the motoring chopper. Consideration was also given to a 
single armature chopper with reversing contactors to accomplish 
the braking function (in this approach, the field must also be 
reversed to accomplish braking) . 

The single-phase bidirectional chopper was selected for the 
following reasons: 

o Lowest weight 

o Simpler control 

o Fewer base drive circuits 

o Faster transition time from motoring to braking 

o Greater efficiency (no armature motoring/braking con­
tactor or series SCR) 

Power Tran~istor Evaluation 

Several types of power transistors were evaluated under ac­
tual circuit conditions in the breadboard armature chopper shown 
in Figure 3.2.4-1. Devices obtained from Power Tech, Inc.; EVC, 
Inc.; Westcode; and Toshiba were considered as well as the devel­
opmental GE power Darlington. ~·he GE power Darlington was selected 
for use in the armature chopper on the basis of its superior switch­
ing speed and its adaptability to low-cost power module fabrication 
techniques. Two GE power Darlingtons in parallel along with a 
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Figure 3.2.4-1. Breadboard Armature Chopper 

feedback diode form a single module capable of turning off the 
required 270 A peak current in less than 1 ~s. 

Armature Choee~r pesi2n 

Figure 3.2.4-2 is a simplified schematic diagram of the arm­
ature chopper. Since the peak motoring requirements (400 A) are 
twice the peak braking requirements (200 A), two modules are used 
in parallel for the motoring transistors (Ql and Q2), while only 
a single module is needed for the braking chopper (Q3). There 
are two GE power Darlingtons in parallel per module. A capacitor 
bank (~1200 ~F) supplies the high frequency currents required by 
the chopper. The resistor/capacitor/diode networks across each 
module provide turnoff stress reduction for the power transistors 
while Ll and its associated diode and resistor provide turnon 
stress reduction for the power transistors. Transformer Tl forces 
dynamic current sharing between Ql and Q2. The use of magnetore­
sistive sensors to sense the armature current eliminates the power 
loss normally associated with current shunts and provides electri­
cal isolation. 
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Figure 3.2.4-2. Armature Chopper Power Circuit 

Figure 3.2.4-3 illustrates the control electronics which in­
terface the microprocessor with the chopper power transistors. 
The malfunction signals listed in Figure 3.2.4-3, if positive, 
result in system shutdown, with a fault signal being sent to the 
microprocessor. The chopper duty cycle, T , is received from the 
microprocessor and modulated in the interface electronics to pro­
vide the drive to the power transistors. A fast acting local cur­
rent limit provides power transistor protection in the event of 
rapid overcurrents. 

Armature { 
Chopper 
Malfunction 
Signals 

Power I ranststor Failure---, 
Logic Power Failure ~ I 
Base Drive Power Failure~--! 
Transistor Overvoltog"' - r 
Battery Overcurrent ___j 

TAU (From Microprocessor) PWM 

Armature 
Current 

CurrF>nt 
Limit 

Modulator 

• Open Contactor 

1----+-- I o Microprocessor 

Turn Off Power Transistors 

Base 
Drive 

Lockout 
Logic 

Drive 
& 

Power 
Darlin~ton~ 

Figure 3.2.4-3. Interface Electronics 
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Figure 3.2.4-4 shows the armature chopper power loss compu­

ted from measured quantities obtained from the breadboard chopper. 
The switching frequency varies parabolically as a function of per­
cent of time (duty cycle) as determined by the PWM modulator. 
This constant ripple current control results in the minimum switch­
ing frequency (minimum switching losses) being used for a given 
load condition while keeping the peak-to-peak ripple current at 
an acceptable constant value. 

$?~ 

- N ~~ 
: ~ 1250 
<JI c 
0 Q) _, ::> 
'- CT 
Q) Q) 

~.t 1000 
~g> 
Q; ·a. 
a. a. 
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_g 6 750 
u 

Duty Cycle 

Figure 3.2.4-4. Armature Chopper Power Loss 

3.2.5 Field Cho~£er/Battery Charger 

The field chopper/battery charger (FC/BC) circuit is required 
to perform the dual functions of providing the appropriate elec­
tronic interface between the household power source and the vehi­
cle propulsion battery and providing appropriate motor field exci­
tation uuuer microcomputer control when the vehicle is in motion. 

Power Circuit 

The block diagram of Figure 3.2.5-1 shows the two operational 
modes of the FC/BC circuitry. When connected to a 115 V service 
outlet, the circuitry is arranged to provide propulsion battery 
charging under microcomputer control. When the vehicle is in mo­
tion, the circuitry controls the propulsion motor's field current, 
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A. Battery Charging Mode 

llSV Line o-----.t Rectification 

B. Field Excitation Mode 

Propulsion Battery 

Current Command 
From Microprocessor 

Current Command 
From Microprocessor 

Propulsion 
Battery 

Figure 3.2.5-l. Field Chopper/Battery Charger Operational Modes 

which is also subject to microcomputer control. A transistor down­
chopper was the circuit of choice for both modes of operation. 

Figure 3.2.5-2 shows the manner in which the dual-mode cir­
cuit function is accomplished through the use of diodes n2 and 
D . When the vehicle is garaged and connected to the 115 V line, 
tMe chopper regulator under microcomputer control charges the pro­
pulsion battery via n3 . The motor field is disconnected in this 
operational mode by a microcomputer command to the field r elays. 

Line 

Figure 3.2.5-2. 

Ptopulsion 
Ball cry 

02 

L 
I i-o3 

Rectifier Chopper Regulator 

M. t 1croprocessor Field _ ., 
Relays Microprocessor 

Field 

Field Chopper/Battery Charger Block Diagram -­
Power Circuit 

3.2-20 



Charging occurs whenever the full-wave rectified line voltage 
is instantaneously greater than the battery voltage, a condition 
which reverse-biases D2 . During time intervals when the battery 
voltage is greater than the rectified line, the "rectifier" pre­
vents reverse battery current. When the vehicle is in motion, 
the microcomputer commands the field relay to connect the field 
(forward or reverse, as appropriate) and the propulsion battery 
supplies the chopper regulator through diode D2 • Diode D3 is back­
biased in this operational mode, since the field voltage 1s less 
than the battery voltage. 

The interconnections of the principal components of the FC/BC 
power circuit are shown in Figure 3.2.5-3. Additional components 
of significance are the coasting inductance, LJ' which provides 
the necessary energy storage for the battery cnarging mode; the 
coasting diode, D?' which is included with the power switch tran­
sistors, 0 1 (in modular form); and the location of the current 
sensors wh1ch provide both instantaneous and average current sig­
nals to the control logic that feeds the base drive circuitry. 

llSV line 

Charge Mode: 03 Conducting 
020ff 
Field Relays Open 
Line Voltage Applied 

Microprocessor 

Field Mode: 03 Off 
02 Conducting 
Line Not Connected 

Field 
Relays 

11 Sense 

Figure 3.2.5-3. Field Chopper/Battery Charger -­
Power Circuit 

Control Logic Circuit 

A block diagram of the control circuitry is shown in Figure 
3.2.5-4. In the battery charge mode of opeation, the amplified 
(I ) signal (sensed battery current) is used to control the "on" 
ti~e of the power switch transistor 0 1 . Features of this circuitry 
include peak current control for fast circuit response during the 
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Figure 3.2.5-4. Field Chopper/Battery Charger -­
Block Diagram of Control Logic 

time interval when the instantaneous line voltage is greater than 
the battery voltage, and fixed maximum "on" time to prevent satu­
ration of the base drive transformer, T1 . In the field current 
control mode the control signal, I (sensed field current), is 
compared with the microcomputer co~mand signal, the error signal 
being used to pulse-width-mo~ula~e the base drive signal to Q1 . 
Both control modes of operation Incorporate the safeguards of peak 
current limit and fault condition sensing providing circuit oper­
ation shutdown. 

Busc Drive Circuit 

The salient features of the base drive circuitry for o1 are 
shown in Figure 3.2.5-5. The significant operational features 
provided by this circuitry are fast transistor switching times, 
regenerative self-driving of Q1 , and a low control signal power 
requirement. The high frequency of operation (10 to 20 kHz) per­
mits the use ot relatively small sized magnetic components .i.n tl!e 
power circuitry. 

Circuit Rrpa~hnAr~R 

The base drive circuitry has been breadboarded (Figure 3.2.5-6) 
and exercised. Snubbers (circuit components to protect o1 , not 
shown in figures) have been designed appropriate to the brea~board 
circuit layout. The initial design for the coasting inductance, 
L

1
, has been modified for minimum leakage flux to permit mounting 

in a small space. The logic circuitry has been breadboarded and 
exercised in an open-loop mode. All circuit designs have been 
transitioned to GE Ordnance Systems for packaging and circuit board 
design. 
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Power Transistor Tests 

Two types of power transistors have been tested in the power 
circuit breadboard. The Power Tech MT1115 power Darlington pro­
vided a reasonable margin of safety for electrical stress (volt­
age, current) but was unsatisfactorily slow in its switching be­
havior. The transistor of choice is the GE power Darlington, which 
displayed the ability to switch 70 amperes in less than 500 nano­
seconds. Transistor modules are being fabricated. 

Lo~ic Power Su~ply 

The purpose of the logic power supply in the electric vehicle 
is to supply power to the microcomputer and to various circuits 
in the power conditioning unit. The output voltage requirements 
were originally determined to be +5 V, +12 V, and ±15 V. Output 
power was originally estimated at 80 wntt~ buL was later increased 
tu 160 watts. 

The power for the supply could come from either the auxili­
ary 12 volt battery or the main 108 volt propulsion battery. 
The 12 V battery rndintains a more stable output voltage bttt i3 
likely to be less reliable than the lOR V 3ysLem. Consequently, 
the 108 V system was chose11 as the power source for the supply. 

The 108 V system actually has an output that fluctuates be­
tween 60 V at complete discharge and 160 V when the vehicle is 
regenerating. The major requirement for the logic power supply 
is the capability of accepting this wide voltage swing. 

Since the purchase of an off-the-shelf unit was preferable 
to designing a unit, a search was conducted for a power supply 
capable of accepting the wide input voltage swings and supplying 
the five required output voltages. FurthermorP, the ~upply would 
have to meet the temperaturP specifiCation~ for the vehicle, which 
are morP. severe than the stand~rd 0 to 70 C commercial tempera­
ture spPcificaLions. Unfortunately, no single ~upply could be 
found which met all three requirements. 

An alternative considered was to design a de-de converter 
that would convert the varying input voltage to a standard mili­
tary bus voltage (e.g., 48 V). Commercially available de-de con­
verter modules would then be used to produce the five output volt­
ages. This approach was rejected for reasons of size and weight. 

work hau already been done within General Electric on a sup­
ply with multiple output voltages and a wide input voltage range. 
The design approach used for that supply was adopted, because it 
met the requirements and had already bPen proven in the prototypP 
stage. 

The method adopted uses a chopper to convert the incoming 
fluctuating voltage to a tightly regulated de level on an inter­
mediate bus. Energy storage for the system is carried out by a 
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filter capacitor on this bus. The required output voltages are 
produced by a high frequency, square-wave inverter and a multi­
winding transformer. Since the output waveform is a high fre­
quency square wave, output filtering requirements are modest. 

The circuit used in the GE study was redesigned to meet the 
voltage and current requirements of the present application. All 
components were checked to ensure that they would operate over 
the required temperature range. Additional protective circuitry 
was incorporated in the supply and a warning system was added to 
monitor system voltages and warn the microcomputer of fault con­
ditions in the logic power supply. 

During the design phase, a requirement for a source of base 
drive power for the armature chopper was defined. Rather than 
build another power supply for the base drive, it was decided to 
use the logic power supply. Therefore, a 36 V ac winding was 
added to the output transformer. This 36 V ac at 25 kHz is con­
verted to 5 V de within the armature chopper by a transformer, 
rectifier, and filter. This new requirement raised the output 
power of the supply to 160 W, as previously mentioned. A block 
diagram of the logic power supply is shown as Figure 3.2.5-7. 
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EMI , Transients 

rlChopper - Regulator~ 
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60-160V 60-- 160V 
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~ l ~ ~ 
Schottky Schottky Schottky Schottky 
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Figure 3.2.5-7. Logic Power Supply -- Block Diagram 

A complete prototype logic power supply (Figure 3.2.5-8) has 
been built at CRD to allow the supply to be tested with the micro­
computer and other loads. Initial tests on this prototype show 
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Figure 3.2.5-8. Prototype Logic PowPr Supply 

performance within specification. Line regulation is very tight 
(better than 1 %) . Ripple on the 5 V de output is about 100 mV, 
peak to peak. Load regulation has not yet been completely deter­
mined, but a switch between 60 and 160 watts output resulted in 
a 5 % change in output voltage. This load switching wns performed 
while the supply was powering the microcomputer. The switching 
had no effect on the microcomputer operation. 

F'ut11re activities on the logic power supply include further 
testing of the prototype and continued consultation with GF. Ord­
nance Systems on the assembly and packaging of the supply. One 
goal of the prototype testing is to detPrmine the supply regula­
tion. If the supply regulation is always within ± 5 % for the ve­
hicle loads ctuu load changes, 1t may be possible to eliminate 
some of the regulators currently included for critical analog cir­
cuits and tight voltage-tolerance digital components. 
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WBS 3.2.6 Microprocessor Module 

Slstem Analysis and Simulation 

The electric vehicle will have an Intel 8080 microprocessor 
based control system which will perform the functions of propul­
sion control, sequencing, fuel gauging computation and display, 
and programmed battery charging. 

In propulsion control, the armature current will be control­
led in both the chopping and field weakening modes, as shown in 
Figure 3.2.6-1. The feedback control loops in the above modes 
have been analyzed by Bode diagrams, and suitable gain and com­
pensator parameters have been determined. The drive subsystem 
is then simulated on the hybrid computer, to verify the digital 
control algorithm and sampling period and to study subsystem sta­
bility conditions. 

The prototype control software resident in the developmental 
system (MDS-800) (Figure 3.2.6-2) has been interfaced with the 
real-time simulation of the drive subsystem on the hybrid compu­
ter. Static and dynamic performances have been evaluated. 

A simplified vehicle sequencing diagram is shown in Figure 
3.2.6-3. There are 18 sequential states corresponding to five 
principal operating modes. For example, the forward operating 
modes consist of motoring, regeneration, and coasting states cor­
responding to chopping and field weakening control modes. Re­
sponding as to a set of driver commands, control transfers from 
one state to another. A precise set of actions is performed dur­
ing the transition. 

Battery charging and equalization strategies have been form­
ulated and flow charts drawn. Preliminary formulation of the fuel 
gauging strategy has been completed. 

Micr£processor Software Develo~ent 

Functional specifications for the suflwarc have been defineq 
and were presented at the IDR. The software architecture has a 
top-down hierarchical structure with an executive program at the 
top. The software development has been partitioned into modular 
subroutines in order to provide unit testing of each module. 

The system, as shown in Figure 3.2.6-4, has been partitioned 
into five major subsystems: multitask executive (Real Time Sche­
duler), motor control, sequential control, tachometer calculations, 
and monitoring subsystem. In addition, a limited set of diagnos­
tics is provided for monitoring and testing the microcomputer sys­
tem. All subsystems except the monitoring subsystem have been 
implemented and tested on the INTEL microprocessor development 
system. Once the monitoring subsystem is completed, the system 
will be integrated and tested on the prototype hardware in the 
laboratory. 
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Figure 3.2.6-4. Structure Chart of Present EV Software 

Hardware Design and Test 

The hardware of the microcomputer has been custom-designed, 
mainly with the use of MIL-SPEC components. The modular data ac­
quisition and output systems, programmable interrupt controller, 
and interval counter minimize the amount of hardware. The design 
includes diagnostic hardware, and adequate decoupling and shieJ~­
ing are provided to minimize EMI effects. 

The hardware design has been completed and wire-wrapped bread­
boards have been fabricated (without the data acquisition system). 
At present, the breadboards are being tested with the in-circnit 
emulator. 

WBS 3.2.7 Accessor~ Char~er 

The electric vehicle h~s a otandard 12 V electrical system 
that pertorms the same functions (other than ignition and start­
ing) as the electrical system of a standard, internal-combustion­
engine car. The power for this system could be supplied in the 
same fashion as in an IC vehicle -- by an alternator driven by 
the motor. While this approach has the advantage of using proven 
technology, the total weight and size of the alternator and its 
low electrical efficiency are prohibitive in an EV application. 
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An alternative solution is to use a de-de converter to sup­
ply the 12 V power from the vehicle propulsion battery. A small 
12 V battery is used to allow accessories to operate for a time 
even if the propulsion battery is discharged. The auxiliary bat­
tery also allows the 12 V system to handle peak loads above the 
capacity of the de-de converter. De-de converters are light and 
small and represent a relatively mature technology. Therefore, 
this approach was chosen to power the vehicle 12 V system. 

The de-de converter for the system, called the accessory 
charger, has the following characteristics: 

• When the accessory battery voltage is below its gas­
sing voltage, the converter operates in a current 
limited mode, supplying 36 amperes to the 12 V cir­
cuit. 

• When the accessory battery charges up to its gassing 
voltage (indicative of full charge), the charger 
enters a voltage limiting mode in which the voltage 
is held constant and current is allowed to vary. 

• When the temperature of the accessory battery changes, 
the temperature-sensitive charger changes the thres­
hold between the current and voltage limiting modes. 

The first design approach for the accessory charger was to 
scale up the logic power supply circuit to the 500 W output level 
required and make appropriate changes in the control circuitry 
to allow the circuit to run in the modes described above. Next, 
however, in order to simplify the packaging and assembly efforts 
of Ordnance Systems, a simpler design was sought. A flyback type 
of converter, containing only one power transistor, proved to be 
the most cost-effective while still allowing an efficiency of 
over 80 %. 

Detailed design of the power and control circuit began in 
early 1978. Particular attention was paid to making the charger 
as rugged as possible, since the 12 V system in an automobile is 
traditionally subject to owner tinkering. The flyback circuit 
has transformer isolation between the propulsion battery, and the 
12 V system anu is inherP.ntly short-circuit-proof. Open-circuit 
protection is provided by the large tilter cupacitnrs in the out­
put of the supply, which limit the rate of rise of voltage, and 
by the voltage limit circuit, which acts to keep the average 
voltage below 15 V. A reversed diode across the output terminals 
in conjuction with a fuse protects the charger from reversed bat­
tery polarity. Both the input and output of the converter are 
fused. The accessory battery-charger circuit is illustrated in 
Figure 3.2.7-1. 

The system was breadboarded, as shown in Figure 3.2.7-2, 
during Feburary and March of 1978. After some work on removing 
noise in the control logic and improving the base drive to the 
power transistor, the charger performed as specified. It handled 
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open-· and short-circuit conditions and passed properly from cur­
rent limit to voltuge limit modes. The output current drops to 
about 30 A when the propulsion battery voltage drops below 70 V. 
This is not a serious problem, since the propulsion battery dropc 
below 70 V only on extreme nischarge, wl1ich rarely occurs under 
norm~l con~itions. 

When the circuit design w~s provided to Ordnance Systems in 
March for aosembly and packaging, it was found that the accessory 
charger could be packaged in the power conditioning unit, result­
ing in weight anJ space saving. 

Future plans for the accessory charger include further test­
ing and continued consultation with Ordnance Systems on the as­
sembly and packaging. The testing is primarily to accurately de­
termine the efficiency of the converter. A quick teot indicated 
that the eff.iciency wao somewhat below the 80 % originally esti­
mated, but the accuracy of the instruments used is questionable 
when operating on non-standard waveshapes. 
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Figur~ 3.2.7-2. Accessory Charger Breadboard 

If the efficiency is really less than 80 %, some adjustment of 
snubbers and clamp circuits will have to be performed to raise 
the etficiency. 

WBS 3.2.8 Drive Test Instrumentation 

The objective of this GE-funded task is to construct a drive 
test facility for evaluation of the Electrical Drive Subsystem 
prior to its installation in the vehicle. 

A sketch of the facility, now under construction, is shown 
in Figure 3.2.8-1. It consists of the following: 

• A load generator, used in conjunction with a resistor 
load bank and field controller to simulate the aero­
dynamic drag and rolling resistance of the vehicle. 
The system also simulates the force of gravity if the 
negative gravitational thrust is less than the forward 
positive thrust of the drive subsystem. An exc:unple 
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3.2.8-l. Drive Test Facility with Drive Under Test 

of this is hill-climbing when the vehicle is always 
moving forward. 

A flywheel which is used tn simulate vehicle mass. 

A torque transducer, used to provide a torque signal 
for the recording equipment. 

• A bracket to which the motor of the drive under test 
is mounted. 

• Signal processing circuitry to amplify, attenuate, fil­
ter, average, and isolate (in various combinations) 
the input signals. 

• Sensors (not shown in Figure 3.2.8-l except for thP 
torque transducer) to measure quantities such as bat­
tery current and voltage, motor armature current and 
voltage, motor field current and voltage, and PCU and 
motor temperatures. 

Recording devices, such as an instrumentation tape re­
corder or a ~hnrt recorder. 

Construction of this facility is underway and is scheduled 
to be operational by mid-July 1978. 
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In May 1977, letters were sent to and information solicited 
from both foreign and domestic vendors of power transistors and 
rectifiers with products that might be suitable for the needs of 
the armature and field choppers. The devices evaluated in the 
armature circuit are listed in Table 3.2.9-1. Based on the re­
quirements of the armature chopper, and a need for the transis­
tors and diodes to be compatible with integrated power module 
technology, it became evident that the only suitable candidate 
transistors were the Power Tech PT4502 and the GE monolithic 
power Darlington transistors. Furthermore, it was seen that the 
GE transistor had significantly higher current handling capabil­
ity and current gain than the PT4502, and was therefore selected 
for the module design. 

... ~.~'II . . .... 
- t 

TABLE 3.2.9-1 

CIRCUIT 

MANUFACTURER'S RATINGS 

IC DC IC PK VCEO 
MAX, 

DEVICE MANUFACTURER IC PK CASE 
(A) (A) (V) TESTED 

PT 7511 Power Tech 50 90 200 110 T063 

PT 4502 Power Tech 60 110 325 100 T0114 

PT 4500 Power Tech 100 150 200 100 T0114 

Experimental 
Low Voltage GE 2_200** 180 
Power Darlington 

Experimental 
Flat 
Base 

High Voltage GE ~300** Module 
Power Darlington 

RSD-751 EVC 100 300 450 

WT GEX westcode 120 450* 

2SD648 Toshiba 400 Pak 

*VCER 
**Approximate Voltage Capability of Devices Tested 

The Power Tech transistor would provide the alternative 
choice, should later tests prove its superiority. As the GE de­
vice had not been designed specifically for the electric vehicle 
application nor packaged in a form suitable for module integra­
tion, substantial modifications of the semiconductor chip design, 
metallization, and assembly were necessary. 
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The original chip had been designed to operate from a 56 V 
battery source; hence, its blocking voltage BVCEO ranged from 100 
to 200 volts. This was considerably lower than the 300 to 400 
volts needed for the armature. The low voltage device had the 
de parameters listed in Table 3.2.9-2. The higher voltage capa­
bility was achieved by the design of a "guard ring" located 8 pm 
from the collector base junction. This guard ring structure re­
duces the high-intensity electric field at the junction, thereby 
raising the threshold voltage for avalanche breakdown. 

TABLE 3.2.9-2 

DC TRANSISTOR PARAMETERS 

Device No. 
VCE(sat) hFE BVCEO BVCEO(sus) 

(200 A/0.2 A) (200 A/2.5 VCE) (100 ~A) (100 ~A) 

1 1.42 3570 130 180 

2 1.44 3570 190 204 

3 1.32 3640 140 166 

4 
~ 

1.41 4880 140 164 

5 1.31 4000 150 160 

6 1.41 5400 190 200 

This modified version of the Darlington is operating in the 
armature chopper and has a BVCE range from 300 to 400 volts. 
Early tests of the Darlington 1R the chopper showed an anomalous 
behavior in the fall time characteristic. As seen in Figure 
3.2.9-1 (a) and (b), the remov~l of the snubber capacitance re­
sults in an increase in the fall time of the collector current 
from 1 to 16 ps. This effect is contrary to what is expected 
from transistor theory. The reason for this anomaly can be ex­
plained by Figure 3.2.9-2. 

Where the snubber is present, the collector voltage rises 
slowly as the collector-to-emitter current decays; therefore, the 
displacement current is negligible. In the absence of the snub­
ber, the dv/dt and corresponding base displacement current in the 
given example is still only 50 rnA, but the high gain (2000) of the 
Darlington requires an emitter (and collector) current of 100 A, 
which is almost as much as the load current that is being turned 
off. Reducing the gain of the transistor should therefore remove 
this displacement current effect; this is, in fact, what happens 
in Figure 3.2.9-3 (a) and (b). The Darlington chip was, there­
fore, not only designed to meet the higher voltage requirements, 
but processed to significantly reduce its current gain. 
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Figure 3.2.9-l(a). High Gain Darlington (~2000) With Snubber. 
IB = 1 A/em, IC = 20 A/em, VCE = 50 V/cm 
t = 1 ~s/cm, C = 4 ~F. 

Figure 3.2.9-l(b). High Gain Darlington (~2000) Without Snubber. 

Transistor Pa~kaQin9 

IB = 1 A/em, IC = 20 A/em, VCE = 50 V/cm 
t = 2 ~s/cm. 

The packaging and assembly for this transistor required inno­
vations to maximize its power dissipation, to provide electrical 
isolation between the collector and the copper substrate (heat 
sink), and to be consistent with hybrid integration techniques 
that utilize solder reflew mountdown. Analytical studies of stress 
in a multilayer structure that may consist of silicon, solder, 
copper, BeO, and/or moly indicated that a low-stress combination 
of materials that can provide efficient cooling and electrical 
isolation was indeed possible. Furthermore, it was felt that this 
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Figure 3.2.9-2. Effect of High Current Gain on Fall Time 
in Inductive Circuits 

assembly could be applied to a single transistor chip as in the 
"Power Pak" or, in an integrated form, in the power module. 

Two processes developed by General Electric earlier were ap­
plied to this program. The first consisted of directly bonding 
copper to the ceramic (BeO) . This allows for a relatively void­
free bond with very effective heat transfer capabilitie~. Com­
parative performance tests on the direct-bonded copp0r and silver 
pastes (on BeO) in temperature cycling (-50 to +125 C) showed 
that the silver paste assembly deteriorated completely by the 75th 
cycle, while the chip on direct-bonded copper shoed only a 30 % 
degradation in gain after 275 cycles. 

Another unique feature in the packaging of the Darlington 
transistor was the use of a "structured copper" plate that is 
bonded to the emitter silicon surface. The individual strands 
of copper wire are pressed together to have 90 % of the density 
of the bulk material. This allows for stress relief when an ex­
pansion or contraction of the silicon chip takes place. Moreover, 
the structured material has nearly the same excellent thermal and 
electrical conductivity as the bulk material. 

The obiective of using structured copper is threefold: 

• To provide for uniform current conduction over the en­
tire emitter surface. 

To replace several wire bonds with one plate to con­
nect the chip's base and emitter pads to the package. 

To provide an additional path for the transfer of heat 
from junction to case. 

3.2-38 

... 



... _ 
.~·-. .. 

,. 

_.. "' 

-.. 

~'"'- ·-;:;~-' 
~ ........ 

-,J L. ·~.· 
::.""· .. ·~ 

I ..li ... ~ ~. 

_ I I -' 

~ ~~:. 

~:-. 

-· ·-• • .,-
1
tr 1 .... 

I .~&- •• __.. .......... 

.. 
.JIJ: 

.. . 

Low Gain Darl~ngton (~200) With Snubber. 
I 8 = l A/em, IC = 50 A/em, VCE = 50 V/cm 
t = l ~s/cm, C = 1 ~F. 

Figure 3.2.9-3(b). Low Gain Darlington (~200) Without Snubber. 

.. 

IB = l A/em, IC = 50 A/em, VCE = 50 V/cm. 

It was found that the bonding of the chip to BeO and structured 
copper can be carried out in one solder reflow operation. The 
resultant Subscrete® transistor assembly shown in Figure 3.2.9-4 
can be tested for de gain, saturation voltage, etc. This is very 
useful in selecting and matching devices and will be discussed 
later. 

The electrical performance of the individual GE Darlington 
transistor in the armature breadboard circuit switching 200 A of 
collector current is shown in Figure 3.2.9-5. It will be seen 
from this figure that the collector current remains unchanged 

®Registered trademark of General Electric Company. 
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Figure 3.2.9-4. GE/Darlington Transistor as a Subscrete 

Figure 3.2.9-S. Turnotf Charactcrioticc of 
(BVCEO = 310 V) Darlington 
Ic = 50 A/em, r 8 = 1 A/em, 
C = 1 ~F, t = 1 ~s/cm. 

High VoltaCJe 
Transistor: 
VCE = 50 V/cm, 

even after the base current has dwindled to perhaps a few mili­
amperes. Such a storage effect is quite unusual for transistors 
in a Darlington configuration, where the output stage is never 
in saturation. 
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A reasonable explanation of this phenomenon is illustrated 
by Figure 3.2.9-6. In the "conventional" Darlington shown in the 
figure, the saturation of the input stage sets up a voltage whose 
polarity reverse-biases the base collector junction region. In 
the high voltage version of the Darlington, the bulk resistance 
of the output stage collector may, in fact, drop the saturation 
voltage of the input transistor. In this event, the base-collec­
tor junction of the output would be forward-biased, and injected 
charge would build up in both the base and collector regions. 
This charge would be removed to some extent by the resistor across 
the emitter-base junction of the driver (corresponding to about 
50 rnA of base current in this case). However, some portion of 
the stored charge would disappear by hole-electron recombination, 
with a time constant that is directly related to the lifetime 
of the material. 

Ic2 . Rc2-0. 

Figure 3.2.9-6. Comparison of Saturation Points in Low Voltage 
(Conventional), at Left, and High Voltage 
Darlington Transistors 

The thermal impedance of the Power Pak assembly has been mea­
sured, using the emitter-base diode as the temperature sensor. 
Preliminary indications · suggest a junction bo case thermal resis­
tance that is in the range of 0.15 to 0.25 C/W, depending upon 
the temperature, time, and ambient of the solder reflew rnountdown 
process. 

Tentative ratings for the GE Darlington transistor for use 
in the armature chopper of the electric vehicle are as follows: 
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BVCEO at 1CEO < 

hFE at rc = 100 A, VCE = 2.5 v 

h at rc = 200 A, VCE = 2.4 v FE 
* Storage time ts , rc = 200 A, 

VCE = 300 

* Fall time tF , Ic = 200 A, 
VCE = 300 V 

VCE (SAT)* at IC = 200 A, 
I = 4 A 

B 
R . 

6]-C 

v 

Maximum junction temperature T. 
J 

Modules 

300-400 v 

100 (min.) , 400 (typical) 

200 (typical) 

2-4 ~s 

l ~s (typical) 

< 2 v 

0.15-0.25 °C/W 

200 °c 

To meet the requirements of the armature chopper under condi­
tions of acceleration on a grade under survival temperatures, it 
is necessary to have 400 A ob motor current for 60 seconds, at a 
heat sink temperature of 78 C. This requires the paralleling 
of four GE Darlington transistors, along with two high speed free­
wheeling diodes. It is also found that to meet the maximum cur­
rent demands for regenerative braking (270 A) under equally severe 
environmental conditions would require the paralleling of two GE 
Darlington transistors, with one high speed diode. To meet the 
needs for both motoring and regeneration, a module was chosen 
having two GE transistors and one diode interconnected. Two such 
modules would then be adequate for motoring and a single module 
for regeneration. 

Provided these modules are suitably matched, they are inter­
changeable and would make a cost-effective manufacturing scheme. 
As there is no industry standard for the paralleling of transis­
tors much less for Darlingtons (even though the matching of VBE 
is often used), an attempt was made to match the de gain (hF J 
at the highest level of collector current. In Figure 3.2.9-~ the 
de current characteristics of two unmatched transistors is shown. 

The dynamic performance of these two devices operating in 
parnllP.l in the armature chopper is shown in Figure 3.2.9-8. 
Clearly there is an unequal distribution of collector current in 
the two transistors. When two devices are matched in current 
gain, as in Figure 3.2.9-9, they are seen to share the load cur­
rent during switching (Figure 3.2.9-10). In the motoring area 
of the armature chopper, there are two modules operating in par­
allel, each module consisting of two Darlington transistors. 

*As measured in the armature breadboard circuit 
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Figure 3.2.9-7. Current Gain Characteristics for Darlington 
Devices No. 2 (top) and No. 3 

It follows from the earlier argument that the two modules, 
or four transistors, must be matched in de gain for optimum per­
formance in the circuit. It should be pointed out that the re­
quirement to parullel four GE Darlington transistors does not 
come about from the requirement for 400 A of mgtoring current but 
from the survival heat sink temperature of 78 C, which may r5ise 
the temperature of the copper substrate of the module to 110 C. 

Recognizing that the plastic epoxy gackage is not capable 
of temperature excursion much above 150 C, the modules must dis­
sipatP. 270 watts withgut raising the transistor junction tempera­
ture by more than 40 C. This corresponds to a requirement for 
the thermal impedance from junction to copper heat sink of 

3.2-43 



Figure 3.2.9-8. Turnoff Characteristics for Parallel Operation 
of Devices No. 2 and No. 3: r 8 = 1 A/ern, 
IC = 20 A/ern, VCE = 20 V/crn, C = 1 ~F, 
t = 1 1-1s/cm 

0.14 °C/W for each module. This value translates to maximum per­
missible thermal impedance of 0.28 °C/W for a single chip. The 
values measured tor the G~ Darlington and listed in its ratinys 
indicate the device and module should meet the needs of the system 
under extreme and severe conditions. 

The scheme for the assembly of the module is an extension 
of the Power Pak idea. Subscretes are packaged with the chip 
mounted on BeO, with the structured copper plate on the emitter 
surface. The subscrete is tested for voltage, gain, and satura­
tion VCE(sat) characteristics and matched for paralleling in the 
module. The module consists of two subscretes and one diode con­
nected internally in parallel with the necessary electrical iso­
lation. The assembly is covered with silicone rubber and encap­
sulated in epoxy resin. The silicone is used to provide a stress 
buffer between the epoxy and the rigid lead terminals of the semi­
conductor devices. The epoxy is then cured at an appropriate tern­
perature. A schematic diagram of the various component elements 
in the power module and the assembly sequence is shown in Figure 
3.2.9-11. 

To date, three power modules have been given a variety of 
tests in the armature chopper; these will be described later. 
Because of the small number of modules that have been studied, 
it is too early to develop a rating sheet; this will come about 
when more comprehensive data are generated. To date, little in­
formation has been generated on the performance of these modules 
under a variety of environmental conditions. Studies of the ef­
fects of thermal cycling on thermal impedance and electrical be­
havior, temperature stress on the epoxy encapsulation, and ex­
tended power cycling on these modules are planned, and 1n some 
cases have commenced. 
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Figure 3.2.9-9. Current Gain Characteristics for Darlington 
Devices No. 1 (top) and No. 3 

Each power module is tested in the armature breadboard cir­
cuit under conditions that simulate motoring and regeneration. 
The performance of a module switching a motor current of 200 
A at 60 Hz is shown in Figure 3.2.9-12. These tests were per­
formed over a case temperature range of -40 to +100 °C. A test 
was also performed at 2 kHz under the very severe regeneration 
conditions, which require a module current of 250 A at a 60 % 
duty cycle for 1 minute. These are two tests that the power 
modules will be required to pass before they can be selected 
for the drive subsystem. An additional test will be the parallel 
operation of two modules with a motor load current of 450 A. 
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Figure 3.2.9-10. Turnoff Characteristics for Parallel Operation 
of Devices No. 1 and No. 3: IB = 1 A/em, 
IC = 20 A/em, VCE = 50 V/cm, C = 1 ~F, 
t = 1 ~s/cm 

Field ChoeEer 

The search for a transistor to fill the needs of the field 
chopper and once again be compatible with power module assembly 
techniques singled out the Power Tech PT3523. This is a 400 V, 
90 A device capable of switching in 1 microsecond. However, when 
the PT3523 was compared with the GE power Darlington transistor 
in the field chopper breadboard, as shown in Figur~ j.2.9-13, the 
latter device showed better switching behavior (<200 ns). 

In the battery charging mode, this circuit is required to 
perform at frequencies ranging from 10 to 20 kHz. Higher speed 
transistors are therefore necessary. Moreover, it was found that 
using the GE Darlington chip would replace two PT3523's (for a 
Darlington connection) along with two resistor~ aud d Lurnoff 
diode. The field chopper module cons i sts of a GE Darlington 
transistor in parallel with a freewheeling diode. 
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Figure 3.2.9-11. Power Trans:stor Module 
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Figure 3.2.9-12. Operation of Power Module in Armature Chopper: 
Ie = 40 A/em, IB = A/em, VC.E = 50 V/em, 
t = 1 ~s/em, C = 1 ~F (Snunoer) 

Figure 3.2.9-13. Field Chopper/Battery Charger: Ic = 10 A/em, 
IB = 1 A/em, VCE = 50 V/em, t = 1 ~s/em 
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WBS 3.2.10 Electronics Packaging Subcontract 

The electronics packaging subcontract is being performed by 
General Electric Ordnance Systems, located in Pittsfield, Massa­
chusetts. The objective of the project is to design the mechani­
cal and thermal aspects of the drive subsystem electronics and 
to fabricate four packaged sets of hardware. 

The power conditioning unit (PCU) contains an armature chop­
per, field chopper/battery charger, logic power supply, and acces­
sory charger. A separate package will contain the microcomputer 
control unit. 

Ordnance Systems has been furnished with schematic circuit 
diagrams, electrical components, parts lists, environmental speci­
fications, layout constraints, circuit dissipation estimates, and 
technical guidance as required. 

The PCU will have an outward appearance as shown in Figure 
3.2.10-1. 

Aluminum 
Chassis '-a. 

'-. Reinforced Plastic 
Covers 

Figure 3.2.10-1. Power Conditioning Unit (PCU) 

The unit consists of an aluminum chassis and two reinforced 
plastic covers. The aluminum chassis is essentially an integral 
forced-air heat exchanger with a calculated thermal resistance 
from s!nk to ambient of 0.024 °C/W at a forced-air condition of 
125ft /min having a 1.08 inch H2o pressure·drop. Tables 3.2.10-1 
and 3.2.10-2 show these calculations. 
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TABLE 3.2.10-1 

HEAT EXCHANGER PRESSURE DROP 

j.- 6. 1 --------1 

~ lilllj[[PoM'~P~~ IIIII I ] 
A. TEMPERATURE RISE OF COOL! NG A I R: 

ra -Ta = q/m Cp = 951 W/125 -i- X 0. 068 .!Q
3 

x 7. 6 Wlb-~Cin 
R R m1n ft -

=h4. 72°c'l 
B. AIR VELOCITY: 

V. 9!. = 125 tt
3
tmin x l. 88ft =1 3327 ft/minl 

v 0. 068 tt3 . . 

C. REYNOLDS NUMBER: 

N = V Oeo = 199,620 ft/hr X 0.131 ft X 0. 068 lb/tt3 
R u 0. 0475 lb/ft-h r 

=137, 4361 

D. PRESSURE DROP: 

H _ fLV2 _ 12 X 0. 025 X 9. 34 ft X (55. 45 ft/sec)2 X 0. 068 lb/ft3 
L- 1)29- 0. 131 ft 164. 4 tt/sec2) x 64. 2 lb/113 

=jl.08 in. H2Dj 

WHERE: 

TaR= RAM AIR TEMPERATURE 
De =EFFECTIVE HYDRAULIC DIAMETER 
f =FRICTION FACTOR(DEVELOPED FROM MOODY DIAGRAM) 

TABLE 3.2.10-2 

HEAT EXCHANGER THERMAL RESISTANCE 

A. CONDITIONS: 

1, lUlHI Pins, 0. 08''D x 0. 9"L 

Z. A I R FlOW@ 125 cfm 16. l'' x 0. Y" Duel) 

3. Film Temperature= 68. 5°C 

B. MASS FLOW 

G = .9E = 125 X 0. 064 X 60 = 12 631_1b_ 
Ac 0. 038 • h r-tt2 

C. HEATTRANSFER COEFFICIENT: (KRAUS) 

k (at;)' 28 (. c ) . 3~ h=l.4-- ~ 
d u k 

= l.4 X • 0172 (' 0. 0067 X 12, 631 ) . 
28 

(0. 241 A o. 04Q )' 
33 

n 00067 n. 0,19 o. uw 

D. EFFICIENCY: .-
m() = • 075 J4h /kd 

" ·182.5'/0jtKHAUSS; CYLINDRICAL SPINE EFFICIENCY) 

E. THERMAL RES I STANCE: · 

9 = h~s = 0.0939 x ~- 825 x 541 =io. 024 octw I 
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The layout of the components mounted on the 
has been completed. Wire types and wire routing 
being engineered. Figure 3.2.10-2 shows the PCU 

-li:· ... 

~»~1 .. 11\:lnt~rAny 
~:~~--· 

aluminum casting 
options are now 
casting layout. 

Figure 3.2.10-2. Power Conditioning Unit Layout 
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Printed circuit board layout work has resulted in the design 
of nine 5 in x 9 in stack-mounted boards and four smaller casting­
mounted boards. The card stack is mounted within the PCU. 

All the printed circuit boards for the PCU are scheduled to 
be completed by the end of June, 1978. Target date for the de­
livery of the first PCU is July 1978. 

The circuit design for the microcomputer will be provided 
to GE Ordnance Systems in June 1978. Delivery of the first micro­
computer is expected by October 1978. 
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WBS 3.3 BATTERY SUBSYSTEM 

WBS 3.3.1 Batte~ Component Design 

The design goals and specifications of the propulsion bat­
tery, designated EV2-l3, are summarized in the Subcontract State­
ment of Work (SOW) and in Table 3.3.1-l. 

TABLE 3.3.1-l 

PROPULSION BATTERY GOALS AND SPECIFICATIONS 

Performance 

Performance at 3 h Rate, 5.25 V Cutoff 

Usable Energy (Wh) 

Weight Energy Density (Wh/lb) 

Volume Energy Density (Wh/in3 ) 

Peak Power Density at Full Charge (W/lb) 

Cycle Life - 70% Depth of Discharge at 
3 h Rate (number of cycles) 

Size 

Length (in.) 

Width (in.) 

Height (in.) 

Minimum 

970 

16 

1.5 

100 

500 

Maximum 

10-3/8 

7-3/16 

ll-l/8 (but 
at sides of 

Goal 

1031 

17 

lower 
tunnel) 

The battery had to be designed within the external length 
and-width dimensional constraints of a standard golf car battery 
(DCI group size Gr.2). The height dimension was limited by the 
tunnel design, which allowed for potential additiuuctl height 
(over that of a standard golf car battery) except near the sides 
of the tunnel. The battery was to be nominally 6 volts. Eight­
een batteries would be ·connected in series to provide a 108 V 
battery pack. The battery was also to incorporate a semiautoma­
tic, single-point watering system. 

Globe investigated two general approaches to maximizing the 
performance of the lead-acid system within the golf car envelope. 
The first approach encompassed computer-assisted optimization of 
the battery design within the existing golf-car battery cell con­
figuration and orientation. The optimization program included: 

o Grid and top lead efficiency through establishment of 
minimum weights with ideal lead distribution. 
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o Positive-to-negative active material ratios and total 
weights. 

o Electrolyte to active material ratios. 

o Active material and electrolyte distribution within 
the cell. 

The second approach involved not only a complete optimiza­
tion program but also an effort to minimize the plate design re­
strictions imposed by the conventional golf-car battery cell con­
figuration. From previous work on computerized electric vehicle 
battery design optimization, Globe has determined that there are 
ideal basic plate design characteristics. These characteristics 
include ranges of plate apparent surface area and ranges of width­
to-height aspect ratio. Existing golf car battery plates are sig­
nificantly below the desired ranges in both area and aspect ratio. 
Ideal aspect ratios and surface areas cannot be achiRved within 
the golf car battery envelope, but improvements in each can be 
made if the cells are rotated 90° from their normal orientation. 

Rotation of the cells by 90° dictated a new terminal loca­
tion and a 90° rotation of the vent strip which is used in this 
battery for both the venting and watering (water top-off) func­
tions. The relocation of the vent strip has definite advantages 
for the selected tunnel configuration, which provides for a side­
by-side battery layout as shown in Figure 3.3.1-1. 
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~ 

• 
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~ 
+ 
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~ +4111 ~- + 
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+ ... .,_ + ... ~ +'J • J + 

-'1 
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Figure ].3.1-1. Battery Pack Layout 
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--;;!' 
~ 

The 90° rotated design was chosen over the conventional lay­
out for two reasons: 

o Liyhter weight for equivalent performance 

o Simplified and lighter plumbing for the watering/vent 
system 
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A cutaway view of the EV2-l3 is shown in Figure 3.3.1-2. 
A high-profile cover design was chosen to accommodate increased 
volumes of active material and electrolyte, which provide addi­
tional energy storage capacity. The stepped cover design shown 
in Figure 3.3.1-2 was necessary in order to provide a high-pro­
file cover which would fit in the battery tunnel. 

Figure 3.3.1-2. Cutaway View of EV2-l3 Propulsion Battery 

Other features of the battery can be seen in Figure 3.3.1-2: 

o Thin-walled, heat-sealed polypropylene container 

o Low-resistance, through-the-partition intercell welds 

o Removable vent cap with semiautomatic watering design 
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o Different sized positive and negative terminals 

o Designed so that acid will nos leave cell unless bat­
tery is inclined more than 30 

o Low-resistance, radial-design grids with near-center 
lugs 

o Envelope-type separators with glass mat for long bat­
tery life 

o Efficient straight-up terminal straps 

Table 3.3.1-2 summarizes the estimated weight and perfor­
mance for two battery designs. One was designed for maximum 
weight energy density (Design A), and one for maximum volume 
energy density (De~iyn B). 

TABLE 3.3.1-2 

ESTIMATED WEIGHT AND PERFORMANCE OF DESIGNS A AND B 

Parameter 

Battery Weight (lb) 

Performance, 3 h Rate, 
5.25 V cutoff 

Capacity (Ah) 
(Wh) 

Weight energy density 
(Wh/lb) 

Volume energy d3nsity 
(Wh/in ) 

Performance, 1 h Rate, 
5.25 V Cutoff 

Capacity (Ah) 
(Wh) 

Weight energy density 
(Wh/lb) 

Volume energy d3nsity 
(Wh/in ) 

Design A 
Battery with 

Maximum Wh/lb 

59.68 

175.4 
1005.1 

3.3-4 

16.84 

1.236 

123.3 
684.3 

11.47 

0.842 

Design B 
Battery with3 Maximum Wh/in 

65.82 

180.8 
1035.8 

15.74 

1.274 

127.4 
679.4 

10.32 

0.836 



Figures 3.3.1-3, -4, and -5 show additional estimated per­
formance characteristics for the two designs. Based on this es­
timated data, General Electric selected Design A, which was de-
3igned under the maximum weight-energy-density philosophy. The 
advantages of Design A are: 

o Lower weight and higher weight energy density (Table 
3.3.1-2) 

o Better performance at high rates (Figure 3.3.1-4) 

o ' Increased resistance to electrolyte freezing at low 
temperatures (Figure 3.3.1-5) 

Table 3.3.1-3 summarizes the estimated battery weight and 
performance and compares the estimates with the SOW specifica­
tions . The values are close to those for Design A, discussed 
previously. The differences are due to a design refinement and 
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I 
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I 
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1.5 .5 a 

TIME (hours) 

Figure 3.3.1-3. Estimated Pegkert Curves for Battery Designs 
A and B (80 F) 
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Figure 3.3.1-4. Estimated Discharge Curves for Battery Pack 
at Various Current Rates -- Designs A and B 
(80 F) 

DEPTH OF DISCHARGE AT 3 HOUR RATE (%) 

Figure 3.3.1-5. Estimated Electrolyte Freezing Temperature 
as a Function of Depth of Discharge -­
Designs A and B 
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TABLE 3.3.1-3 

ESTIMATED.EV2-13 WEIGHT AND PERFORMANCE 
VERSUS SOW SPECIFICATIONS 

Parameter Estimate 
Specification 

(Minimum) 

Battery Weight (lb) 

Performance, 3 h Rate, 5.25 V Cutoff 

Capacity (Ah) 
(Wh) 

Weight energy density (Wh/lb§. 
Volume energy density (Wh/in ) 

Performance, 1 h Rate, 5.25 V Cutoff 

Capacity (Ah) 
(Wh) 

Weight energy density 
Volume energy density 

Peak Power Density (W/lb) 

Cycle Life, 70% Depth of Discharge 
at 3 h Rate (number of cycles) 

60.65 

174.1 
997.5 

16.45 
1.35 

133.1 
738.8 

12.18 
1. 00 

100 

500 

970 

16 
1.5 

100 

500 

LEFT-HAND-FRONT 
(LHF) 

RIGHT-HAND-FRONT 
( RHF) . 

Figure 3.3.1-6. Propulsion Battery (EV2-13) 
External View of Two Types 
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Cabling With Two Battery Types (9 of each) 

Figure 3.3.1-7. Advantages of Having Two Battery Types: 
Less Cable Is Required, Resulting in: 
(1) Lower Cable Weight (-2 lb) and 
(2) 'Lower Circuit Resistance and 
Inductance 

a more accurate estimate of component weights. As shown in Table 
3.3.1-3, it is estimated that all of the SOW specifications will 
be met or exceeded with the exception of the volume energy den­
sity. This is because the specified valuP was established with­
out consideration for the extra battery volume associated with 
the semiautomatic watering/venting system. 

The 18-battery pack will contain nine LHF and nine RHF bat­
teries, as shown in Figure 3.3.1-6. The advantages of having two 
battery types are ·illustrated in Figure 3.3.1-7. Table 3.3.1-4 
is a complete list of the drawings which comprise the EV2-13 · 
product drawing pack~gc. 

The battery design was completed about 1-1/2 months behind 
the original schedule, because of the alternative approaches in­
vestigated and a slight delay in receipt of the contract. A 
greater number of approaches were considered than had been ori­
ginally planned. 
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TABLE 3.3.1-4 

LIST OF EV2-13 PRODUCT DRAWINGS -- FEBRUARY 27, 1978 

Drawing No. 

77173-D 

77161-D, Sh 3 

77172-D 

77159-D, Sh 3 

77171-D 

77160-;-D, Sh 3 

77-175-B 

77174-C 

77167-D 

77168-D 

77169-D 

77170.-C, Sh 1 

77170-B, Sh 2 

77166-D 

77188-D 

77180-D 

77179-B 

77195-A 

77196-A 

77202-B 

Title 

Positive Grid 

GE Positive Grid Mold 

Inside Negative Grid 

Inside Neg. Grid - Wire & Frame 

Outside Negative Grid 

Outside Neg. Grid - Wire & Frame 

Envelope Separator Blank 

Internal Post & Sttap 

Container 

Cover 

Vent & Watering Cap 

Cover - Vent & Watering Cap 

Cover - Top View, Vent & 
Watering Cap 

GE Battery Assembly 

EV Battery 

Battery Connection & Water Flow 

Terminal Connecting Strap 

Terminal Post - GE, EV 

Terminal Post & Strap Assembly 

Connector Shield 
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Dwg. Date 

10-27-77 

11-01-77 

10-26-77 

10-21-77 

10-26-77 

10-21-77 

10-11-77 

10-11-77 

10-07-77 

10-07-77 

10-12-77 

10-12-77 

12-28-77 

10-10-77 

11-16-77 

11-07-77 

11-02-77 

11-28-77 

11-28-77 

12-15-77 

Last 
Revision 

None 

None 

None 

None 

None 

None 

None 

1-3-78 

None 

2-7-78 

2-13-78 

2-14-78 

None 

None 

None 

None 

11-28-77 

None 

None 

None 



WBS 3.3.2 Toolin~ Development 

The status of tooling and equipment modifications is summar­
ized in Table 3.3.2-1. 

TABLE 3.3.2-1 

STATUS OF EV2-13 TOOLING - APRIL 28, 1978 

Design 
Item Complete 

Container Mold Modifications x 

Cover Mold x 

Watering/Vent Mold x 

Watering/Vent Heat Seal Tooling 

Platen X 

Backup plate X 

Spacers 

Grid Molds X 

Grid Trim Tooling X 

COS Modifications 

Molds X 

Other X 

Container Punch Tooling X 

Cover Heat Seal Platen X 

Heat Seal Cover Backup Plate X 

Post Burn Tooling X 

Paster Tooling 

Orifice plate X 

Feede.L muui.fications X 

Separator Enveloper X 
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Fabrication 
in 

Progress 

X 

X 

X 

X 

X 

X 

X 

Estimated 
Completion 

Date 

8-11-78 

6-26-78 

5-17-78 

Complete 

Complete 

As Required 

Complete 

Complete 

Complete 

5-12-78 

Complete 

Complete 

Complete 

5-15-78 

Complete 

5-3-78 

5-3-78 



The main item of concern is the estimated delivery date for 
the container injection mold tooling. This date has been extended 
past the original estimate because of the extension of the prod­
uct design phase and a delay encountered in processing the order­
ing paperwork by the supplier. 

WBS 3.3.3 Battery Fabrication 

The acid, separators, lead materials, and 40 special cell 
containers required for cell construction are on hand. All of 
the grids have been cast, trimmed, and allowed to age-harden. 
The cells were completed by mid-May. 

Two preliminary test cells have been completed. These cells 
contain grids slightly out of specification, which were cast be­
fore the grid molds were corrected. The plates were hand pasted 
in the laboratory and the straps were hand burned to the plates. 
These two cells were used for preliminary testing. 

Delivery of the first set of batteries has been changed from 
June 1, 1978 to mid-August 1978 at the earliest. The critical 
item affecting the delivery date of this first set of EV2-13 bat­
teries is the container injection mold tooling. The first bat­
tery set will consist of 22 batteries and the associated cabling 
hardware. 

The two battery sets for the integrated test vehicles will 
consist of 22 batteries per set plus all of the associated water­
ing/venting system and cabling system hardware. Delivery is sche-
duled for October 1, 1978 at the latest. 

Two sets of spare batteries, consisting of 22 batteries per 
set plus the cabling system hardware, will be delivered by Decem­
ber 1, 1978. These spares will be used during the vehicle test­
ing phase, to minimize the loss of time due to recharging of bat­
teries. 

WBS 3.3.4 Development Testing 

The primary purpose of the testing performed under this task 
is to determine if the EV2-13 batteries comply with the perfor­
mance specifications in the Statement of Work. Additional test­
ing related to battery charging, fuel gauge, mathematical battery 
modeling, etc., will be performed under WBS 3.3.5 "Technical Sup­
port." Much testing related to these items has already been per­
formed on standard Globe golf car batteries. 

Testing of EV2-13 cells began in April 1978. Test results 
for the two preliminary EV2-13 test cells are summarized in Table 
3.3.4-1. These two cells have slightly out-of-specification grids 
and hand-pasted plates. The test results are within 2 % of the 
previously estimated values. 
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TABLE 3.3.4-1 

TEST RESULTS FOR TWO PRELIMINARY EV2-13 TEST CELLS 

Cell 
Results 

Cell 
Estimates 

Performance, 3 h Rate, 1.75 V Cutoff 

Capacity (Ah) 172.5(l) 174.1 

332.5 (Wh) 335.7(l) 

Weight energy density (Wh/lb) 16.5l(l) 16.45 

Performance, 1 h Rate, 1.75 V Cutoff 

Capacity (Ah) 130.2( 2 ) 133.1 

246.3 (Wh) 245.9( 2 ) 

Weight energy density (Wh/lb) 12.10( 2 ) 12.18 

Notes: (1) Average for two cells (test cycles 11 and 13) 
(2) Average for two cells (test cycles 12 and 21) 

Testing of EV2-13 batteries will commence in August or Sep­
tember 1978. A report detailing the results of the battery test­
ing will be submitted to General Electric by November 1, 1978. 
Cycle life testing will not be completed in time for the report; 
the test results will be reported separately to General Electric 
after the testing is completed. 

The development of the Battery Subsystem Test Plan is in 
progress. The plan will describe in detail the testing necessary 
to determine compliance with the Statement of Work specifications. 
A statistical multiple sampling plan, described in MIL-STD-1050 
will be used. Three tests will be performed as briefly described 
below. All of the specified performance characteristics can be 
calculated from the resulting test data. The term "unit" below 
refers to a cell or a battery. Batteries will be tested as soon 
as they are available. 

Discharse Test at 3 Hour Rate 

o Sample -- 9 units 

o Test Procedure -- After rate is establ.ished, con~ 
ditioned unit is dbscharged at the constant-current 
3 hour rate at 80 F. The time required to reach 
1.75 and 1.3 V/cell will be recorded. 

Peak Power Test 

o Sample -- 9 units 

o Test Procedure -- Conditioned unit is diacharged 
at a high rate (to be determined) at 80 F. Cur­
rent and voltage are recorded as a function of 
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time. Power is equal to the product of voltage and 
current at any time. Peak power is the maximum power 
observed during the test. It is likely to be observed 
at less than one second after the start of the test. 

C~cle Life Test 

• Sample -- 12 units 

• Test Procedure -- Conditioned unit is discharged 
at the constant-current 3 hour rate at 80 °F for 
2.1 hours (70% depth of discharge), then recharged. 
Repeated until voltage after discharge is less than 
1.75 V/cell. At this point, unit is considered to 
have failed; it can no longer supply 70 % of its 
original ampere-hour capacity at the 3 hour rate. 
Record number of cycles to failure. 

WBS 3.3.5 Technical Support 

Work performed and reported under the Technical Support task 
covers studies directed by the General Electric Company. 

Globe's initial propulsion-battery charging recommendation 
was to limit the maximum charging voltage to a temperature-cor­
rected value, to be specified after EV2-13 cell testing. It wgs 
estimated that this value would be close to 2.45 V/cell at 80 F. 
Globe r 0commended that this voltage li~it be corrected by 0.004 
V/cell/ F. For every degree above 80 F, the maximum cell charg­
ing vo15age should be 0.004 volt less thag the value specified 
for 80 F; and for every degree below 80 F, the maximum cell 
charging voltage should be 0.004 volt greater than the value spe­
cified for 80 F. These recommendations were based on Globe test­
ing performed prior to the contract. Charging voltages in excess 
of the specified maximum would be harmful to the batteries,. re­
sulting in decreased capacity and cycle life. 

All of the charging experiments described below were performed 
on standard Globe golf car batteries (type GC2-19). Additional 
testing will be required when EV2-13 cells are available. 

The first charging experiments provided typical battery volt­
age and current profiles during charging. A constant-voltage 
charging scheme with a current limit was used. A battery whi8h 
was 80 % discharged at the three hour rate was charged at 80 F 
with a current limit of 15 amperes. Similar tests were conducted 
using current limits of 20, 25, and 30 amperes. Figure 3.3.5-1 
is typical of the data which resulted from this testing. 

For minimum charging Lime a constant-voltage, current-limited 
scheme was recommended. It was pointed out that, as the current 
limit is reduced as a result of electrical service limitation, 
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Figure 3.3.5-1. Voltage and Current Profile During Constant­
Voltage, 20 A Current-Limited Charge of a 
GC2-19 Battery at 80 °F (Prior Discharge -
80 % at 3 h Rate) 

I 
u 

the time required for charging must be exte.nded. Globe recommended, 
for maximum battery life, daily charge of the batteries only up 
to the 96 to 98 % state of charge, and an equalization charge once 
every two weeks. Original time estimates for the daily charge 
ranged from 4.1 to 8.5 hours, and for the equalization charge from 
20 to 28 hours. 

Because implementation of a constant-voltage, current~limited 
scheme would be difficult, a number of stepped-current charging 
schemes were investigated. The initial currents of 24 A and 8 A 
correspond to estimates of the maximum charging current available 
from 110 V household circuits of 30 A and 15 A respectively. · 

Table 3.3.5-1 summarizes the results of the studies. The 
chosen charging scheme, v1 . "t -·v. , is essentially a modifica­
tion of the 24-12-6-3-1.5 !ffipere s~~~ped-current scheme. It is 
estimated that the daily charge would bring the pack up to the 
96.5 % state of charge (basis: 3 h rate). The equalization charge 
(once every two weeks) should bring the pack up to 100 % state 
of charge while also producing the chemical effects that are neces­
sary to keep the battery in good condition. Figure 3.3.5-2 shows 
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TABLE 3.3.5-1 

CHARGING TIME ESTIMATES FOR GC2-19 BATTERIES 
DISCHARGED 80 % AT THE 3 HOUR RATE 

Temperature 
(OF) 

Charging Scheme 
Estimated 

Charging Time (h) 
Regular Equalization 

80 

35 

0 

Constant-Voltage, 48 A Limit 6-7 

Constant-Voltage, 24 A Limit 8.7-9.2 

Stepped-Current 
24-20-16-12-8-6-4-3-2 A 9.5-10 

VL · · t - VM · , 2 4 A Lim i t 9 . 5-1 0 1m1 1n 
Stepped-Current 

24-12-6-3-1.5 A 10.5-11* 

Stepped-Current 
8-4-2-1.5 A 19-21 

Stepped-Current 
24-12-6-3-1.5 A 

Stepped-Current 
24-12-6-3-1.5 A 

11.5-12 

15-15.5 

13-16 

.18.5-19 

22.5-23 

31-33 

*If batteries are only 40 % discharged, charge will take 1 to 2 
hours less time. 

the estimated state of charge of the pack as a function of charg­
ing time for the 24-12-6-3-1.5 A scheme at 80 °F, assuming an 80 % 
discharged pack of GC2-19 batteries at the start of charging. 
This graph can be used to estimate the state of charge of the 
pack if the charging cycle is not allowed to go to completion. 

Two other observations can be made from Table 3.3.5-1: 

o Low temperatures have an adversb ef~ect on charging 
time. Preliminary tests at -15 indicate that charg~ 
ing will be extremely inefficient and the charging 
.times will be long. The inefficiency is due to the 
fact that a much greater portion of the energy input 
is wasted on electrolysis of water. There are not 
sufficient data at this time to estimate charging 
times. 

o There is a definite time advantage in having a charg­
ing circuit capable of supplying higher currents ·(48 A 
vs 24 A or 8 A) . 

Batter~_Temeerature Control 

Figure 3.3.5-3 provides an overview of the effect of temper­
ature on battery performance. The temperature at which the elec-
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(Note: 80 % Discharged Pack, 
24-12-6-3-1.5 A Scheme, GC2-19, 80 °F) 
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Figure 3.3.5-3. Overview of Effect of Temperature 
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trolyte of the EV2-13 will freeze is a function of the concentra­
tion of the electrolyte, which is a function of the depth of dis­
charge; the higher the depth of discharge, the higher the freezing 
temperature. The curve for Design A in Figure 3.3.1-5, which was 
previously discussed, provides a good estimate of the freezing 
temperature of the electrolyte as a function of depth of dbscharge. 
As shown, electrolyte freezing becomes a concern below 20 F if 
the battery is fully discharged at the 3 hour rate. 

The effect of temperature on the capacity of the EV2-13 bat­
tery can be estimated by referring to Figure 3.3.5-4, which was 
prepared specifically for DeSign A. As an example, it is esti­
mated that the battery at 0 F will ge able to deliver 60 % of 
the capacity it could deliver at 80 F at the one hour rate. 
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Figure 3.3.5-4. Effect of Temperature on Capacity 
of GE EV Battery - Design A 

Temperatures in excess of 100 °F, especially during charg­
ing, will shorten the cycle life of the battery. Elevated tem­
peratures have a number of adverse effects on battery life. It 
is believed that the worst effect is that positive grid corrosion, 
which is one of the failure modes for lead-acid batteries, is 
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greatly accelerated at elevated temperatures. For example, in 
laboratory tests the grid corrosion rate was found to increase an 
order of magnitude with a temperature increase from 90 to 120 °F. 
The corrosion rate jumped another grder of magnitude with a tern­
perature increase from 120 to 150 F. 

On the basis of tradeoff studies by General Electric, it was 
decided not to employ active battery temperature control in the 
Near-Term Electric Vehicle. The battery compartment will be in­
sulated to limit temperature excursions. 

Regenerative Braking 

Globe's voltage limit recommendation for regenerative brak­
ing0is the same dS the charging rP.commendation: 2.45 V/cell at 
80 F, which will be verified by EV2-13 cell testing. 

A battery which was only slightly discharged was subjected 
to 400 A for nin~ seconds. The critical voltage of 7.35 v (2.45 
x 3 cells) was exceeded in less than U.S secund. The high-ratP. 
charge also caused violent gassing, which caused the electrolyte 
to foam up almost out of the cells. This was undesirable from 
a safety standpoint, since shorting of the battery could result. 
The test was rerun with a battery that had received a 40 % prior 
discharge at the 3 hour rate. The results are shown in Figure 
3.3.5-5. Although violent gassing did not occur, the critical 
charging voltage was exceeded in two seconds. 
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CJ 

V> ;! 
400 !i: 5 8.0 
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;: 7 . 5 300 ~ 
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2 3 4 5 6 7 8 9 

TIME IN SECONDS 

Figure 3.3.5-5. 400 A Charge of GC2-19 Battery -- P5ior 
Discharge, 40 % at 3 Hour Rate, 80 F 
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Curves similar to Figure 3.3.5-5 were obta i ned for all of 

the specified combinations of current and state of charge. The 
results of the tests, conducted at 80 °F, are summarized in Table 
3 . 3 . 5-2. As shown by the s t epped line in the t able, the current 
that the battery will accept wi thou t e xceed ing t he c r it i cal vol­
tage i s a function of t he state of charge of the ba t ter y . Table 
3.3 . 5-3 shows the r esul t s of s i mi la r tests per f ormed at 3 °F . 

State .. 
Prior Discharge of 

Charge 

TABLE 3.3.5-2 

400 

- BATTERY DATA (80 °F , GC2 -19 ) 
Inc. , Oc tobe r 24 , 1977 ._ 

Battery VoltaBe After 9 Second Charge (volts) 
C arge Ra t e (amperes) 

300 250 200 150 130 100 75 50 

1 36 A for 30 seconds Slightly less 9.08 8.84 8 . 63 8.30 7.58 7.03 6.68 
just prior to charge than 100 % 
t o simulate 0-45 mph 
acceleration of 
J 227a (Case 1) 

10 % at 3 h rate 90 % 9.80 8.95 8.54 7.32 7.04 6.80 6.60 

20 % at 3 h rate 80 % 7.73 7 . 44 7.24 6.97 6 . 76 6 . 56 

40 % at 3 h rate 60 % 7 . 73 7.61 7.38 7.02 6 . 85 6 . 63 

60 % at 3 h rate 40 % 7.59 7.35 7.19 6 . 93 6.72 6.50 

NOTE : Critical battery voltage 7 . 35 volts. 

TABLE 3.3.5-3 

REGENERATIVE BRAKING - BATTERY DATA (3 °F, GC2-19) 

Prior 
Discharge 

10% at 
3 h rate 

State 
of 

Charge 

90 % 

Battery Voltage After 9 Se cond Charge (volts) 
Charge Rate (amperes) 

300 250 200 150 100 50 

9.70 9.43 9.08 8.76 8.40 
(7.9s) 

8.02 

NOTE: Critical batte r y voltage = 8.27 volts. 

Comparison of Tables 3 . 3.5-2 and -3 indicates that lower tem­
peratures have an adverse effect on battery acceptance of the re ­
generative braking currents. At the 90 % state of charge a bat­
tery at 80 °F will accept 200 amperes for 9 seconds without exceed­
ing the maximum allowable voltage. However, at 3 °F the battery 
will only accept something less than 100 A, even through the tem­
perature- corrected c r it i cal voltage is much higher. 
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Fuel Gauge 

Figure 3.3.5-6
0
relates the open-circuit voltage (OCV) of the 

battery pack at 80 F to the state of charge based on the 3 hour 
rate. The state of charge in Figure 3.3.5-6 is equivalent to the 
percentage of the 3 hour ampere-hour capacit~ that remains. It 
is estimated that for every degree below 88 F, the battery pack 
OCV will be 0.01 V lower than it is at 80 F for the same state 
of charge; and for every degree above 80 °F, it will be 0.01 V 
higher. Testing of EV2-13 cells will be required to firmly es­
tablish the effect of temperature. 
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Figure 3.3.5-6. Battery Pack Open-Circubt Voltage 
vs State of Charge (80 F) 

Figure 3.3.5-7 relates the battery pack voltages that were 
observed during a constant-current discharge at the specified 
rate of 80 °F to state of charge values. The state of charge 
values were calculated by taking the ratio of the ampere-hour ca­
pacity remaining (at the specified rate and temperture) to the 
initial ampere-hour capacity (assuming 1.75 V/cell cutoff and no 
rest periods). 
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Figure 3.3.5-7. Battery Pack Voltage During bonstant-Current 
Discharges at 3 Rates at 80 F 
vs State of Charge 

Battery Mathematical Model 

Figure 3.3.5-8 indicates estimated EV2-13 voltage-versus-time 
discharge curves for constant-current discharge rates of 400, 300, 
200, 100, 75, and 50 amperes. Estimated Peukert curves for three 
different cutoff voltages are shown in Figure 3.3.5-9. 

H~drogen Gas Generation 

Figure 3.3.5-10 shows the estimated cumulative amount of hy­
drogen generated during the charging of an 18-battery pack of stan­
dard Globe GC2-19 golf car batteries at 80 °F. The gas was col­
lected on one cell by a water-displacement method during the charg­
ing of a battery, and this value was multiplied by 3 cells/battery 
and 18 batteries/pack. The data illustrate six separate experi­
ments as described in the key. The solid lines on the graph are 
based on data and the dashed lines are based on calculations. 
The calculations assumed the wor~t possible case, where 100 % of 
the current (1.5 A in these cases) is used for electrolysis of 
water. 
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Figure 3.3.5-8. Estimated EV2-13 Dischgrge Curves at Various 
Discharge Rates at 80 F 
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Estimated Peukert Curves for EV2-13 at 80 °F 
(3 Cell Cutoff Voltages) 
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KEY: 

750 ;--

700 1---t--•.·· t-1---+---+--+-- -t- -+-r--

CHARGING TIME (hours) 

NOTE: Solid lines = Actual Data 
Dashed lines = Calculated. The calculation assumed the worst possible 

case where 100% of current is used for electrolysis of water. 

PRIOR CHARGE EST. CHARGE TIME REQ'D {h) 
~ DISCHARGE SCHEME {A) DAILY EgUALIZATION 

fF1 80% 8-'1-2 1. 5 19-21 31-33 
1F2 80 24-12-6-3-1.5 10.5-11 22.5-23 
113 80 24 .. 12•6-3-1. 5 10.5-11 22.5-23 
114 80 24-12-6-3-1.5 10.5-11 22.5-23 
115 77.2 24-12-6-3-1.5 10.5-11 22.5-23 
116 40 24-12-6-3-1.5 8.5-10 20.5-22 

Figure 3.3.5-10. Hydrogen Gas Generation During Charging 

The plotted curves, in conjunction with the estimated recharge 
times shown in the key in Figure 3.3.5-10, provided the values 
shown in Table 3.3.5-4, which is a convenient summary of the data. 

It is anticipated that the EV2-13 battery will generate lower 
hydrogen volumes than those shown in Figure 3.3.5-10 and Table 
3.3.5-4, because the lead-alloy system which will be employed should 
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Charge Mode 

Daily 

Equalization 

TABLE 3.3.5-4 

RANGE OF ESTIMATED HYDROGEN GENERATION VOLUMES 

Estimated Cumulative Volume of H2 Gas 6at 80 °F, 
1 atm) Generated During Charge at 80 F for an 

18-Battery Pack of 80 % Discharged GC2-19 Batteries 

Stepped-Current Charge Scheme 

24-12-6-3-1.5 A 8-4-2-1.5 A 

125-225 Liters (4-8 ft 3 ) 120-170 Liters (4-6 ft 3 ) 

520-670 Liters (18-24 ft 3 ) 510-585 Liters (18-21 ft 3 ) 

lower the gassing rate and the calculated values in the graph are 
based on the worst-case condition. 

The volume of hygrogen generated during charging at temper­
atures other than 80 F will be different. It is expected that, 
in general, colder charging tempertures will result in larger 
volu~es of hydrogen. Charging at very cold temperatures such as 
-15 F is very inefficient and will generate much larger volumes 
of hydrogen. For example, Figure 3.3.5-10 estimates thab the 
daily charge of a 40 % discharged (3 h rate) pack at 80 F will 
generate less than 250 liters of hydrogen. A single charging 
test in which a 40 % di~charged battery was charged to the 85 % 
state of charge st -15 F leads to the estimate that 864 liters 
of hydrogen (80 F, 1 atm) will be generated. 

Accessor~ Battery and Charger 

Globe's Ul-9AD52-81 electric vehicle battery, which weighs 
21 pounds has a capacity of 22 ampere-hours at the 3 hour rate, 
will be used for the accessory battery. Based on antic6pated ac­
cessory loads, a charging voltage o[ 2.35 V6cell at 80 F with 
a temperature-correction factor of 0.002 V/ F/cell is recommended. 
The recommended gharging voltage is lowered 0.002 V/cell for every 
degree above 80 F and raise0 0.002 V/cell for every degree below 
80 °P. Any r.hange in the accessory load or in the dccessory bat­
tery charger output might result in ct change of charginq recom­
mendatjons by Globe. 

Maintenance Schedule 

o Watering -- A semiautomatic, single-fill-point water­
ing system will be provided with each battery pack. 
It is currently estimated that watering with distilled 
water should be performed on~P every two months. 
Charging should not be performed during or 1mmedidl~ly 
after watering. The watering procedure should not be 
restarted after filling is complete. 

3.3-24 



o Cleaning -- Cleaning of the battery package will be 
placed on a schedule similar to lubrication and gen­
eral maintenance of the vehicle. Once every six months 
should be adequate if the pack is reasonably well iso­
lated from road dirt. The pack will be removed from 
the vehicle and the battery connectors checked for cor­
rosion or damage. Removal of dirt and other debris 
can be accomplished by washing with water. 

o Checking Specific Gravity of Electrolyte -- Specific 
gravity will be monitored at least once every six 
months by sensing the open-circuit voltage (OCV) of 
each battery. A temperature-dependent linear relation­
ship exists between specific gravity and OCV. The OCV 
should not be measured immediately after charging, 
since a capacitive surface charge is stored by the bat­
tery. Before the measurement is made, the ·batteries 
should be discharged a few seconds and allowed to re­
cover for 5 to 10 minutes. An alternative procedure 
is to wait 12 to 18 hours after charging ends. 

Connectors, Connector Shields, and Cabling 

Connectors used to electrically connect the batteries will 
be burned on the battery terminal posts, because burned connec­
tions offer the lowest resistance and best reliability. The lead 
connectors have been designed and are shown schematically in Fig­
ures 3.3.5-11 and -12. 

Lead Connector 
Cast Around 
Tinned Cable 

General E.lectrlc 
Stranded Vulkaflex 
1/0 Cu Cable 

Figure 3.3.5-11. Connector and Cable Top View 

Stranded Vulkaflex® cable has been selected for interbattery 
and battery-motor connections. It is a 1/0 cable with a conductor 
diameter of 0.374 inch, an overall diameter of 0.65 inch, a weight 

, of 0.45 lb/ft, and a resistance of 0.128 ohm/1000 ft at 100 °C. 

®Registered trademark of the General Electric Company. 
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Connector 

Top Of Cover 

Battery Terminal 

Figure 3.3.5-12. Section View of Connector 
on Battery Terminal 

The special high-temperature cable has 133 copper strands, 
each of which is tin plated. 

The estimated weight of the cabling system between batteries 
{which does not include cable to motor or controller) is 12.9 lb. 
This 12.9 lb can be broken down into 9.6 lb for the 36 lead con­
nectors and 3.3 lb for the 7.3 feet of copper cable. 

Globe designed a connector shield to provide electrical pro­
tection for service personnel when the· battery pack has been re­
moved from the vehicle. Each lead connector will be capped with 
a connector shield which snaps onto the cable. The connector 
shields will be hand cast by Globe by a rubher mold process. The 
materials currently being studied are epoxy and fiberglass-rein­
forced epoxy. 

External {to the battery) Watering/Ventin9 Syste~ 

The external watering/venting system iucludes .:tll of the 
watering/venting system apparatus except for the 18 watering/vent­
ing caps which fit on the eighteen EV2-13 batteries. Figure 
3.3.1-1, discussed previously, shows the interbattery plumbing 
arrangement of the system. The eighteen batteries are connected 
in series by plastic tubing. 

Figure 3.3.5-13 is a schematic diagram of the watering/vent­
ing system. Globe is working with Chrysler to assure that the 
rear safety vent port, or some part of the tubing leading to it, 
is higher in elevation than the water level of the fill bottle~ 
this will eliminate the need for valves. 

Globe will supply the tubing, water fill and collection con­
tainers, and the safety vent ports. The safety vent port is a 
flame-arresting device which provides for the safe venting of hy­
drogen from the battery pack to the atmosphere. Globe has recently 
designed and successfully tested a hand-fabricated safety vent 
port suitable for use on the vehicle. Globe recommends that two 
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Figure 3.3.5-13. Venting/Watering System Schematic 

safety vent ports be installed on each vehicle -- one located near 
the front of the vehicle, and one near the rear. It is important 
that the vent ports be located away from any areas where a pocket 
of hydrogen could accumulate, such as a fender well. 

Evaluation of EV-106 Battery Performance 
w1th Regenerative Braking == 

Computer simulations performed using the EV-106 battery model, 
described in Task Report WBS 3.2.1 "Parameter Optimization," pre­
dicted a range improvement with regeneration of 15 % on the J227a 
Schedule D driving cycle. The improvement due to regeneration 
is predicted, based on calculation of the incremental charge re­
turned to the battery on each cycle by means of electrical regen­
eration. An ampere-hour efficiency of 100 % during the charge 
interval is assumed in the battery model. 

In an effort to confirm or refine the simulation results, 
a series of tests were undertaken at the ESB Technology Center. 
The results of these tests show that the method of battery model­
ing developed for the program gives conservative results in pre­
dicting battery capacity on a stop-and-go driving cycle. The 
test results further demonstrate that an increase up to 34 % in 
vehicle range on the J227a Schedule D test cycle (Figure 3.3.5-14). 

Test Preparation 

Battery power profiles correspon~ing to the J227a Schedule D 
cycle were generated by means of performance prediction programs 
operating on the H-6000 time-sharing computer system. The power 
profile with regenerative braking is shown in Figure 3.3.5-15(a); 
a similar profile but without regenerative braking is shown in 
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ta = 28± 2 sec 
tcr = 50± 2sec 
teo = 10± I sec 

40 tb = 9 ± I sec 
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Figure 3.3.5-14. J227a Schedule D Test Cycle 

Figure 3.3.5-15(b). The braking strategy represented in Figure 
3.3.5-lS(a) corresponds to a mild regenerative torque during the 
"coastdown" segment of the test cycle, followed by a higher torque 
value which is applied during the braking segment. Average ve­
hicle deceleration is approximately 1.5 mph/s during the "coast­
down" segment, where all braking effort is obtained electrically. 
During the braking segment, a deceleration of 3.3 mph/s is obtained 
by using a combination of electrical and friction braking. Approx­
imately 70 % of the total braking effort during the braking seg­
ment is obtained electrically. Vehicle parameters for the simula­
tion are shown in Table 3.3.5-5. 

From the simulated power profiles of Figure 3. 3. 5-15, a min·i­
computer was programmed to operate an.automatic battery tester 
capable of accurately duplicating the power variations. A block 
diagram of this battery tester is shown in Figure 3.3.5-16. The 
test equipment and computer program were thoroughly checked out 
prior to the running of recorded tests. 

Battery Selection and Charging Procedures 

The EV-106 battery selected for these tests. was taken at 
random from a group of eight standard golf car batteries manufac­
tured during the summer of 1977. The batteries were delivered 
to the· ESB Technology Center and ~sed in a Citicar electric vehicle 

3.3-28 



3:: 
.:JII! 

1-
~ 10 a.. 
1-
:::> 
0 
0::: 
L&.J 
3:: 0 0 
a.. 20 40 60 100 120 
>-

TIME (seconds) 0::: 
I.U 
1-
1-
<t -10 
CD 

Figure 3.3.5-15(a). Power Profile with Regenerative Braking 
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Figure 3.3.5-15(b). Power Profile Without Regenerative B~aking 
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TABLE 3.3.5-5 

VEHICLE DESIGN CHARACTERISTICS 

Gross Weight 

Frontal Area 

Aerodynamic Drag Coefficient 

Static Rolling Resistance 

Wheel Rolling Resistance 

Overall Gear Ratio 

Overall Drive System Efficiency 
(on J227a Schedule cycle) 

CH1 

MAGNETIC 
TAPE ~ ANALOG TO ~ 
UNIT DIGITAL CH2 

CONVERTER 

4 EAI 
MINI-

W* COMPUTER 
500 

SYSTEM DIGITAL CH1 AMP 
TYPER TO ANALOG CH2 POWER 

CONVERTER - SUPPLY 

~ ! 

c'H1 STRIP 

CH2 
CHART 

RECORDER 

-~ 

= 3700 Lb (1678 kg) 

= 19.2 Ft2 ( i. 78 M2 ) 

= 0.30 

= 0.009 Lb/lbm 

= 0.921 Ft (0.28 M) 

= 5.48:1 

= 52.6 % 

RS 

T-PROBE 

rl 
v 

1000 
THERMO EV-106 rt' 

AMP 
COUPLE BATTERY LOAD 

AMP MODULE 

t ! f ~ 

SYSTEM GROUND 

~ 
COLD-JUNCTION 
r.OMPFNSATOR t--

AMP 

Figure 3.3.5~16. Ballery Test System 

for approximately 20 cycles. During use, they were cycled to 
about 80 % depth ot d1scharge and r~charge~ by a commercial Le~= 
ter charger. The batteries were not used for a period of four 
months prior to testing but did receive an occasional topping 
charge. 

· The same battery was used tor all tests. ~riot to each te~t, 
the battery was charged by a modified constant potential proce­
dure. The voltage limit was set at 2.4 V/cell and the initial 
current limited to 15 A. When the voltage limit was reached, the 
charge current would gradually decrease to a value of 5 A. The 
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final current value was maintained at 5 A until the specific gra­
vity remained at the same value for three consecutive readings 
(±0.005) taken at one-hour intervals. The battery was then allowed 
to stand for a minimum of four hours prior to the start of each 
test. The total time during charge was approximately 18 hours. 

Test Procedure 

The EV-106 battery was charged to a specific gravity of 1.280 
and cycled according to the power profile of Figure 3.3.5-15(a) 
until a cutoff voltage of 1.3 V/cell was reached under peak cur­
rent conditions. This cutoff condition was found to correspond 
to 80 % discharge as defined by computer simulations. The test 
was then repeated without regenerative braking, using the power 
profile of Figure -15(b). Battery current and voltage were re­
corded at one-second intervals during each test, and computed 
values of output (input) power, output (input) energy, and output 
(input) charge were logged during each second of discharge (charge) 
operation. Values of average voltage, averge current, watt-seconds 
output, watt-seconds input, ampere-seconds output, and ampere­
seconds input were calculated for each driving cycle and summar­
ized for each complete test. 

Battery temperature was measured at five-minute intervals 
during each test, and gas was collected continuously from the cen­
ter cell. Specific gravity was recorded before and after the test. 

After completion of the J227 driving cycle tests, the battery 
was recharged to 1.280 specific gravity and then discharged con­
tinuously at a de rate determined from the nonregenerative cycle 
as follows: 

This test was used as a benchmark to determine ·the ratio of 
energy delivered under simulated driving conditions to the energy 
delivered during a de discharge at the same average current. It 
was hoped that the test data might provide a simple means of pre­
dicting vehicle range on the Schedule D cycle from published curves 
of discharge time versus de current. Another purpose of the de 
discharge test was to determine the performance of the particular 
battery selected for test, as compared with average results·for 
a number of standard production units. 

Test Results 

The results of tests performed during March 1978 are summa­
rized in Table 3.3.5-6. The predicted vehicle range obtained 
from the computer simulation studies is also shown in this table 
for comparison with equivalent ranges obtained by testing. Sev­
eral observations can be made from these results: 
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Test Type 

Cycles Completed 
(equiv. miles) 

Total Ampere-Hours Charge 

Total Ampere-Hours Discharge 

Net Ampere-Hours Discharge 

Total Watthours Charge 

Total Watthours Discharge 

Net Watthours Discharge 

Total Time of Test 

Specific Gravity* 
Cell 1 (start en~) 

Gd" !:vulvell (vue .:.ell) 

Temperature (start/end) 

*Room Temperature 

TABLE 3.3.5-6 

TEST RESULTS 

J227 Schedule D 
with Regenerative 

Braking 

71 (68.6) 

30.56 

185.17 

154.61 

198.21 

1012.91 

814.70 

145 Min., 1.63 Sec. 

1.280 1.132 

Predicted 
Range from 

Computer 
Simulation 

55 

J227 Schedule D 
with No 

Regenerative 
Braking 

53 (51.2) 

0 

138.79 

138.79 

0 

763.05 

763.05 

108 Min., 0.03 Sec. 

Not Measured 

Predicted 
Range fror.1 

Computer 
Simulation 

48 

Constant 
Current 
76.5 A 

NA 

0 

153.70 

153.70 

0 

878.02 

878.02 

120 Min., 37.43 Sec. 

1. 287 1.155 

282 r.r. 

71 °F/83 °F 

o Predicted range from computer simulations agrees very 
closely with equivalent range as determined by the bat­
tery discharge test for the case without regenerative 
braking. 

o Equivalent range with regenerative braking is signifi­
cantly greater than predicted, and cannot be accounted 
for simply by computing the amount of energy in charge 
returned to the battery. 

o The application of regenerative braking appears to offer 
a dramatic increase in vehicle range under the regener­
ative charge-discharge mode of operation obtained in 
the SAE J227 Schedule D driving cycle. 

Conclusions 

This sequence of tests was carried out on only one EV-106 
battery. There was no attempt to select a battery with optimum 
performance; however, when the constant-current discharges are 
compared with the average performance for an EV-106 battery (Fig­
ure 3.3.5-17), the discharge time at 76.5 A is 25.6 % greater 
than average. This fact would explain the higher than predicted 
range without regenerative braking. 

In comparison of the tests with and without regenerative 
braking, it was found that regenerative braking extended the ap­
parent vehicle range by 34% (71 cycles vs 53 cycles). The net 
discharge capacity of the battery was increased from 138.79 Ah 
to 154.61 Ah, an improvement of 11.4 % (on an energy basis, the 
improvement is 6.8 %) • These improvements are over and above the 
direct gains of 30.56 Ah and 198.21 Wh which are achieved by 
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Figure 3. 3. 5-17. EV-106 Battery Discharge Rate' vs Discharge 
Time at Various Temperatures 

returning braking energy to the battery. If one attempts to ac­
count for this behavior in the battery model previbusly discussed, 
a regenerative charging efficiency factor greater than unity is 
obtained. 

The maximum voltage reached during regenerative braking was 
7.57 V. ~his voltage remained above the normal charging voltage 
of 7.2 V for only 6 seconds of the braking portion of the cycle. 
During the second cycle, the voltage reached a peak value of 7.34 V 
and remained above the normal charging voltage for' 2 seconds. 
All subsequent cycles were less than 7.2 V. There is no indication 
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at this time that this higher voltage for such a short duration 
would be detrimental to the battery in terms of life or perfor­
mance. 

The total gas evolve~ was greater with than without regen­
erative braking by 393 em for the cell measured. This is prob­
ably due to a combination of local action and removal of residual 
gas. Additional experiments are required, to define this more 
precisely. 

Comparison of the test without regenerative braking and the 
constant-current test at 76.5 amperes shows an overall decrease 
of-14.91 Ah (9.70 %) or 114.97 Wh (13.09 %) for the start-stop 
cycle compared with a constant discharge. This reduction in ca­
pacity is less than generally predicted, and demonstrates that 
the repetitive use of moderate pulse currents (less than 300· A) 
does not deplete the battery quickly, so long as the driving cycle 
allows time between pulses for recuperation to occur. 

3.3-34 



Section 4 

TEST AND EVALUATION 

WBS 4.1 SYNOPSIS OF MASTER TEST PLAN 

The Master Test Plan was issued in January 1978 and has been 
approved by the Jet Propulsion Laboratory. 

The objective of the Master Test Plan is to describe and de­
fine the comprehensive testing program required for the success­
ful development of the Integrated Test Vehicle and to determine 
how well the vehicle performance conforms to DOE objectives. The 
test planning and integration activity provides overall planning 
coordination and control of the comprehensive test program. The 
test plans provide the approval interface with DOE's technical 
contract manager at JPL. Testing will verify calculations and 
predictions ~nd will permit the characterization of components and 
subsystems required for verification of tradeoffs. The tests will 
serve to evaluate the ITV before delivery to DOE. Testing and 
evaluation will be performed on a continuing basis with appropriate 
changes and redirection as determined by engineering, and in turn 
approved by DOE. 

Specific DOE design objectives for this program define a four­
passenger car similar in concept to today's subcompact vehicle 
which is· widely used for urban transportation and commuting service. 
The driving mission for this car is specified by means of the SAE 
J227a Schedule D driving cycle, which is representative of urban 

stop-and-go driving. · 

In addition to the ITV system test, there are three subsystems 
which will be tested. These are: 

o Vehicle Subsystem (WBS Element 3.1) 

o Electrical Drive Subsystem (WBS Element 3.2) 

o Battery Subsystem (WBS F.lE>mPnt . .1.1) 

There are two barrier tests under WBS Element 4.3. These are: 

o Mule Car 30-mph ·Barrier Test 

o ITV 30-mph Barrier Test 

Component tests will be performed and documented but are not 
included in the Master Test Plan. 

Integrated Vehicl~.-~~~t.s 

The objective of the Integrated Vehicle tests is to determine 
the degree to which the DOE goals have been met. Before the Inte­
grated Vehicle tests are begun, the vehicle is to be examined for 

4-1 



completeness and condition. The vehicle will be tested in its 
normal configuration with all normal appendages, such as mirrors, 
bumpers, and hubcaps. 

The vehicle will be tested at the rated gross vehicle weight. 
Tire pressures will be set at the design pressure and, initially, 
new tires will be used. Lights, brakes, and safety equipment will 
be checked for proper operation. Any instrumentation included in 
the vehicle will be checked to see that it has been calibrated. 
The battery will be fully charged for vehicle range, maximum speed, 
acceleration, and gradability tests. Weight of the vehicle with 
the driver, all test equipment, and ballast weight will be recorded. 
The fifth wheel will be up so that it is included as part of the 
test equipment weight for those tests requiring the fifth wheel. 

Ambient temperatures during ITV testing will be those exist­
ing at the selected test site in conformance to the environmental 
conditions stated in SAE J227a. 

Structural Safety Tests 

The objective of the structural safety tests is to demonstrate 
compliance with current applicable industry-developed and federal 
mandated standards and to obtain extensive test data for analysis 
of vehicle impact performance. 

Two structural tests are planned: a mule car 30 mph barrier 
test, and an ITV 30 mph barrier test. 

The mule car test vehicle will be modified to accept the bat­
tery tunnel configuration and rear suspension attachments as well 
as the sheet metal modifications. Components simulating the elec­
trical drive subsystem, transmission, air handling system, battery 
subsystem, accessory battery and tray, and other modified compon­
ents will be used to provide as much data as possible resulting 
from the 30 mph barrier test. 

Vehicle Subsystem Tests 

No subsystem tests will be conducted for the body structure. 
Chrysler will run one dynamometer durability test of the trans­
mission. 

Air handling tests will be run to verify compliance with 
FMVSS 103, "Windshield Defrosting and Defogging Systems," and to 
ensure various performance levels to satisfy customer acceptance 
criteria. 

Customer acceptance tests for heating and ventilation will 
cover: 

o Temperature control and response linearity tests 

o Air flow and distribution tests 
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o Maximum performance warmup tests 

o Stratification tests 

o Jury evaluations 

Defroster compliance tests will be performed in accordance 
with Compliance Procedure CP152 and established Chrysler Labora­
tory procedures and performance evaluation tests. The tests will 
measure velocity profiles over the windshield. 

Performance tests will be conducted on laboratory bucks and 
readable bucks, in wind tunnels and cold rooms, and under actual 
road conditions, with suitable instrumentation to establish com­
pliance with FMVSS 103 and other customer acceptance specifications. 

Electrical Drive Subsystem Tests 

The objective of the Electrical Drive Subsystem Tests is to 
provide an evaluation of the electrical drive subsystem prior to 
its installation in the vehicle. Tests of the electrical drive 
subsystem are intended to measure energy flow rates, determine 
light load losses, measure efficiency of energy transfer, and ver­
ify design calculations. 

Electrical signals obtained from the laboratory operation of 
the electrical drive subsystem will be read and recorded. Tempera­
ture monitoring at spebific points on each subsystem component will 
be included, in order to verify the thermal design. The drive 
motor and associated controls will be set up in the laboratory. 
The drive motor will be operated by power from the batt~ry and will 
be controlled with respect to output torq4e and speed. The drive 
motor will also be op~rated as a generator and will return energy 
to the battery. 

The electrical drive subsystem tests will verify the ability 
of the drive to per£orm the following: 

0 Accelerate from 0 to 30 mph in 9 seconds 

u Accelerate from 0 to 4·5 mph in 28 seconds 

0 Accelerate from 25 to 55 mph in 18 seconds 

0 Sustain a speed of 50 mph on a 5 % grade 

0 Obtain minimum passing speed of 60 mph 

0 Obtain minimum cruising .speed of 55 mph 

Batter~ Subs~stem Tests 

The objective of the propulsion battery electrical test pro­
gram is to provide a standard proc~dure to confirm the overall de­
sign specification and to ensure that the manufactured product will 
perform as required. Globe-Union development facilities will be 
used for the proposed work. 
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Tests will be performed at 26.6 °C to determine the 
capacity of the battery at the 1-, 3-, and 6-hour rates. 
the course of these tests, parameters to be measured and 
will include the following: 

rated 
During 

recorded 

o Half-cell potentials vs Hg/Hg 2so4 reference electrode 
o Electrolyte temperature 

o Specific gravity 

o Initial (minimum) volts vs current 

o Connector drop (IR) 

Life cycling tests will utilize batteries which are first 
subjected to a conditioning cycle. The batteries will be placed 
on a life cycle unit r~nd automaticully cha.i:.'ged and discharged. 
When the battery falls below the specified minimum, the test will 
be terminated and the total number of cycles recorded. 

For peak power tests, the peak power ~~pability of the bat­
tery will be measured at 26.6 °c. 
Support and Special Test !guipment 

The objective in providing special test equipment is to per­
mit measurement of significant performance parameters of the com­
pleted vehicle, which in turn permits evaluation of the vehicle 
design. 

Electrical and mechanical quantities of interest can be mea­
sured with a variety of devices such as shunts and load cells. 
To be useful to the engineer or technician performing tests, the 
outputs of these devices must be converted, using power sources 
available on the vehicle, into a format suitable for recording or 
display in engineering (SI) units. 

The special test equipment must connect to the vehicle in an 
easy manner so that all equipment other than the transducers can 
be removed. Following completion of the special test equipment 
package, a complete laboratory test will be conducted and docu­
mented. 

Each integrated test vehicle will be equipped with a set of 
transducers, augmented by necessary interface ci.rcuits, to allow 
onboard dis~lay of certain parameters. Provision will also be 
made on the v~hicle for the recording of data for subsequent man­
ual analysis. 

Documentation 

Reports presenting test results and conclusions will be pre­
pared and submitted to DOE for the following tests: 

o Integrated Vehicle Test 

o Mule Car 30 Mph Barrier Test 
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o !TV 30 Mph Barrier Test 

o Electrical Drive Subsystem Tests 

o Battery Subsystem Tests 

WBS 4.2 SPECIAL TEST EQUIPMENT AND FACILITIES 

A draft of the Integrated Vehicle Test Plan (WBS 4.6) was 
prepared during April 1978. The plan specified the system vari­
ables to be measured by the mobile test equipment. 

Preliminary studies indicate the probable use of the follow­
ing equipment: 

o a-channel chart recorder 

o Signal conditioning circuitry 

o Sensors (including 5th wheel) 

o 12 VDC - 115 VAC, SOOVA or lOOOVA inverter 

o 12 V lead-acid batteries 

o NASA/Lewis cycle timer 

Additional effort in defining the test equipment configura­
tion for integrated vehicle testing will resume after the CDR, 
when the test plan has been finalized. 

WBS 4.3 MULE CAR 30 Mph BARRIER TEST 

The chassis mule vehicle described in Section 3 will be bar­
rier-impact-tested at 30 mph to verify the front structure design 
concept and to obtain additional design guidelines for the final 
near-term vehicle. Body modifications made to the mule vehicle 
are as follows: 

o Front floor pan assembly modified to accept new tunnel 
configuration 

o Rear floor pan assembly modified to accept new tunnel 
configuration and rear suspension attachments 

o Front impact structure installed at centerline of 
vehicle with a hexcel energy absorber for the battery 
mass (see Figure 4.3-1) 

o Heat-treated 6009 series aluminum alloy fenders installed 

o Heat-treated 6009 series aluminum alloy hood assembly 
installed 

o Yoke panel assembly modified to accommodate spare tire 
retention system 
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The following items were installed on the mule vehicle to 
make it representative of the final car: 

o Modified electric motor with final ITV mounts and im­
pact target (Figure 4.3-1) 

o Simulated transmission housing (Figure 4.3-1) 

o Simulated power conditioning unit (PCU) and supporting 
structure (Figure 4.3-2) 

o Simulated air handling system 

o Modified front crossmember 

o Front suspension complete with rack and pinion 

o New rear suspension 

o Steerin~ col11mn aSiisembly 

o Complete carryover bumper system 

o Battery tray and battery retaining rings 

o 18 Globe-Union golf car batteries filled with noncor-
rosive liquid to simulate active batteries 

o Modified front se·ats 

o Accessory battery and tray 

o Spare tire assembly with retention system 

o Windshield glass 

o Instrument panel assembly 

o Tires and wheels 

o Two fiftieth percentile noninstrumented niale dummies 
seated in front seats and restrainP-d with unibclts 

The mule car impact test was scheduled for May 10, 1978. 

Barrier Test Instrumentation 

The following test and recording equipment will be used: 

o Photoqraphic reference tubes--Fixed, accurately marked 
measuring devices usea to indicate distance from the 
barrier surface. The·t11bes are mounted on. Lhe road sur­
face perpendicular to the barrier face and ntraddliuy 
Lhe test vehicle. Mountings are designed to permit~e­
moval and reinstallation of the tubes without changing 
the position in space of the markings relative to the 
barrier face. 

o Photoelectric trae timer--With its known distance be­
tween sensing elements, provides the means for measur­
ing vehicle speed. The timer is located to measure 
test vehicle velocity within 10 feet of the barrier. 
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Figure 4.3-1. Mule Car Motor Compartment Without PCU 
Mockup and Spare Tire 

Figure 4.3-2. Mule Car PCU Mockup for Impact Test 
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o Barrier force measurement s~stem--Consists of five 
force plates, eacfi capa61e of force measurements up 
to 300,000 lb, mounted on the steel barrier face. 
These force plates are covered with 3/4 inch plywood. 

o Impact timing marker switch--A contact switch mounted 
on the face of tfie barrief at the first point of con­
tact with the test vehicle. Closing this switch ener­
gizes an electrical circuit, containing a lamp or 
neon tube, in each high speed camera; the resultant 
light produces a streak along one edge of the film. 
The beginning of the streak on the film identifies 
the moment of barrier impact. 

o Pulse enerator with 1000 Hz serial out ut and BCD 
Tbln~ry co e-- 1~~ld t1m1ri~ ~ystem--M~t s · he 1lm 
for timing -identification. ·- This permits correlation 
of film data with different cameras or with electronic 
data and establishes an accurate time reference for 
film and/or electronic data analysis. 

o Hi h s eed motion icture cameras--MinimUm of 10, Lo 
prov1d~ coverage o -
and dummy kinematics. See Figure 4.3-3 for location 
of the film targets used to provide visual references 
for analysis of impact films. 

o One stop-action camera--Records the impact event in 
a series of 8 t6 16 sequential pictures. 

o Mobile instrumentation van--Provides 13 channels of 
record~d data. See Figure 4.3-4 for location, types, 
and quantities of accelerometers. 

Steering Wheel Hub 

Legem: "' Film Targets 

Figure 4.3-3. ITV Mule Car Barrier Test--Preliminary Film 
Target Location 
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Targets: 

Figure 4.3-4. 

Plan View S 
Side View ~ 
Single Axis Long. 

Bi-Axial Long. & Vert. • 

ITV Mule Car Barrier Test--Target 
Instrumentation Location 

Support Requirements and Facilities 

The Chrysler Proving Grounds are located 60 miles west of 
Detroit, at Chelsea, Michigan. The covered barrier at· Chelsea is 
a facility used to create vehicle-to-barrier impacts, vehicle-to­
vehicle crashes, and vehicle rollover tests. The building is 
100 feet wide by 150 feet long. It houses a 265 ton barrier, a 
5000 pound force winch to propel the test vehicle, two photographic 
pits, a photographic catwalk 37 l/2 feet above the test floor, and 
a lighting system that consumes 1,300,000 watts to produce 20,000 
foot-candles of illumination. The approach runway is 1000 feet 
long. 

Impact testing and development engineers (Proving Grounds 
personnel), who are responsible for the conformance of Chrysler 
Corporation cars to internal and various Federal and state stan­
dards relating to vehicle impacts or crashes, will conduct the 
barrier impact tests. 

Test Procedure andRecordin2 Esuiement 

Evaluation of the mule car impact vehicle will be done in ac­
cordance with Chrysler Safety Documentation Compliance Procedures 
applicable to the 1978 model year vehicles. Correlation of Com­
pliance Procedures to applicable FMVS Standards is as follows: 



Compliance 
FMVSS Procedure 

No. No. 

204 194 
199 
200 

212 194 
195 

219 194 
231 

A post-crash electrical inspection of the propulsion batteries 
will be performed to determine whether an electrical short could 
have occurred as a result of the impact. 

Pass/Fail Criteria 
- -

P~ss/fail criteria corresponding to each Federal Motor Vehicle 
Safety Standard are listed below: 

FMVSS 204 Steering Control Rearward Displacement 

Specifies requirements limiting rearward displacement 
of the steering control into the passenger compartment 
to 5 inches during a 30 mph frontal impact. (Initially 
effective January 1, 1968.) 

FMVSS 212 Windshield Mounting 

Specifies requirements for retention of the windshield 
in a 30 mph frontal barrier collision test. (Initially 
effective January l, 1970.) 

FMVSS 219 Windshield Zone Intrusion 

Limits the intrusion of vehicle components into a 
scribed zone ahead of the windshield in a frontal 
rier crash at speeds up to and including 30 mph. 
tially effective September l, 1976.) 

WBS 4.4 ELECTRICAL DRIVE SUBSYSTEM PERFORMANCE TESTS 

pre­
bar­
(Ini-

The drive subsystem testing is scheduled to begin during July 
1978. In preparation for testing, an Electrical Drive Subsystem 
Test Plan has been issued, subject to JPL review. 

The main elements of the electrical drive subsystem assembled 
for testing will be: 

o DC Drive Mot0r 

o Power Conditioning Unit 

o Microprocessor and Controls 
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o Propulsion Battery Pack 

o DC Motor/Generator 

o Mechanical Flywheel 

The' first four i terns constitute the drive subsystem undergoing 
test.. The last two items are test equipment and are not installed 
in the vehicle. Figure 4.4-1 is a block diagram of the Electrical 
Drive Subsystem test configuration. 

Microprocessor 
r-

Power 
Control ~ Micro- ~ Conditioning ~ Propulsion 

and 1-- processor ~ 
Unit 

~ Battery 
Interface 

L 

Resistor 
Grid ~ 

Load ~ Fly- ~ Torque- - Drive 
Generator ~ wheel ~ meter - Motor 

Field 
Exciter 

Figure 4.4-1. Electrical Drive Subsystem Test Configuration 

Instrumentation 

Measurements taken of the performance of the electrical drive 
subsystem will be monitored and recorded by the following instru­
mentation: 

o Honeywell 5600E analog tape deck, capable of recording 
up to 14 different input parameters. This recorder is 
able to record and play back any combination of chan­
nels with suitable data electronics cards. 

o Honeywell Accudata 113-3, which performs as a signal 
conditioning unit. This instrument is a 3-channel 
input/output and channel-to-channel isolated amplifier. 

o Himmelstein MCRT torquemeter with usable range of 0 to 
4000 lb-in .. This instrument will measure the torque 
gener~ted by the drive motor. 
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o Fluke Digital Thermome~er 21QOA-06, to measure the tem­
perature of the battery pack, motor, and power conditio: 
ing unit (PCU) components. It is capable of displaying 
information from six different types of thermocouples. 

o Fluke Model 2150A-20 thermocouple switching unit. rhis 
unit is capable of switching up to 20 separate thermo­
couples. 

o Current Integrator (the Curtiss Model SHR-C3 current 
integrator is under consideration). 

Facilities 

The Electrical Drive Subsystem (EDS) will be tested in an 
independent, G~neral Electric-funded electric vehicle propulsion 
system test facility. This facility will include a propulsion bat­
tery, drive motor, load motor, mechanical flywheel and control, 
and metering equipment. The drive motor, the load motor, and the 
mechanical flywheel will be mounted on a steel railbed, which will 
be bolted to the floor. This will ensure ease in handling of the 
larger components, isolation of those sensitive to mechanical vi­
brations, and the stability necessary for high-speed testing. 

J227a Schedule p __ [)~_ivi_l19 Tes~ 

The J227a Schedule D cycle tests will be run with a cycle 
timer acquired from the NASA-Lewis Research Center, located in 
Cleveland, Ohio. It was designed to assist a driver in following 
SAE Schedules B, C, and D. The SAE schedule to be driven is per­
manently stored on a Programmable Read-Only Memory (PROM). 

The profile of the SAE schedule is continuously reproduced 
on one needle of a dual-movement analog meter. The second needle 
is normally connected to the output of a fifth wheel. The driver 
"matches needles" to accurately drive the programmPd schedule. 
The laboratory tests will not include a fifth wheel; therefore, 
the output of an rpm detector will be inputted to the cycle timer 
and the output matched to the programmed profile displayed on the 
first meter. EDS performance will be measured at battery discharge 
levels of 0, 40, and 60 %. 

Gradability Test 

Gradability will be measured by ~ubjeeting the drivP motor 
to a retarding force trom the load aencratori thP magnitude of the 
torque being· proportional to the load placed across the generator. 
The percentage grade will be proportional to the generator load. 
Through variation in the generator load, simulation of any percent­
age grade can be made on the EDS. 

Acceleration Tests 

Acceleration tests will be conducted by controlling the output 
of an acceleration potentiometer. The tests will be repeated for 
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battery discharge levels of 0, 40, and 60 %. The time required 
to reach the following conditions will be recorded: 

o Maximum acceleration and maximum speed 

o 0 to 30 mph at maximum acceleration 

o 25 to 55 mph at maximum acceleration 

Range tests will be run on the EDS at rpm rates correspond­
ing to speeds of 25, 35, and 45 mph. The test will be terminated 
when the EDS is unable to maintain 95 % of the required test speed. 
The range at a given speed will be recorded. Each test will begin 
with the battery fully charged. 

Bra~!ng Test 

Regenerative braking will be tested by accelerating the EDS 
to a predetermined speed and then switching .to the regenerative 
mode. A signal to initiate regenerative braking, which simulates 
the signal to be sent from the brake blending system, will be sent 
to the microprocessor. In this mode, the mechanical energy avail­
able in the flywheel will be converted to electrical energy by op­
erating the drive motor as a generator. 

The current charging the propulsion battery will be measured 
by inserting a T-connection in the power conditioning unit and 
microprocessor cabling. The time it takes the EDS to come to rest 
after.converting to the generating mode will be recorded. The 
charging current and voltage will be recorded for tests performed 
at battery discharge levels of 0, 40, and 60 %. 

Tempe~ature Measu~ements 

Temperature measurements will also be conducted. The temper­
ature sensor for the drive motor was built in during motor fabri-. 
cation. This sensor will furnish information about the operating 
environment of the drive motor. When its operating temperature 
reaches a predetermined value, the drive motor will be cooled by 
a fan drawing air through the PCU and the motor and then .exhaust­
ing it to the outside. The fan can also be activated by sensors 
mounted in the PCU. 

Sensors mounted in the· inlet and outlet of the cooling. duct 
will measure the temperature change in the air as it is being drawn 
through the duct. This cooling system will be similar to that used 
in the electric vehicle. The sensor output will be connected to 
a multichannel temperature recorder during performance tests of 
the EDS. 

Battery temperature will be measured by a temperature sensor, 
a linear thermistor network (LTN), built into the battery. The 
temperature of the battery will be recorded beforP. and after all 
tests. 

4-13 



and Electroma netic 

Electromagnetic compatibility (EMC} and electromagnetic in­
terference (EMI} tests will be conducted in the following areas: 

o 115 V ac battery charging harmonic currents 

o Radio noise present in power line emissions below 30 
MHZ 

The EMC/EMI tests will be conducted when the battery has a 
state of charge of 20 % (determined from measurements of specific 
gravity and/or open-circuit voltage} and when its state of charge 
is in a range of 90 to 95 %. 

WBS 4.6 INTEGRATED VEHICLE TESTING 

Early in the program, preliminary planning was initiated for 
the Integrated Vehicle Tests to be performed at the Chrysler Chelsea 
Proving Ground. This early planning was incorporated into the ini­
tial Master Test Plan - Draft, issued on September 20, 1977. This 
draft defined the scope of the testing, the instrumentation require~ 
ments, data to be recorded, and descriptions of the performance 
tests that would be performed on the two vehicles. The performance 
directly relates to the near-term vehicle SOW requirements. 

As a result of the PDR, a series of EMI radiation and suscepti­
bility tests were also planned for one of the vehicles. A prelim­
inary plan for these tests was included in the Master ~est Plan, 
and a draft update was developed for the Interim Design Review. 
This testing was further refined and included in the Integrated Ve­
hicle Test section of the Master Test Plan update dated January 16, 
1978. 

During this period, it was decided that instrumentation re­
quirements and special test equipment requiremento for the Inte­
grated Vehicle Tests would be integrated with the requirements of 
the Electrical Drive Subsystem Test to be performed under WBS 4.4. 
This would not only provide good correlation between both test pro­
grams but would also be more co~t-effcctiv~. 

A preliminary version of the Integrated Vehicle Test Plan was 
developed during the months of March and April. The baseline for 
these tests was the Master Test Plan. The concept of performing 
two groups of tests, one for each vehicle, was developed. The 
Group 1 tests would be performed on the first available vehicle. 
These tests are basically the tests to determine vehicle performance 
characteristics to satisfy the DOE goals. 

The tests planned for Group 1 are as follows: 

o Range on SAE J227a Schedule D Driving Cycle 

o Range at Constant Speed 
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, 
o Maximum Level Speed 

o Acceleration (0 to 30 mph and 25 to 55 mph) 

o Sustained Speed at 5 % grade 

o Gradability 

o Recharge Capability 

o EMC/EMI 

Where applicable, tests will be performed at battery discharge 
levels of 0, 40, and 60 %. 

Group 2 tests will be performed on Vei1icle 2. Some Group 1 
tests will be repeated to obtain additional test data, but test­
ing will concentrate primarily on vehicle subsystem evaluation. 
Group 2 tests are: 

o Range on SAE J227a Schedule D Driving Cycle 

o Maximum Level Speed 

o Acceleration (0 to 30 mph and 25 to 55 mph) 

o Sustained Speed at 5 % grade 

o Rolling Resistance 

o Aerodynamic Drag 

o Environmental (humidity, water splash, etc.) 

o Heater/Defroster 

o Limited Endurance 

o Braking 

o Other tests to be defined by Chrysler 

Copies of the preliminary draft of the Integrated Vehicle 
Test Plan have been distributed to GE, Chrysler, and JPL for re­
view and further development. The next update is schedule for 
August 1, 1978, prior to issuance on September 1, 1978. 
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Section 5 

COST AND CONSUMER ACCEPTANCE STUDIES 

SELLING PRICE 

The objective of this activity is to determine an estimate 
of the selling price of an electric vehicle, similar to the In­
tegrated Test Vehicles, for a quantity of 100,000 units per year. 
This estimate will provide a preliminary indication of the feasi­
bility of meeting DOE's cost goal for a near-term electric passen­
ger car of $5000 in 1975 dollars. 

Cost determination will be accomplished by adding the cost 
of electrical vehicle components to, and eliminating the cost of 
internal-combustion-engine vehicle components from, the 1978 Omni/ 
Horizon subcompact baseline vehicle. The Chrysler Corporation will 
integrate the differential costs and estimate the selling price 
of the electric vehicle. 

Representative internal-combustion-engine components which 
will be deleted in the study are the engine, transmission, radiator, 
fuel tank, rear suspension, and steel body panels. 

Comp.onents pertaining solely to the electric vehicle include 
the motor, power conditioning unit, microprocessor, onboard char­
ger power unit, batteries, battery tunnel, rear suspension, trans-
mission, gasoline heater, and aluminum panels. ' · 

The planned approach for obtaining production costs for the 
electric vehicle indigenous components is to request each of the 
manufacturing sources to perform a brief producibility analysis to 
determine optimum production techniques. Consultations will be 
held with the General Electric Direct Current Mot~r & Generator 
Department on the electric motor; with the Industry Control Prod­
ucts Department on optimizing the packaging and assembly of the 
power conditi 1ning unit, microprocessor, and onboard charger power 
unit; and wit.1 the Semiconductor Products Department on the produc­
tion of power modules. 

Globe-Union, Inc. will provide the cost of the traction bat­
teries. Chrysler will develop costs for all unique vehicle com­
ponents, including the transmission and gasoline heater. Included 
in Chrysler's effort will be a limited producibility analysis to 
determine how best to apply automated fabrication and assembly 
techniques to production of the electric vehicle. 

LIFE CYCLE COST (See Tables 5-l and 5-2} 

A life cycle operating cost estimate has been prepared using 
a methodology essentially the same as in the Department of Trans­
portation study report, "Advisability of Regulating Electric Ve­
hicles for Energy Conservation," of August 1976. 
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TABLE 5-l 

VEHICLE CHARACTERISTICS 

Vehicle Life (years) 10 

Annual Vehicle Utilization (mi/yr) 

Total Vehicle Travel (mi) 

10,000 

100,000 

Battery Life (cycles) 

Battery Life (yr) 

Batteries/Vehicle (over vehicle life) 

800 

4.8 

2.1 

Base Vehicle Price ($) 

Battery Price ($) (0.84/lb) 

Battery Replacement Cost 

Vehicle Acquisition Price (1975 dollars) 

$4076 

$ 924 

$ 869 

$5000 

TABLE 5-2 

LIFE CYCLE OPERATION COSTS (¢/MI) 

Capital Recovery (vehicle) 
(CRFX cost/mi/yr) (3 %) 

4.8 

Capital Recovery (batteries) (3 %) 2.0 

Registration, Title, Sales Tax .8 

SUBTOTAL, CAPITAL SENSITIVE COSTS 7.6 

Repairs and Maintenance 2.0 

Insurance 1.5 

Garage, Parking, Tolls, Pte. 2.1 

SUBTOTAL, NONFUEL OPERATING COSTS 13.2 

Cost of Fuel@ $.032/kWh (.35 kWh/mile) 1.1 

TOTAL OP~RA~ING COSTS 14.3 
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A battery life of 4.8 years was obtained by assuming an aver­
age range of 60 miles per recharge and a projected cycle life of 
800 cycles for production batteries, which is the ISOA objective. 
The battery price was assumed to be $0.84/lb with a salvage value 
of $0.05/lb. Later analysis will use cycle life estimates for 
production versions of the EV2-13 battery. 

Capital Sensitive Costs are depreciation and interest on the 
base vehicle and batteries plus annual taxes and fees. A 4 % sales 
tax, a 4 % title fee, and a $30/year registration fee were used 
for determining the costs. Capital Recovery Costs (depreciation 
plus interest) are a function of vehicle utilization and useful 
life. The interest value used is lower than current quoted commer­
cial interest rates, since present rates have to provide for the 
devaluation of currency due to inflation. The annual payments thus 
include a correction factor for an annual inflation rate of 6 %, 
giving an effective interest rate of 3 %. 

The repairs and maintenance estimate is assumed to be $0.02/mile, 
which is the maximum specified DOE objective. As more data are 
accumulated, it is anticipated that this figure will decrease. In­
surance, parking, tolls, and other related costs used are based on 
those found in "Cost of Owning and Operating an Automobile - 1976," 
DOT. 

The cost of fuel used was 3.2¢/kWh, which is lower than the 
5¢/kWh in the Statement of work. This figure is based on the na­
tional average retail price of electricity in 1975 (Edison Electric 
Institute). The energy consumption used was 0.35 kW/mile, obtained 
from the Energy Flow Model for the GE-ITV on the J227a Schedule D 
driving cycle. 

CONSUMER ACCEPTANCE 
It is important to judge consumer acceptance of the near-term 

electric vehicle to determine whether or not a well designed car 
with improved performance and styling will be well accepted by the 
public. To date, consumer acceptance of electric vehicles has been 
limited, because of·poor styling, poor performance, and the high 
cost of present offerings. 

Normally, for a new vehicle of this nature a complete and 
thorough marketing analysis would be undertaken. However, time 
and money considerations make this approach impractical. To ob­
tain an answer in the available time, the expertise of the Chrysler 
Styling and Design Office will be employed to determine consumer 
acceptance. 

Experienced stylists and human engineering specialists from 
Chrysler will analyze the vehicle, comparing it with Chrysler and 
industry standards for appearance, seating comfort, visibility, 
and ease of operation. · 

Results of all the studies will be incorporated in a Task Report 
for WBS 5.0, "Cost and Consumer Acceptance Studies." 
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INTRODUCTION 

SECTION 1 

INTRODUCtiON AND SUMMARY 

This document was prepared byAiResearch Manufacturing Company, a division 
of The Garrett Corporation, under Contract EY-76-C-03-1213 for the Department 
of Energy (OOE). It presents the mid-term review summary for Phase I I of the 
Near-Term Electric Vehicle (NTEV) program. 

Phase I I of the Near-Term Electric Vehicle program is a continuation of 
the Phase I Preliminary Design Study previously conducted, and is based on the 
multi-phase development plan that was developed during the Phase I work. 

The general objective of the Near-Term Electric Vehicle Program is to 
confirm (1) that, in fact, the complete spectrum of requirements placed on the 
automobile (e.g., safety, producibi lity, uti I ity, etc.) can sti I I be satisfied 
if electric power train concepts are incorporated in I ieu of contemporary power 
train concepts; and (2) that the resultant set of vehicle characteristics are 
mutually compatible, technologically achievable, and economically achievable. 
The focus of the approach to meeting this general objective involves the design, 
development, and fabrication of complete electric vehicles incorporating, where 
necessary, extensive technological advancements. 

The work described in this report is supported by several major subcon­
tracts. The vehicle design was created by The Brubaker Group. The vehicle 
structural design, detai I design, and fabrication are being done by the Budd 
Company. The scale-model crash test program to verify the crashworthiness of 
the al !-plastic structure also is being done by the Budd Company at the Fort 
Washington Technical Center. The advanced lead-acid battery, which is being 
especially designed to match the new vehicle and power system, is being devel­
oped by Eagle-Picher Industries. Much of the safety and hand I ing analyses of 
the vehicle design were conducted by Dynamic Sciences, Inc., who also wi I I 
conduct the crashworthiness testing of the ful 1-scale crash.test vehicle at a 
later date. AI I American Racers participated in the design analysis and selec­
tion of the various components of the suspension, steering, and brake systems 
and also wil I assist during vehicle testing. 

VEHICLE DESIGN CONCEPT 

The vehicle being developed is anal I new design, highly optimized for 
the particular requirements of a smal I, four-passenger, electric-powered 
urban/suburban car. The power system is a new and unique design that uses 
flywheel energy to supplement battery power during peak demands and incorpo­
rates a regenerative braking feature to convert vehicle kinetic energy into 
retrievable flywheel energy during deceleration and braking. The process of 
energy storage and conversion to propulsive power is accomplished by a unique 
arrangement of the flywheel, two motor/generator units, and a power drive 
connected through a differential planetary gear set that functions as a fully 



automatic, infinitely variable transmission. The result is a highly efficient 
electric vehicle that requires a minimum of batteries while providing accept­
able performance and driving characteristics that are similar to those of 
conventional internal combustion engine powered compact cars. 

REPORT <RGAN I ZAT ION 

Section 2, Program Management, describes the DOE and AiResearch management 
organizations and their relationship for the NTEV program. 

Section 3, Program Description, 
Near-Term Electric Vehicle program. 
and the technical approach, based on 
described in detail. 

summari-zes the objectives of the DOE 
The scope of the Phase I I effort is given 
the conclusions of the Phase I study, is 

Section 4, System Integration dlltl P~rformonce, briefly de~cribcs tho 
overal I vehicle characteristics that were included in the analytical studies 
used to predict the overal I performance of the vehicle. A description of the 
Eagle-Picher tubular lead-acid battery and its predicted performance are 
included, as is a discussion of the analytical modeling used for the perform­
ance evaluations. Sensitivity studies that have been used to evaluate some 
of the more critical aspects also·are discussed. 

Section 5, Power System, presents a detailed description of the unique 
power system and its operation. The design of the laminar composite flywheel 
is described, and endurance test results are included. The high-vacuum system, 
w.hic·h uses a molecular pump, is described and test verification of its design 
is given. The design of the two identical de motor/generator units is described 
in detail. The electronic control system, which includes the two field controls 
and the battery current supply, is described and detai I schematic diagrams are 
presented. 

Section 6, Vehicle Design, describes the I ighweight vehicle design, which 
is based on the use of fiber-reinforced plastic for the unitized frame and 
body. The simplicity of the parts breakdown and assembly is shown. The various 
material selections also are described. 

Section 7, Suspension, Brakes, and Steering, describes the vehicle suspen­
sion, steering, and braking systems. Most of the components are adaptations 
of· components from the BMW 320i automobile. The various geometric character­
istics of the resulting design such as steering diagrams and braking weight 
distribution are shown. 

Section 8, Scale-Model Testing, describes the scale model crash 1·esl !Jro= 
gram conducted by the Budd Company, which has verified the structural concept. 
Tests results are included showing the crush and energy absorption character­
istics of the lead-acid batteries. 

Section 9, Structural Analysis, describes the structural analysis conduc­
ted to support the detai I design. Computer modeled crashworthiness studies 
and finite-element structural analyses are presented. 
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Section 10, Vehicle Dynamics Analysis, describes the analysis of the gyro­
scopic forces caused by the flywheel, the transient hand I ing analysis, the ride 
quality analysis, and an analysis of the expected noise characteristics. The 
flywheel gyrosGopic moments are shown to have a stabi I izing effect during alI 
yaw rates and vehicle speeds. The hand I ing analysis, which includes the com­
bined effects of weight distribution, suspension geometry, ~nd the transient 
effect of the gyroscopic moments, shows that the characteristics are alI wei I 
within the acceptable ranges. 
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SECTION 2 

PROGRAM MANAGEMENT 

DEPARTMENT OF ENERGY MANAGEMENT 

The activities described in this report are being carried out by the 
A i Research Manutactur i ng Company and its subcontractors under a contract wi-th 
the U.S. Department of Energy <DOE). This work is part of the Near-Term Elec­
tric Vehicle Program being administered by DOE in accordance with Public Law 
94-413, the Electric and Hybrid Vehicle Research, Development and Demonstration 
Act of 1976. Management responsibility tor the Near-Term Electric Vehicle 
<NTEV) Program is within the Division of Transportation Energy Conservation 
under the Assistant Secretary tor Conservation and Solar Applications. 

V. J. Esposito and P •. J. Brown are the DOE Program Manager and Deputy Pro­
gram Manager, respectively, of the overal I National Electric and Hybrid Vehicle 
Program of which'this Near Term Electric Vehicle Program is a major element. 
R. S. Kirk and G. J. Walker are the DOE Program Director and Program Manager, 
respectively, of this Near Term Electric Vehicle Program. AiResearch's contract 
is administered by the San Francisco Operations Office of DOE; Mr. J. Hirahara 
is the responsible Contract Specialist. The organizational relationships within 
DOE are shown in Figure 1. · 

The technical Management of the AiResearch contract is the responsibility 
of the Jet Propulsion Laboratory (JPL) of Pasadena, Cal itornia. Mr. Thomas A. 
Barber is Manager of the Electric and Hybrid Vehicle Systems Project at JPL. 
The Contract Technical Manager tor AiResearch's contract is Mr. R. Y. Yoshida. 

AIRESEARCH MANAGEMENT 

Within AiResearch, the work is being directed by the engineering depart­
ment of the Mechanical Power Systems Product Line, one of five major product 
I ines which are part of a matrix that combines product I ines with functional 
departments. The relationship of the NTEV program to AiResearch management is 
shown in Figure 2. 

Program tasks are assigned as indicated in the NTEV program chart of 
Figure 3. 
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PROGRAM DESCRIPTION 

PROGRAM OBJECTIVES 

The specific objective of this Phase I I program effort is to proceed from 
the Phase I preliminary design through a proof-of-concept test vehicle demon­
stration. This requires a 24-month development program, resulting in the com­
pletion, in-depth test and analysis, and the delivery of two integrated test 
vehicles that meet the DOE electric vehicle near-term objectives shown in 
Table 1. 

SCOPE OF WORK 

The scope of work is based on the continuation of the vehicle design 
that resulted from the Phase I preliminary design study and essentially follows 
the development plan for Phase I I, which was submitted during Phase I under 
Task 4. Briefly, the work includes: 

(a) Program planning and management 

(b) Analysis of the Phase I preliminary design 

(c) Detai I design 

(d) Scale model crush and crash safety test program 

(e) Restraint system design and test confirmation 

(f) Fabrication and delivery of two integrated test vehicles 

(g) Fabrication and crash testing of one crash-test vehicle 

(h) Development and development testing at the component, subsystem, and 
vehicle levels 

(i) Specified documentation 

(j) Program reviews 

TECHNICAL APPROACH 

The proposed plan concentrates on needed technological improvements that 
eventually can be mass produced. at competitive costs. This is a challenging 
task, requiring a multiplicity of talents, experience, and facilities. 

The Phase I preliminary design studies provided insight into major problems 
that have prevented development of an economically vrable and acceptable electric 
passenger car. The studies demonstrated that, with sufficient emphasis and with 
new (but avai !able) technology, the major problems cr.~n be solved, c:n•d an 
acceptable, economical car· can be developed. 
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TABLE 1 

DOE ELECTRIC VEHICLE PROGRAM NEAR-TERM OBJECTIVES 

Parameter 

Min mum passenger capacity 
Max mum curb weight, lb 
Min mum urban range (J227A (0)), mi 
Max mum initial cost, projected, 1975 dol Iars 
Min mum life, mi 
Min mum life, yr 
Max mum I ife-cyc I e cost, projected in 

1975 dollars/mi 
Cost of energy in dol lars/kw-hr 
Maximum electric recharge energy in 

urban driving, kw-hr/mi 
Maximum recharge time, hr <115-vac, 

30-amp service) 
Minimum top passing speed, mph 
Minimum top cruising speed, mph 
Minimum accessories 

Safety features 

Minimum unserviced park duration, days 
Maximum years unti I production ready 
Maximum critical materials required 
Minimum acceleration (0 to 30 mph), sec 
Maximum merging time (25 to 55 mph), sec 
Sustained speed on 5-percent one-mile grade, mph 
Maximum scheduled maintenance cost, ¢/mi 
Minimum ambient temperature range, °F 
Interior noise 
Turning and braking 

*Federal motor vehicle safety standards 
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Near-Term DOE Objectives 

4 adults 
Open 
75 
5000 
100,000 
10 
o. 15 

0.05 
0.5 

6 

60 
55 
~eater/defroster, onboard 
charger 
FMVSS* requirements at time 
of contract 
1 
5 
Few 
9 
18 
50 
2 
-20 to +125 
Minimum 
No power assls1 required 



Major problem areas, because of their importance in the program, 
are: 

(a) Development of an energy-efficient regenerative power system 

(b) Design and development of a I ightweight vehicle structure 

(c) Fabrication of batteries with increased energy density 

(d) Meeting federal motor vehicle safety standards 

(e) Meeting the cost goals 

The following paragraphs briefly discuss the approach to solving these 
problems. 

Power System 

The most critical technological need is for a more efficient power-and­
battery system. The various possible batteries, including advanced batteries, 
are currently under intensive development, through DOE sponsorship. AiResearch 
is closely monitoring these developments. The principal thrust in this -program 
is to develop the most efficient power system possible for a given battery 
technology. 

It has been shown in the Phase I study (and other sources) that the 
battery capacity and I ife and the vehicle range and acceleration performance 
can be increased by an efficient regenerative power system with load-leveling 
capability. A power system using an energy-storage flywheel wi I I signifi­
cantly increase both acceleration and range; however, it has been shown that 
the obtainable performance goals are very sensitive to component efficiencies, 
and to components matching and integration into the system. Furthermore, 
careful analysis, followed by test confirmations, wi I I be required to determine 
the type of adaptive controller schedule that is best for alI types of driving 
cycles. 

Each of the power system component designs is based on design work 
accompl.ished in Phase 1. The components wil I be fabricated and checked out in 
the component laboratory before installation in a power system test setup. 
The system test setup wi I I be used throughout the program for correlation with 
alI vehicle testing. 

Lightweight Vehicle Structure 

The primary structure and body must be I ightweight to minimize power 
losses and avoid excessive battery weight. Designing and developing a 
I ightweight structure involves several technical problems. The I ightweight 
structure must be strong to protect the occupants and also must retain the 
batteries during a col I ision. The battery-retention method must allow the 
batteries to absorb a major share of the impact energy. Finally, the I ight­
weight, high-strength structure must be producible at a low cost. 
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The structure, as specified during the Phase I preliminary design, wi 11 be 
made predominantly of reinforced plastic, and wi I I be based on previous work 
conducted by the Budd Company on the use of plastics in automotive structural 
design. Consequently, the majbr portion of this work, including the detai 1 
design, scale model testing, and fabrication of the vehicle bodies, has been 
subcontracted to the Budd Company. The Brubaker Group wi I I continue to be 
responsible for the automotive design and sty I ing, and AI I American Racers 
has been subcontracted portions of the suspension design and fabrication work. 

Improved Lead-Acid Batteries 

Current production traction (deep discharge) batteries, characterized 
by golf-cart batteries, have an energy density of about 12 w-hr/lb and an 
average I ife of less than 500 deep discharge cycles. These batteries have 
been in production for many years and, although it is possible to build 
better vehicle batteries today, production has not yet been justified from 
the present marketing or economic aspects. 

The objectives of the OOE Near-Term Electr-ic Veh i c I e Program can be met 
with a battery energy density of approximately 18 w-hr/lb, which is within 
the presently known technology; such a battery could be put into production 
if .iustifiArl by roali5tic near-term marketing goals. Accordingly~ Eagle-Picher 
Industries has been awarded a major subcontract to provide the improved bat­
teries for this program. 

The Eagle-Picher battery wi I I be a tubular positive plate construction 
which wi I I ensure a long cycle I ife during deep-discharge vehicular service. 
The new battery wil I also be antimony-free, which wil I improve the battery 
performance over the extended life cycle and also minimize or eliminate the 
water servicing requirements. 

Production Costs 

Current studies indicate that the cost of the electric passenger vehicle, 
in its present form, would be excessive, even in high-volume productior1. This 
is specifically due to the high battery weight, which affects cost by requiring 
a heavy frame and body, and the cost of the power system, including the bat­
teries. Although the cost of the motors and the electronics could be reduced 
somewhat with higher production quanti"ties, the more fundamental problem is 
to reduce the total weight of the vehicle to that which can be produced for the 
required cost. This wi I I be a difficult task unti I smaller and I ighter batteries 
are avai table. The objective of this program is, therefore, to minimize battery 
weight by designing an optimally efficient vehicle that wi I I require the lowest 
possible battery power--one with a I ightweight frame and body and an efficient 
power system. Both of these features must be achieved with low-cost materials 
and with producibi lity inherent in the design. 

The Phase I study of manufacturing costs established the feasibi I ity of 
achieving the cost goals. This estimate was based on studies by plastics 
manufacturers of their new materials and processes specifically developed to 
compete with steel automotive parts. Also, it wn~ shown tho1 costs of some 
parts, currently in low·volurne production (such as the traction motors and the 
electronics), must be extrapolated into lower estimates for higher production 
rates. 

12 



Safety Standard 

The design must comply with all federal motor vehicle safety standards 
as of the date of the contract. This includes alI existing crashworthi­
ness requirements, which impose a severe challenge with respect to the I ight 
weight plastic structure that also must accommodate the 1000 lb of batteries 
required by the vehicle. The design concept wil I be verified by scale model 
testing as the design proceeds. 

Other government safety standards that must be met include material 
specifications, nonflammabi I ity, operational requirements, braking, restraint 
system integrity, and accident avoidance hand I ing. Some of these require­
ments wi II be demonstrated by actual testing. Dynamic Scienc~s, Inc •. , has 
been subcontracted to perf~rm consulting services in many of these areas 
and to conduct the required safety testing. 

SUM\1ARY SCHEDULE 

A summary program schedule for. the 24-month program (Figure 4) shows start 
and stop dates for alI major segments of program activity such as analysis, 
design, testing, fabrication, and component development. 

1977 1978 1979 

FY 77 FY 78 FY 79 
MAJOR TASK ACTIVITY 

A M J J A s 0 N D J F M A M J J A s 0 N D J F M 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

PDR CDR 
ANALYSIS AND POWER SYSTEM 
REVIEW 

VEHICLE CDR 
DETAIL DESIGN 

COMPONENT FABRICATION 

COMPONENT DEVELOPMENT TESTING 
j I I 

POWER SYSTEM PERFORM~E REVIEW 
POWER SYSTEM AND CHECK-OUT TESTS I I T r 1 1 1 1 ! 

I VEHICLE 1 _,__2 3 
VEH.IClE DESIGN AND FABRICATION 

I I I . 

I POWER SYSTEMS TESTS 
VEHICLEr1 ~~ 

I 

VEHICLE TESTING 

VEHICLE DELIVERY I • I 

S-20~3 7 A 

Figure 4. Near-Term Electric Vehicle Program Schedule, Phase I I 
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SECTION 4 

SYSTEM INTEGRATION AND PERFORMANCE 

VEHICLE PERFORMANCE 

Dynamic performance of a vehicle can be categorized into several areas: 
driving range, acceleration power, hi I 1-cl imbing capacity, braking power, and 
handling and ride char~cteristics. An acceptable vehicle should yield good 
performance in alI of these areas, but emphasis was placed on the acceleration 
pow~ and driving range during the study and design phases of the program. 
Basically, the design goals of the electric vehicle are for hi I 1-cl imbing 
capacity, braking power, hand I ing, and ride quality to be comparable to that 
of the conventional internal combustion engine car. A relatively modest 
acceleration standard of 20 sec from standsti I I to 55 mph was chosen as the 
acceleration design goal. The vehicle was then optimized to yield the maxi­
mum driving range per battery charge while sti I I preserving the other design 
goals. 

Several digital computer simulation programs (discussed in more detai I 
later in this section) were developed during Phase I to evaluate the dynamic 
performance of the vehicle. As detailed design continued in the Phase I I 
development program, more accurate assessments of each component's performance, 
or losses, were possible, and the computer simulation programs were updated 
accordingly. 

A summary of the current performance projection of the Phase I I design, 
based on the updated simulation programs, is presented in Table 2 along with 
the near-term DOE goals. The dynamic performance of the present design of the 
vehicle meets the near-term DOE goals in each category. 

In general, the projected vehicle performance of the Phase I I design is 
lower than that projected in the Phase I study. The Phase I projection was 
based on the state of the art for a final production version of the design, 
whereas projections for the Phase II design are based on the prototypes under 
development. Because of some of the relatively new and unique concepts 
involved, some overdesign was advisable for the prototypes in several critical 
areas to ensure success at first build. In addition, I imited development time 
and resources restricted the selection of several noncritical items, such 
as electrical contactors and sensors, to commercially available items, rather 
than specially bui It items which would be selected for production versions. 
Hence, performance of the future production unit should exceed these projec­
tions. 

Detailed discussions of the vehicle dynamic performance are presented in 
the following paragraphs and in Section 5. 
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TABLE 2 

SUMMARY OF VEHICLE PERFORMANCE 

Near-Term Projection for Phase II Design 
DOE 
Object i v.es 4 Passengers 1 Passenger 

Urban range, mi .. 

SAE J227A (0) cycle 75 79 - 88 
Federal urban driving Not specified 78 92 

schedule 

Accel~ration time, sec 

0 - 30 mph 9 9 8 
25 - 55 mph 18 1.3 11 
0 - 60 mph Not specified 23 20 

Top cruising speed, mph 55 68 68 

Sustained speed on 5% grade, mph ,50 50 50 
for 1 mi for 1 .3 mi for 1. 5 mi 

Energy consumption, kw-hr/mi 0.50 0.39 0.36 
(from city power I ine) 

SAE J227A (D) Driving Cyc I e 

The SAE J227A (D) driving cycle has been used for most of the computer 
simulation studies to optimize the system and its components. The final 
design of this vehicle has a projected range of 79 mi while being subjected 
to this driving eye I e. The system performance over this eye I e is s11mmar i zed 
in Figure 5. 

The upper portion of the figure summarizes the energy losses for each 
group of components during each segment of the cycle; the middle portion tabul­
ates the energy levels stored In the flywheel (vehicle internal energy) and 
in the vehicle (vehicle kinetic energy) at the end of each segment, as wei I as 
the battery energy which is required to overcome the system losses (battery 
energy into p.s.). 

The unique load-leveling feature of this electric propulsion system is 
clearly shown in Figure 6. During the acceleration segment of the SAE cycle, 
the instantaneous power required to overcome vehicle losses and supply the 
vehicle kinetic energy is'several limes greutcr than the rower required during 
the constant-speed cruise segment. This peak power requirement is supplied 
by using the flywheel kinetic energy to supplement battery power to propel 
the vehicle. 
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During the coasting and braking segments of the cycle, the prescribed time 
rate of change in vehicle kinetic energy is greater than the power required to 
overcome vehicle losses. Over the braking interval, this extra energy is 
recovered by the system and used to recharge the flywheel. Battery current 
is drawn during the coasting, braking, and idling periods to recharge the 
flywheel back to its initial kinetic energy level. The flywheel system's 
ability to maintain a nearly constant battery current despite the wide varia­
tion of power requirements as the vehicle proceeds through the driving cycle, 
combined with the flywheel's regenerative ability during braking, are the key 
features that result in the increased range during stop-and-go driving. 

Several vehicle characteristics such as tire rol I ~ng resistance, vehicle 
body aerodynamic drag, and drive train efficiency influence the dynamic per­
formance of the vehicle. The variation of vehicle range, over the J227A (D) 
cycle as a function of the best and worst-case variation in the pertinent 
vehicle-design parameters, is summarized in Figure 7. The range differences 
between the worst and best-case projections reflect the cumulative effects of 
possible inaccuracies in calculating the various losses such as drive train 
efficiency, vehicle siz~, and tire characteristics. Table 3 shows the losses 
used to compute the curves of Figure 7. The current estimate is based on the 
latest detailed analysis of vehicle design results. This figure demonstrates 
the importance of meeting the system design weights. 

TABLE 3 

SUMMARY OF LOSSES USED IN THE SENSITIVITY ANALYSIS 

Optimistic Best-Case Worst-Case 
Parameter Estimate Estimate Estimate 

Rolling resistance, I b/1 b 0.0054 0.0060 0.0072 

Aerodynamic drag area, CA, ft 7.2 8.0 9.6 

All gear losses, w 840 933 1120 

Flywheel assembly losses, w 316 351 421 

Control and miscellaneous losses, w 235 262 314 

Motor/generator peak efficiency, 89 89 87 
percent 

The range is directly proportional to battery energy density, hence the 
significance of the battery can not be overemphasized. The computer simulation 
studies in Phase I I were based on a battery with a nominal energy density of 
40 w-hr/kg at a 3-hr discharge rate. This energy density is the DOE near-term 
objective for the electric-vehicle application of the i~proved state-of-the-art 
lead-acid battery. In this case, it is a projection based on the modification 
of an existing state-of-the-art lead-acid battery. 
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Because of the load-level ing"feature of this flywheel power system, high 
power density or a high battery discharge rate are not required. Hence a 
golf-cart battery with 27 w-hr/kg can be redesigned to yield 40 w-hr/kg ~s 
discussed in detai I later in this section. In the future, redesigning this 
battery to achieve 50 w-hr/kg is feasible, and improved state-of-the-art 
batteries are being developed through DOE effort. 

Federal Urban Driving Schedule 

Computer simulation studies also were conducted for the Federal Urban 
Driving Schedule <FUDS). In contrast to the SAE J227A (0) cycle, this pattern 
reflects a variety of intracity conditions, derived from actual driving records. 
The velocity-time distribution, shown at the top of Figure 8, includes seg­
ments representative of freeway, surface street, and congested urban driving~ 
The cycle covers a total distance of 7.5 mi, at an average speed of 19.6 mph, 
with an average of 2.4 stops per mi I e. 
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The battery discharge current computed for this cycle is shown at the 
bottom of Figure 8. The battery output adjusts to changes in the average 
power requirement over successive segments of the cycle, while the additional 
power demand for acceleration is provided by the flywheel and the power regen­
erated during braking is absorbed by the flywheel. The maximum battery power 
is 5.2 kw in contrast to the peak power system output of 36.4 kw. The regen­
erative braking capability (discussed later in this section) is adequate to 
meet the deceleration requirements over the entire cycle. The load-leveled 
duty cycle permits the near-optimum use of battery energy. The battery dis­
charge time for the 78-mi range, at an average speed of 19.6 mph, is 4.0 hr. 

Constant-Speed Cruise 

The motive power for constant-speed cruising over sustained intervals is 
provided entirely by the battery. While cruising, the flywheel is maintained 
~t operational speed by drawing additional power from the battery, and does 
not supply any portion ot the tractlvE::l power. The variation of vP.hicle range 
with cruise speed i"s shown in Figure 9. The range exceeds 120 m i for a constant 
40 mph. 
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Acceleration Power 

In addition to leveling the battery load demand, the flywheel in this 
power system provides excel lent acceleration and passing power. The accel­
eration capabi I ity, shown in Figure 10, is adequate for meeting the normal 
require·ments of both urban and suburban traffic patterns, such as FUOS. The 
elapsed time from zero to 60 mph is 23 sec, with.a maximum acceleration of 
3.7 mph/sec. The acceleration time from zero to 30 mph is 9 sec and the 25-
to 55-mph merging maneuver requires 11 sec. The maximum vehicle speed is 68 
mph, which is I imited by the maximum speed of the traction motor, instead of 
by the avai I able power. 
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Hill Climbing 

The high power required for hi I I climbing, at highway speed, can be 
delivered by the flywheel without approaching the peak-power capability of 
the traction motor. The hi I 1-cl imbing profile for a 5-percent grade at 50 mph 
(presented in Figure 11) shows the power split between the flywheel and battery, 
as a function of the total climbing distance. During the initial 1.35 mi of 
the climb, the flywheel provides approximately 70 percent of the required power. 

The fluctuation of battery power demonstrates the effect of the battery 
current controller. The battery output climbs to a maximum of 11.5 kw at 
120 amp as more and more energy is drawn from the flywheel. The battery out­
put then begins to drop as the generator fa I Is below base speed, thus dropping 
the system I ine voltage. The traction motor armature current must increase to 
maintain system output as the I ine voltage decreases. This current is I imited 
to a maximum of 200 amp by restricting the battery output. The power-system 
output tal Is below 5 kw when the flywheel approaches minimum speed and the 
generator slows to the point where it can no longer produce the required cur­
rent. The system switches to simple battery power when this output reaches a 
level within the 18-kw capabi I i.ty of the traction motor alone. This transition 
occurs over a distance of 0.05 mi. 
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The traction motor is capable of sustaining 40.5 mph on the 5-percent 
grade. The transition to this speed occurs over the succeeding mile, as shown 
in Figure 11. The hi 11-cl imbing range, i'n this battery mode, is I imited to 
two to three mi l9s by the thermal capacity of the traction motof. A thermal 
override wi I I then begin limiting armature current, so that the vehicle can 
continue at reduced speed. The steady-s·l dte capnb i I i ty on a 5-percent grade 
is 26 mph. 

Braking 

The vehicle braking system currently is being designed to meet the Federal 
Motor Vehicle Safety Standards summarized in Section 6. The maximum braking 
rate specified for the combined friction and electrical braking system is 13.6 
mph/sec. The friction brake system wil I complement the performance of the 
electrical, regenerative brakes, which ·are discussed below. 

Full-power regenerative braking provides strong braking power at high 
system efficiency. The ful.l-power braking rates over the vehicle speed range 
are shown in Figure 12. Friction brakes are needed below 2 mph and fot- bral(­
ing rates greater than 3.5 mph/sec. Regenerative braking provides sufficient 
power to meet the braking requirements associated with normal driving, which 
are generally less than 3.5 mph/sec. The power system efficiency during a 
full-power braking cycle from rnaximum speed is 90 percent. Of the 201 w-hr of 
vehicle kinetic energy at 68 mph, 21.2 w-hr are used to overcome tire losses 
and aerodynamic drag while 152.8 w-hr are recovered in flywheel kinetic energy. 
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Low-Temperature Operation 

Performance of battery-powered vehicles has always been I imited by the 
reduced electrochemical activity of the battery at low temperature. Also, the 
increased viscosity of the lubricants in the tr~nsmission and bearings at low 
temperatures further reduces system performance. Performance of the two motors 
is, however, enhanced by low temperature due to the reduction of the electrical 
resistance. 

Vehicle system perfocmance has been analyzed for the case of a -20°F soak ... 
temperature. Acceleration capability (time to speed) is reduced by approxi-
mately 10 percent and the range capabi I ity, calculated for the SAE J227A (0) 
cycle, is reduced to 38 mi; however, the battery would warm up during this 
driving, so the range computed with actual transient temperatures would be 
increased. 

At present it is not planned to insulate or heat the battery compartment 
or the power system compartment. During cold weather operation, the normal 
daily driving and overnight recharging c;ycle ·wi II tend to maintain the batteries 
and the power unit at temperatures wei I above a low soak temperature. Detailed 
thermal transient studies would be nee.d.ed to determine the need for insulation 
and electrical heating, or the use of an ?nboard fuel heater • 

. 1 

VEHICLE WEIGHT . ' 
"\_; 

The gross vehicle weight, with four 150-lb passengers, is currently esti­
mated to be 3449 lb, and forms the basis for the vehicle performance described 
in this report. A vehicle weight summary is given in Table 4. 
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TABLE 4 

VEHICLE HE I GHT SU~·f1ARY 

\·lei gill , 
Part tlame lb 

flod y assemb·l y, f ina I 498.6 

Operating hardware 53.7 

La~ps/switches, instrument panel controls 7.2 

Exterior ornaments 16.3 

Trim panels 7.0 

Scats f)5.n 

Seals, w/strip, insulation 5.5 

Glazing 82.6 

Convenience items 17.8 

Interior molding and ornaments 0.5 

Instrument panel and console 13.5 

Paint 10.0 

Power system 606.4 

flatteries 1040.0 

Final drive 26.0 

Suspension 143.-1 
.. · 

Steering 16.7 

8rakes 86. 1 

General chassis, complete 12R.O 

Chassis I nd I n:!ct mater i o I 2.5 

Heater 13.0 

Accessory equipment 9.2 

~-----------------------------------------------------~~----------------1 -·· 

Vehicle total \'Ieight, lb 2849 .o 
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The weight of the power system is based on complete detai I drawings and on 
detailed I istings of the najor parts, including anal lowance for wiring and 
miscellaneous parts. The power system weight summary is shown in Table 5. 

TABLE 5 

Pm/ER SYSTEM \'IE I GHT SU~f-1ARY 

Description ~Ieight, lb 

Power Unit 

F I ywhee I and housing assemb I y 156.05 

Transmission and housing assembly 89.72 

~1otors 229.58 

Mounting brackets and shims 3.0 

Controls and Electronics 

Contro II er 9.0 

Power electronics 41.5 

Data recorder 6.2 

Fuses (6) 1. 5 

Contactors (4) 23.8 -
Reverser 0.8 

Sensors (5) 6.2 

Electrical wires, cables, and fuse box 14.0 

Charger assembly 11.0 

~1 i see I I aneous ~1echan i ca I Parts 

Cooling Fan 5. 1 

Air supply ducts (2) 3.4 

Supports, cables, ducts, and clamps 5.6 

Power system total weight, lb 606.45 

The vehicle body-weight breakdown (Table 4) is based on less complete 
detai I drawings, but it includes specific calculattons for the structural 
parts that have been defined and are now being detailed. 
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The estimated weight of the body assembly is based on current estimates 
of the Phase II design, and does not represent the minimum weight believed 
achievable when the weight-savings benefits of the plastic construction 
are fully realized. Even with the presently predicted weight, however, a 
considerable weight reduction over conventional steel construction wi II 
be rea I i zed. 

VEHICLE COST 

During Phase I, economic studies were made of the potential production 
cost of the new design concept. The objectives of these studies were to 
verify that the concept could be mass produced for a sel I ing price of $5,000 
(1975 dol Iars) and that the overal I (10-year) life-cycle cost would be no 
more than 15 cents per mile. Based on the preliminary design definition 
of the various components, the conclusion of the cost study was that these 
objectives could be achieved. 

In the r.urrent Phase II period, 'the prlrndr y objective is to derrr:::mc;tri'ltP. 
that the new concept can meet the performance goals of llle program. The cost 
objectives, while not applicable to the two experimental vehicles, must be 
maintained for the projec1ed ~roduction vorsions. Henr.A, tt1e prim~ry cost 
objective for Phase I I is to maintain the simplicity of the original component 
designs, and to avoid undue complexity that would result in increased produc­
tion costs or I ife-cycle costs. 

_At the completion of the detai !-design task, alI of the detai I drawings 
wi I I be used for careful studies of component costs. Concurrently, producibi-
1 ity studies wi I I be conducted to further improve the production potential, 
based on the-development and test experience gained during the test program. 
The final report wil I contain the results of the Phase I I production and I ita­
cycle cost estimates. 

VEHir.LE OPERATION 

From the driver's point of view, the operation of the vehicle is very 
similar to thai of an internal combustion engine (ICE) vehicle with an auto­
matic transmission. The driver selects the desired mode of operation, either 
drive, neutral, reverse, or park, as in the ICE vehicle. ThP. rates of accel­
eration and braking are contro1 led by the throttle and brake in a similar 
manner. The vehicle regenerative braking capabi I ity is used to simulate the 
feel of compression braking, when both the brake ~nd throttle are off. 

The principal differences are in vehicle startup and battery recharging. 
Recharging is accomplished by plugging the retractable cord from the onboard 
charger into a 30-amp, 110-vac power source for several hours. To begin vehicle 
operation, the flywlr~el must first be brought up to a minimum speed. The driver 
begins the flywheel-charging sequence by switching the key to the on position, 
with the gear selector in park. If the charger is plugged in, the flywheel­
charging power is delivered from the wal I socket; otherwise battery power 
is used. Once the flywheel reaches minimum speed, which normally requires 
from one to two mlnu1es, the vehiclo is ready to drive. 
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PERFORMANCE SIMULATION MODELS 

Detailed mathematical equations and loss models were derived for each 
component, and were presented in AiResearch Document No. 76-13465, Final Report, 
Electric-powered Passenger Vehicle Design Study Program, and in SAE Technical 
Paper No. 780217, Computer Simulation of an Advanced Hybrid Electric-Powered 
Vehicle. The component models and the driving cycle velocity profile were 
integrated into a performance simulation computer program, according to the 
logic diagram shown in Figure 13. In this program, an ideal driver and con­
troller are assumed to close the loop. In other words, the vehicle power 
required at any instant during a driving cycle is assumed to be matched ideally 
by the driv~r's exact positioning of the throttle or brake pedal, and by the 
controller's instant response. With this assumption, the vehicle velocity and 
acceleration follow the specified driving cycle exactly at alI times, so that 
an objective study can be made. 

In addition, three system models were developed to provide the required 
flexibi I ity in simulating system operation over a given driving condition: 
(a) SUBURB, (b) ACCEL, and (c) UPHILL. 

DRIVING 
CYCLE . 

.... CARRIER 

~ -+ M/G 

DRIVER ~ CONTROLLER PLANETARY VEHICLE 
1 w GEAR 

4-. RING 
M/G 

BATTERY FLYWHEEL 

Figure 13. Vehicle Performance Simulation Program 

Simulation Program SUBURB 

SUBURB simulates vehicle operation over any arbitrary driving cycle 
comprising any number of specified segments. It is presently set up to 
simulate the five segments of the SAE J227A (0) suburban driving cycle. 
The power requirement is determined by the vehicle speed and acceleration 
prescribed in the driving cycle. 

BODY 

Simulation program SUBURB is used to (1) compute the range of the 
vehicle from the total summation of the energy requirements for the cycle, 
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(2) examine the individual losses in the system, and (3) show the sensitivity 
of the resultant range to each of the component losses. 

SUBURB has been modified to simulate other driving cycles, in addition to 
the SAE J227A (0). Similar range and loss studies have b~en conducted using 
FUDS. The increased time duration (1370 sec) and the wide range of actual 
traffic conditions covered in this cycle make it wei I suited for the investiga­
tion of battery control schedules. 

Simulation Program ACCEL 

The second program, ACCEL, simulates maximum system performance during 
ful !-throttle acceleration to a given maximum speed, followed by ful !-power­
regenerative braking. 

Complete system and component performance i~ cnlculated for each time 
interval (usually 1 sec) throughout the entire operation, and includes all com­
ponent speeds and accelerations, torque forces, and system losses. In addi­
tion. the computer provides plots of some of the major variables during accel­
erution and deceleration to facilitate comparison and evaluation of predicted 
performance. 

Simulation program ACCEL· is used to study maximum system power c.;apabi I ity, 
as a function of the component sizes and efficiencies. The output shows the 
effect of the gear ratios used; the relation between the selected generator, 
flywheel, and motor speeds; and the resulting vehicle acceleration and decel­
eration performance •. Also shown are the overal I efficiency and the split 
between mechanically and electrically transmitted power. 

Simulation Program UPHILL 

The third program, UPHILL, simulates the operation of climbing up a grade 
at a given speed. This program logic is the same as SUBURB. In use, three 
segments are simulated: (1) level-ground acceleration to a given speed, (2) 
a short trnnsition to the specified grade, and (3) vehicle steady-state speed 
up the grade, powered by the energy from both the flywheel end the generntnr, 
which is terminated when the generator no longer maintains a sufficient volt­
age speed, signifying that about 75 percent of the total energy stored in the 
flywheel has been extracted. The peak power of the battery is less than 10 
kw, supplying less than 25 percent of the energy required for the hi I I climb. 

BATTERY SUBSYSTEM 

The performance of the electric-powered passenger vehicle is I imited 
primarily hy the energy-storage capacity of its batteries. High energy 
density, high specific power, capabll ity tor- a largt:~ rruinber nf do0p-dischnroe 
cycles, minimum maintenance, and reasonable initial cost are criteria tor 
the selection of the candidate battery. At present, there is no off-the-shelf 
battery suitable for the electric vehicle application. The energy density 
of the best available golf-cart battery is only about 70 percent of the mini­
mum acceptable requirement. Several advanced batteries such as nickel-zinc 
and nickel-iron show promise, but most are sti I I in the laboratory development 
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stage. Improved state-of-the-art lead-acid batteries are the only feasible 
candidates within the development time frame of this program. 

The specific power and specific energy of a battery are usually related 
in an inverse manner: a battery with high specific power normally has a 
low specific energy, and vice-versa. Batteries for high discharge rate (high 
specific power) applications must be designed differently from batteries 
for moderate or low-rate use. The most obvious difference is that batteries 
for high-rate service require significantly more plate area in each eel I. 
This is accomplished by using a relatively large number of very thin plates 
(typical thicknesses are 1 to 3 mm). A battery designed in this manner 
has a very high specific power, but cycle I ife is sacrificed, since thin 
plates do not perform wei I in deep-cycling use. An example is the standard 
automotive battery. This type of battery is capable of supplying very high 
discharge currents, but can only deliver approximately 100 deep-discharge 
cycles. 

An ideal battery (one with high specific power and high specific energy, 
long cycle I ife, and 100-percent use of active materials) cannot be made. The 
battery developer must make a compromise among these factors. Alternatively, 
the electric vehicle design engineer can consider hybrid battery systems to 
optimize electric vehicle performance. Thus, a battery with high specific 
power (to give higher speeds) can be used along with a battery with high spe­
cific energy (to give better range). 

The unique feature of the AiResearch flywheel-regenerative power system 
is to create a load-leveled duty cycle for the battery. Theel imination 
of the high-specific-power requirement makes the design emphasis on specific 
ener gy and on cycle I ife possible. The load-leveled duty cycle allows greater 
use of the active battery materials, and use of long-1 ife, tubular-positive­
plate construction. Compared to the golf-cart batteries, the active material 
i s reduced by 20 to 25 percent, corresponding to a specific-energy improvement 
of approximately 4 w-hr/kg. In addition, the low current demand allows a 
significant reduction in the weight of the current-carrying parts. The weight 
of the current conductors for the load-leveled battery can be reduced by 
45 percent compared to those for golf-cart batteries. This reduction corre­
sponds to a specific-energy improvement of approximately 6 w-hr/kg. 

Battery Description 

A tubular plate battery, proposed by Eagle-Picher Industries, was selected 
for this electric vehicle application. This battery features positive-tubular­
electrode design, and grids with no antimony content for both the positive 
and the negative plates. Tubular plates retain the active materials, prevent 
shedding, and provide long cycle I ife. Eliminating antimony from the grid 
design prevents antimony contamination of the negative plate, there by provid­
ing long wet-1 ife, improved charge retention, and reduced maintenance. 

Figure 14 shows the construction of the tubular plate battery eel I. The 
component parts for the complete 6-volt module are shown in Figure 15. The 
6-volt module dimensions and battery pack characteristics are shown in Figure 
16 . Preliminary performance charactAristics are shown in Figures 17 and 18. 
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1 Positi•e tubular plate 
2 Negative plate 
3 Sepata1()r 
4 ('onne~ting $tup 
5 Cell eover 
6 Cell ~lug 
7 Cell ootttain~t 

Figure 14. 
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Tubular-Plate Batt e ry Co nstructi c n Figure 15. Tubular-Plate Battery Componerts 
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NUMBER OF 6-VOLT UNITS 18 

57.8 LB. WEIGHT OF ONE 6-VOLT UNIT 
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Figure 16. Battery Outline Dimensions and 
Battery Pack Characteristics 
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NOTES: NTEV BATTERY 

INPUT: 110 VAC, 30 AMPS 
150 ..... 
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Figure 17. Battery Typical Charging Characteristics 

NOTES: 6-VOLT UNIT PERFORMANCE 

NTEV PROTOTYPE NO. 9 

]r-
lll SCHARGE CYCLES 15 & 16 
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Figure 18. Battery Discharging Characteristics 
(based on initial test results) 
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Battery Performance 

The projected performance of the Eagle-Picher Model EP200AH tubular 
lead-acid battery is discussed in the following paragraphs. 

The voltage of a battery ~elI depends upon the potentials of the positive 
and negative plates with respect to the electrolyte solution. The potentials 
vary with the concentration of the electrolyte (at a fixed discharge rate and 
temperature), which in turn is a function of the discharge time. Hence, as the 
battery discharges, the voltage at the terminals fal Is gradually from i~s open­
circuit value, unti I the end of the discharge is approached, when it begins to 
fal I much more rapidly. Figure 19 shows the typical discharge curves for the 
EP200AH battery at 77°F. 

Low temperatures increase the resistivity and the viscosity of the 
electrolyte, reducing conductivity and impairing its circulation in the pores 
of the plates. This effect of temperature on battery voltage is shown in 
Figure 20. 

The most commonly used method of rating battery capacity is in terms of 
ampere-hours for a specified rate of ~ischarge and end voltage. Figure 21 
shows the typical variations in the ampere-hour capacity of the EP200AH 
battery, as a function of discharge rate and temperature. 

Another commonly used battery-performance indication is the relation 
between energy density and power, shown for the EP200AH battery in Figure 22. 

The battery cycle I ife depends on a number of factors. If the battery 
has been operated and rna i nta i ned proper I y, the eye I e I i fe becomes a function 
of environmental temperatures and the depth of discharges, as shown in Figure 
23. The recommendation is made, therefore, to I imit the environmental tem­
erature to 100°F, and the depth-of-discharge to 80 percent during normal oper­
ation. 

The effect of the battery cycle I ife on the total mileage avai I able over 
the I ife of the battery pack is examined in Figure 24 for the 77°F ambient 
temperature case. Maximum uti I ization of battery stored energy is achieved 
by regular cycling to 50-percent depth of discharge. 

Battery Model 

A series of digital computer simulation programs was developed to predict 
both the steady-state and the dynamic performance of the EP200AH battery. The 
results are described in the following paragraphs. 

Steady-State Per forma nee 

Computer Program EP200 was developed by Eagle-Picher to predict the 
battery cycle I ife and its steady-state performance, such as capacity, 
voltage profile, etc. Inputs are current-discharge rates (amperes), ambient 
tempe~atures, depths of discharge, and the age of the battery in terms of 
the charge-discharge cycles. 
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The program predicts (a) the expected cycle I ife, which is a function 
of depth-of-discharge and ambient temperature; (b) the theoretically avai !able 
capa~ity, which is a function of discharge rate; (c) the actual capacity, which 
is the available capacity modified by the cycling and temperature effects; 
(d) the actual voltage profile, which is a function of the discharge rate and 
is modified by the temperature effect; and (e) the discharge watt-hours, which 
is the actual capacity multiplied by the average voltage. It also predicts the 
electrolyte-concentration profile, the thermal-neutral-voltage profile, the 
thermal-neutral watt-hours, the total heat I iberated, and the discharge tempera­
ture rise, as depicted in the program logic sequence (Figure 25). A printout 
of this program is shown in Table 6. 

Battery Dynamic Performance Computer Programs 

While the electric vehicle is subjected to various driving cycles, the 
current demanded of the battery varies unavoidably with the power demand, 
even though the flywheel power system provides a load-leveling effect. As 
shown in Figures 6 and 7a, the current variations are substantially lower 
than those of conventional electric vehicles, but the influence on voltage 
and range predictions should be considered, nevertheless. Two digital com­
puter programs were developed to predict the dynamic performance of the 
battery while it is being subjected to variable current demands and variable 
ambient temperatures. 

Program No. 1 

Program No. 1 evolved from the previously described steady-state perform­
ance program, developed by Eagle-Picher, and from the fractional-uti I ization 
method. With the steady-state performance program, the battery capacity 
and its voltage profile can be calculated for any current-discharge demand at 
an ambient temperature. The fraction of capacity used, in any segment of time, 
is the ampere-hours used during that time, divided by the ampere-hour capacity 
at that power level or disch~rge rate. By tracking the fraction of capacity 
used and that remaining, one can determine the battery voltage on the voltage 
profile. The program logic sequence is shown in Figure 26. 

The range of the vehicle can be evaluated by dividing the travel-distance­
per-driving-cycle by the fraction of capacity used during the driving cycle. 
This calculation is easily performed by a subroutine of the vehicle system 
simulation program to yield a conservative result. Because it is conservative, 
it has been chosen and used throughout this program to predict the battery per­
formance and the vehicle driving range. 

Program No. 2 

The theory behind the fractional-uti I ization method is that the fraction 
of capacity used in any segment of time is the. energy used during that segment 
of time divided by the energy capacity at that power level or discharge rate. 
The drawback of this theory is that it does not take into proper account the 
variation in the energy capacity if the remaining portion is used at a differ­
ent rate. 
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AVAILABLE CAPAC lTV 

CAP/\C lTV LOSS 
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CUTOFF 
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Figure 25. Steady-State Battery Performance Model, 
Program Logic Sequence 
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TABLE 6 

STATE-OF-THE-ART ANALYSIS FOR EP200AH 
TUBULAR LEAD-ACID BATTERY 

SI~ULATIO~ OF CYCLE 200,, AT 62,9 A~P RATE 
BATTERY P£GtME• ROeO O,o.n. AT FAHREN~F.IT 77,0 

OPTIMUM CYCLES AT THIS RFGJM[ lS 800, 

AVAILA~lf CAPACITY (AH)• 198.506 

REDUCTION FOR CYCL~S l,non 
REDUCTION FOR TFMP, 1,000 

ACTUAL CAPACITY (A~)• 19R,506 

VOLTAGE REDUCT ION (TEMP) 1 • 000 

VOLTAGE PROFILE 
PCT,C"IS. VOLT. 

o. '2,030 
1(1, 2,023 
20~ 2,013 
3<', 2,(100 
40, 1,98'2 
so, 1,958 
60, 1,9'26 
7(1, l,F184 
ao. 1,827 
90. 1,751 

100, .1,650 

DISCHARGE WATT HOURS 36~.2 

THERMAL NEUTRAL VOLTAGE AND PERCENT H2S04 PROFilf 
PCT,OIS, PCT,..,2S04 VOl Te 

n •2.1 2.,316 
10 40,3 2.103A 
20 3A.5 2.0776 
30 36,5 ~.n532 
40 ~4.5 2.n304 
St' 3?,4 2.(1092 
60 30.2 J,9R94 
70 27,9 1.970q 
80 25,4 l.QSJS 
90 22.9 1.9367 

100 '20,2 1.9200 

THER~Al ~EUTRAL wATT MOURS 379,3 

WATT HOU~S LTBEPATEO ON nTSC~ARGE 16.1 

DISC~AHGf Tf~PERATURE RI~E 10eR3 F 
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_... INPUT DISCHARGE RATE, TEMP, TIME, 
INITIAL PERCENT CAPACITY 

• , j_ 
VOLTAGE AVAILABLE AMPERE-HOURS 
PROFILE CAPAC I TV USED 

CAPACITY LOSS 
OUE TO TEMP 

ACTUAL CAPACITY 

REMAINING CAPACITY -

PERCENT CAPACITY 
USED 

PERCENT CAPACITY 
REMAIN lNG 

_... VOLTAGE -

PRINT OUT 

NEXT STEP S-lij71b-A 

Figure 26. Dynamic Battery Performance Model No. 1, Program Logic Sequence 

42 



As the battery load varies, the percent of capacity used can no longer 
reflect its true remaining capacity. For example if a subsequent discharge 
rate is lower than that of the previous rate, the remaining capacity should 
be considered greater than that which would remain if the battery were sub­
jected to the same discharge rate used previously, and vice-versa. The 
fractional-uti I ization method, of course, does not take into account the 
tam i I i ar "recuperation effect" of the battery. 

A novel approach, aimed at these deficiencies of the fractional-uTi I ization 
method, employs the steady-state performance program. As with Program No. 1, 
the actual battery capacity and its voltage profile are calculated for any 
current-discharge demand and for any ambient temperature. In contrast to 
Program No. 1, where the capacity used-and-remaining is a function of the 
past history of the current demand only (accumulated fraction of capacity 
used), the battery capacity used-and-remaining is a function of the past his­
tory (accumulated ampere-hours used and average past discharge rate), and a 
function of its relationship to the present demand (rate of average discharge 
rate to instantaneous rate), as expressed in the following equation: 

Percent of capacity used= Ah/Aht x Ra + Ah/Aha x (1 - Ra> 

where Ah is the accumulated ampere-hour capacity used, Aht is the capacity 
based on the instantaneous discharge rate, Ra is the ratio of present discharge 
rate to average discharge rate or its inverse, whichever is smaller, and Aha 
is the capacity based on the past, average discharge rate. 

By knowing the voltage profile and the percent of capacity used, one can 
determine the battery voltage. When the battery voltage drops below a speci­
fied cut-oft voltage, it is considered exhausted. The program logic sequence 
is shown in Figure 27. 

Program No. 2 can be adapted to other lead-acid batteries with known 
steady-state performances by replac.ing the steady-state performance program, 
developed by Eagle-Picher, with the Shepherd Equation and its associated con­
stants. The validity of the program was shown by obtaining an exceptionally 
good match between the results calculated with this method and the actual 
laboratory simulation tests conducted by JPL. (Refer to JPL Publication 77-29, 
Evaluation of Battery Model for Prediction of Electric Vehicle Range.) The 
laboratory simulation results on the J227A Driving Cycle, schedules B, C and 
0, are 369, 184, and 49 cycles, while the results calculated using this method 
with EV106 data are 361, 184, and 52 cycles, respectively. 
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INPUT DISCHARGE RATE, TEMP, 
TIME, INITIAL AMP-HR USED 
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CAPACITY LOSS AVERAGE 
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ACTUAL CAPACITY CAPAC lTV AT 
(Aht) AVERAGE RATE 

(Aha) 

PERCENT CAPACITY USED 
~ Ah -X Ra + Ah ( I - Ra) Aht a 

dr 

.~ VOLTAGE -

NEXT STEP , 
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Figure 27. Dynamic Battery Performance Model No. 2, 
Program Logic Sequence 
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SECTION 5 

POWER SYSTEM 

SYSTEM DESCRIPTION 

The power system for the Garrett Near-Term Electric Vehicle combines 
an energy storage flywheel with an electric motor/battery pack in a highly 
efficient arrangement as shown in Figure 28. 

CARR I ER 
MOTOR/ 
GENERATOR 

FL VI/HEEL DIFFERENT IAL 
TAANSM ISS ION 

R lNG 
GENERATOR/ 
MOTOR 

NOTE : HOUSINGS NOT SHOWN 

Figure 28. Power System Concept 

The power system consists of a flywheel, a differential planetary trans­
mission, a ring generator/motor, a carrier motor/generator, a battery pack, 
and various electronic control components. The flywheel, the ring generator/ 
motor, and carrier motor/generator are I inked mechanically through the three 
power paths of the planetary gear set and function together as an infinitely 
variable electromechanical transmission. The ring generator/motor and carrier 
motor/generator are identical units capable of operation as either a motor or 
a generator. In the discussions that follow, the two units are identified as 
generator or motor, according to their function, where helpful in describing 
the system. 

Operator controls and displays are similar to those of conventional auto­
matic transmission veh icles and allow a new driver to operate the electric 
vehicle with I ittle or no instruction. 
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Power Flow and Control 

The two principal features of the system, regenerative braking and load 
leveling of the battery current, greatly increase the driving range available 
from the battery. Their implementation hinges on proper transfer of power 
from the battery to the rear axle through the electromechanical drive arrange­
ment shown pictorially in Figure 29. 

PSYSTEM "PFW + PBATT. 

p AXLE" PsYSTEM- LOSSES 

GENERATOR 

FWD 

S-19870"' 

Figure 29. Power Unit--Power Flow Diagram 

lhe flow of energy into and out of the flywheel is control led by the gen­
erator. The flywheel speed reacts to the torque applied by the generator at 
the planetary ring gear. The generator torque is transmitted as mechanical 
power through the planetary output shaft, and as electrical rower through the 
generator and motor armature circuit. The effective efficiency of the power 
transmitted exceeds the product of the motor and generator efficiencies, 
because ot the highly efficient mechanical traction. ThP. magnitude and direc­
tion of the power flow in the transmission is determined by the controller 
logic, in response to the operator commands. 

The armatures of the two motor/generator units are electrically connected 
as shown in Figure 30. A I I L:UIItro I is uccomp I i shad by thA motor and generator 
field circuits; varying the current in the two field circuits determines the 
magnitude and direction of the armature current. To provide transient power 
for acceleration and hi I lei imb, a generator torque, which slows down the ring 
gear, is applied by increasing the field current. The reaction at the sun gear 
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slows down the flywheel, extracting the required energy from the flywheel. 
Vehicle kinetic energy is recovered during braking by reversing the flow of 
power in the transmission. The carrier motor/generator now operates as a 
generator, and provides electrical braking power while the ring generator/ motor 
now operates as a motor, speeding up the ring gear. The resulting action on 
the sun gear drives the flywheel to higher speeds, thereby restoring energy for 
future power demands. 

Fi gure 30. Power System Schematic 

The battery pack is connected to the armature circuit , and current is 
determined by the armature voltage. The time-averaged power required for a 
driving cycle is provided by the battery pack. The flywheel fulf i I Is transient, 
above-average power demands, . enabling the battery to d ischarge at a near-optimum, 
load-leveled rate. When power demand is below the cycle average, such as during 
moderate-speed cruising or during short-term idling, the excess battery power 
is used to recharge the flywheel. During this recharging, the ring generator / 
motor operates as a motor powered by the battery. 

As shown in Figure 30 , power system control is provi~ed by a solid-s t ate 
digital electronic controller. The controller responds to operational demands 
by sensing the operating state of the vehicle, by switching to the appropriate 
mode of control, and then by modulating the flow of power between the flywheel, 
generator, motor and battery. 

The controller programs smooth control mode transitions so as to eliminate 
acceleration jerks and large current transients to enhance driving contort and 
the service I ife of the power system switch gear. 
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In addition to the electronic controller and power electronics, the vehicl · 
electrical subsystem includes: an onboard battery charger to provide local 
overnight battery recharge from 115-vac 60-Hz residential electrical service, a 
digital cassette data recroder to record vehicle performance parameters during 
fie I d test tria Is, and accessory power supp I i es to convert the 1 08-vdc battery 
voltage to 12-vdc automobile power so that conventional autmotive electrical 
components can be uti I i zed. 

Installation and Weight 

The power unit is mounted in ~the rear of the vehicle, where the transmis­
sion's final drive is directly coupled with the driving axle. The transmission 
housing dissipates the heat generated by the bearings and gears through natural 
free convection. The motor/generator set is forced-air cooled under alI oper­
ating conditions to offer maximum performance. An axial de-motor-driven fan 
cool~ the motor/Renerator set by drawing air from outside of the vehicle into 
the plenum behind the rear seat, where the major power clectronir r.omponents 
are installed. 

Figure 31 depicts the flow of air starting with th e plenum inl et s (on e 
on each side) and ending at the splash pan mounted under the motor/generator 
set. The motor/generator cooling air supply manifold is designed to provide 
proper air supply to the brush ends of the motor/generator while allowing 
maximum avai I able luggage space above the flat portion of the power unit. 

Table 7 I i s t s th e components of the power system, togethe r with thei r 
weights. The total power system weight is 606.45 lb. 

~" 
C.ONTACTOR PLENI..IM \ SERVICE PANELS~ 

COOLING FAN , 

~ 
COOLING 
AIR IN 

ELECTRONIC PARTS 
PLENUM----

MOUNTING PAD , 

.COOLING AIR OUCTING 

II 
FLYWHEEL HOUSING 

' 
~- MOTOR / GEN 
,/ ~ / COOLING MANIFOLD 

"1 . GENERATOR 

,.../ / MOUNTING PAD 

AIR OUT 

~SPLASH PAN 

Fi~ure 31. Power System Installation 
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TABLE 7 

POWER SYSTEM WEIGHT 

Description 

Power unit 

Flywheel and housing assembly 

Transmission and housing assembly 

~1otor /generator 

~1ount i ng brackets, shims 

Controls and electronics 

Contro I I er 

Power conversion unit 

Data recorder 

Fuses 

Contactors 

Rever set' 

Current sensors 

Electrical wires, cables, fuse 
boxes 

Brake and throttle sensors 

Battery charger 

Miscellaneous mechanical parts 

Cooling fan 

Air supply ducts 

Supports, clamps, etc. 

Power system total weight, lb 

Qty 

2 

6 

4 

3 

2 

2 

Weight, I b 

Component Total 

478.35 

156.05 

89.72 

229.58 

3.0 

114.0 

9.0 

4 1. 5 

6.2 

1.5 

23.8 

0.8 

. 5. 7 

14.0 

0.5 

11.0 

)4. 1 

5. 1 

3.4 

5.6 

606.45 
___________________________ ..__ ___ _,__ _____ .!.._ ____ _ 
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PERFORMANCE 

The general characteristics of the vehicle power system during startup, 
acceleration, deceleration, and cruise are described in the following para­
graphs. Power unit major characteristics and .power dissipation during oper­
ation also are discussed. 

Startup is accomplished by accelerating the flywheel to operational speed 
using the generator as a motor, powered by the battery, while the motor connected 
to the output wheels is held stationary. During normal operation, before start­
ing the first trip of the day, the flywheel is accelerated to ful I speed, using 
power provided by the battery, a cycle requiring approximately 5 min. Alterna­
tively, the flywheel can be accelerated using power provided by the battery 
charger. While this option offers a more economical approach, the cycle time 
is approximately 40 min because the charging energy is I imited by the 30-amp 
current I imit of the residential electrical circuit. 

During daily use, which includes parking events of short duration, the 
vehicle can be operated without the need for additional flywheel startup cycles. 
The flywheel is normally at operational speed (85 to 92 percent of maximum) when 
the vehicle is first parked. If the driver resumes operation within two hours, 
the f I ywhee I w i I I st i I I contain sufficient energy to provide acce I erat·i on power 
for the initial vehicle acceleration. The ffywheel is then accelerated back to 
operational speed during the subsequent 5 t6 10 min of driving, using battery 
power. 

An additional flywheel startup cycle wi I I occur tol lowing a parking event 
of sustained nuration; e.g., the al 1-day parking typical of commuter driving. 
The battery provides the startup power during parking~lot recharge. The cycle 
draws 140 to 200 amp from the battery, and roaches tul I operational speed in 
in approximately 5 min; however, the driver can begin driving, at reduced 
performance, after only 1 min of the charging cycle has elapsed. This reduced 
performance, with its associated range penalty, is presented in Figure 32 as 
a function of the init.ial charge time. For the minimum 1-min charge, the range 
penalty is 3.3 mi, and the acceleration time to 30 mph is increased by 50 per­
cent to 11.3 sec. Following an initial 1-min startup, the flywheel would reach 
ful I 1oad-level ing capacity after 5 to 10 min of driving. 

Acceleration 

Our I ng dccel erl!lt 1 on, the gonar d1·ur supr I i P.:. mo~t of the arm;:~t1JrP. current 
and the battery suppi ies a lqw current, depend~ng on the speed of the flywheel. 
The flywheel decelerates, reacting to the torque applied by the generator at the 
ring gear. The generator torque is transmitted us mechanical power through the 
planetary output shaft and as electrical power through the generator/motor 
armature circuit. The ov~ral 1 efflcleucy ur the combined power transmi-;-;ion 
exceeds the product of the motor and generator efficiencies because of the 
higher efficiency of the mechanically transmitted portion of the power. Maximum 
acceleration is achieved (when the t~rottle is fully depressed) by automatically 
switching the battery current off. This increases the generator current to its 
maximum value, which increases the energy extraction from the flywheel. 
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Figure 32. Range and Acceleration Pen~lty as a Function Of 
Flywheel Charging Time 

The maximum acceleration requires maximum input power provided by the 
energy stored in the flywheel, as shown in Figure 33, where the power unit 
input and output and motor output power are plotted as a function of vehicle 
velocity. 

~ 
: 30 l--+--of--1b~+--t--

~ 
A. 

10 20 30 40 60 60 70 
VELOCITY, MPH 

Figure 33. Power System Fuii~Throttle Ou1put 
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'The electrical and mechanical fractions of the power system output result 
in a power output profile that increases with vehicle velocity. The maximum 
power developed by the system at 228 amp maximum armature current is 52 kw at 
54 mph. The drop in power above 56 mph can be explained by examining the indi­
vidual motor/generator torque curves discussed subsequently. The generator 
drops below base speed as the velocity increases above 54 mph. The generator 
then operates with full field flux, and maintains a constant-torque output. 
As generator speed continues to decrease, the output power decreases. 

Deceleration and Braking 

Regenerative electrical braking is used to decelerate the vehicle and 
recover n substantial portion of the vehicle kinetic energy. Deceleration is 
the reverse of the accelerati~n mode. The armature r11rrent is reversed by the 
control JAr, which adjusts the motor and generator fields. The· motor, acting 
as the generator, supplies current 1u the generator; the generator, acting as 
a motor, accelerates the flywheei. 

A smal I amount of deceleration is initiated when throttle pre~sUI-e is 
removed, thus simulating the normal compression braking of piston-powered 
vehicles. Brake pressure then increases the electrical braking up to a maxi­
mum beyond which the friction brakes wi I I be blended in. The electrical braking 
wi I I be sufficient for alI normal driving speeds. 

Cruise 

Constant-speed cruise operation is similar to that of the conventional 
traction motor battery-powered system; alI of the energy must be supplied by 
the battery except for the initial acceleration requirement. 

Power Unit Major Characteristics 

Major ope1-at i ng and performance characteristics of I lie power unit arA 
tabulated in Table 8. 

Power Dissipation During J227A (D) Driving"Cycle 

The estimated power dissipation associated with each of the mechanical 
and electrical components of the power system is based on the average losses 
for each over the SAE J227A (D) driving cycle <Table 9). 

Power Dissipation for Electronic and Electrical Components 

The estimated tot a I power I osses generated uy the c I uc 11-•:•1'1 i r. r1nd e I er.tr i ca I 
components are summarized in Table 10. Estimates are based on minimum and 
maximum use of the components. 
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TABLE 8 

POWER UNIT MAJOR CHARACTERISTICS 

Flywheel 

Total energy, w-hr 
Available energy, w-hr 
Maxi mum speed, rpin 
Loss at maximum speed, w 

Motor/Generator <per unit) 

Peak power, hp 
Rated power, h p 
Rated speed, rpm 
Nominal efficiency, percent 

TABLE 9 

1000 
750 

25,000 
380 

28. 1 
13.7 

11,650 
88.7 

VEHICLE POWER DISSIPATION (J227A (D) CYCLE) 

Power Unit, w 
Flywheel rotor windage, bearin9s, seals, pumps 
Transmission and jackshaft 
Final drive 
Motor bearing and gear 
Generator bearing end year 
Motor armature and field 
Generator armature and field 

Contro I I er 
Power Electronic Unit 

Chopper and power supply 
Fan 

Displays and Sensors 
Data Recorder 
Contactors (X4) 
Reverser 
Wiring 
Charger 
~attery and Ventilation Fan 

Total power consumption, w 

53 

351 
559 
205 

71 
83 

768 
825 

86 
141 

2862 

25 
227 

5 
0 

28 
0 

22 
10 
0 
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TABLE 10 

POWER DISSIPATION--CONTROLS AND ELECTRONICS 

Accessory power supply (internal and external load), w 

Peak Loss 692 

Minimum Loss 67 

Wiring Losses 33 

Cooling Fan 140 

Vacuum Pump 117 

Lubrication Pum.r 90 

Total, Peak, w 1,072 

Total, Minimum, w 447 

SYSTEM CONTROLS 

The system controls function to: integrate the power system with the 
vehicle controls; monitor and process vehicle operating conditions and driver 
inputs; and perform computations to generate commands for the power unit, 
switchgear, and dashboar·d indicators. System controls effectively uti I ize 
stored battery and flywheel energy to maximize the vehicle range. 

The ~~~~in c I aments of the system contr·o Is are shown in Figure 34. The 
digital ~rocessor receives flywheel speed, vehicle speed, throttle, brake, 
and shift position inputs, and schedules these inputs tn develop motor and 
generator armature current commands. Armature currents are control led by 
modulating either the armature chopper (to control motor voltage) or field 
choppers (to control field excitation current). Compensated, integrating­
control loops are used to achieve proper stability and desired response. In 
addition, protective I imit controls are incorporated to rrevent equipment 
damage. These controls and the I imits they set are: 

(a) Motor/generator thermal I imit control (328°F) 

(b) Motor/generator overspeed cuntrol (11,6~0 rpm) 

(c) Flywheel overspeed control (25,000 rpm) 

(d) Ar ru~turc current contro I ( I i mit set at 228 amp from 0 to 1 0, 000 rpm 
and reduced to 110 amp at maximum molur speed) 

(e) Maximum battery current (200 amp) 

(f) Maximum armature chopper current (120 amp) 
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Figure 34. System Control Concept 

Battery Current Schedule 

VEHICLE 

Battery current is programmed according to the operational control mode. 
There are three different battery current schedules: prestart, reverse, and 
operational. 

During vehicle prestart, the battery is used to charge the flywheel to 
ful I capacity and battery current is programmed according to the prestart 
battery schedule shown in Figure 35. 

During vehicle reverse, motive power is developed solely by the carrier 
motor with battery-supplied armature current programmed as a function of 
throttle pedal position as shown in the reverse battery schedule Figure 36. 

Our i ng forward driving modes," the battery current to the motor armature 
is regulated according to the operational battery schedule shown in Figure 37. 
This schedule progrums battery current so that the average road power require­
ment is provided by the battery, while the higher power transients required 
for hi I 1-cl imbing and acceleration are provided by the flywheel. 
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Figure 35. Prestart Battery Schedule 
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Figure 36. Reverse Battery Schedule 
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•MAX BATTERY CURRENT, 200 A 
160~-------------------------------------. 

MAX FOR CHOPPER CURRENT 

OL-----~5~------1~0------~1~5------~270------~25 

FLYWHEEL SPEED, RPM X 1000 

Figure 37. Operational Battery Schedule 

The scheduled power from the battery ranges from 3 to 4 kw, required for 
congested urban traffic, to 13 kw, required for highway cruise. The battery­
current control monitors the average vehicle power requirement by tracking the 
flywheel kinetic energy. The power system extracts energy from the flywheel 
when the power scheduled from the battery is not adequate to satisfy the throt­
tle command from the driver. Over a sustained interval, the battery control 
must adjust the output from the battery to maintain the required flywheel speed. 

The operational battery schedule (Figure 37) delivers the 4 to 5 kw aver­
rage power normally required for urban driving. When the flywheel is operating 
between 50- and 92-percent capacity, the battery output responds to a decrease 
in flywheel speed by increasing battery current in discrete increments. 

When the average power demand causes the flywheel to decrease below 50 
percent of flywheel capacity, for a nominal duration of one minute, the con­
troller shifts the battery current control schedule upward. This increment 
is determined by the difference between the scheduled current and the current 
at the 50 percent level, which is 60 amp. Each additional time interval 
below 50 percent results in another current increment, unti I the maximum cur­
rent of 120 amp is reached. 

This current-increment technique effectively controls the flywheel to 
between 50 and 100 percent of capacity during alI duty cycles which require 
less than 13-kw average power (120 amp). Each added increment, while the fly­
wheel is operating below 50-percent capacity, remains unchanged unti 1 the 
flywheel has been recharged to above 88-percent capacity. When the elapsed 
time above 88-percent capacity exceeds one minute, this current level is 
incrementally reduced. 

If the flywheel rotational speed drops below the m1n1mum flywheel capacity 
necessary to cover transient driving conditions, the control system wi I I 
override the basic battery control current schedule. 
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Throttle Torque Schedule 

Vehicle acceleration is a funcJion of engine torque del iverecl at the axle, 
road load, and veh~cle weight. However, the maximum acceleration capability 
and smooth vehicle response depend on the control concept, computation, and 
quality of their implementation. Figure 38 shows the envelope of the required 
throttle torque command as a function of throttle position for various vehicle 
speeds. 

TORQUE 
COMMAND 

AT CARRIER, 
FT-LB 

300 

100 

-100 .... IGO._._ ...... ___ .....,~,_ .... _..._._~ 
0 10 20 30 40 50 60 70 80 90 100% 

THROTTLE POSITION a 

• TORQUE COMMAND= -4.3 Vc + 7.5 ( a-5) AT a ~5 

= -4-3 Vc· ATa.,;;s 

• MAX LIMIT = 355 + -2-79 Vc AT ANY SPEED 

• MIN LIMIT = 1-28 Vc -130 AT Vc >23.2 MPH 

• DASHED LINE SHOWS MAX POWER SYSTEM ACCELERATION 
TORQUE CAPABILITY 

Figure 38. Throttle Torque Schedule 

Braking Torgue Schedule 

Vehicle IJraking is implemented with regenerative (electrical) and friction 
(hydraulic) brakes. Regenerative broklng is cau~ed by the power unit final 
drive action on the rear axle (Figure 39). The power tor regenCrdtivc br~king 
is storecl in the vehicle flywheel during the time when the drive motor functions 
as a generator, providing electricnl energy to power the flywheel. If the fly­
wheel is saturated when electrical energy is being generated, the excess energy 
is used to charge the batteries. The braking torque schedule, implemented IJy 
the processor under various pedal positions and vehicle speeds, is shown in 
Figure 40. 
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_Figure 40. Electrical Braking Torque Schedule· 
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Whenever the vehicle is in a driving mode, the regenerative braking is 
activated; its magnitude is a function of vehicle speed and pedal position. 
Even in an "off pedal" driving mode, compression braking feel is available. 
Only in the neutral shift position is the regenerative braking disconnected. 

SYSTEM OPERATION AND CONTROL MODES 

Battery Charging 

With the vehicle deenergized (key in OFF position), the operator may at 
any time connect the vehicle battery charger to residential 115-vac, 60-Hz power. 
When the vehicle charger is connected to residential power, the charging cur­
rent is control led by the charger current-control circuits, since the vehicle 
controller is inactive. The vehicle range indicator acts as a voltmeter, 
giving an approximate indication of battery state-of-charqe. If the operator 
turns the key to ON with the gearshift selector in PARK, the range indicator 
receives its information from the vehicle controller to provide its computed 
state-of-charge indication in terms of range available. With the key ON and 
the gearshift in PARK, the flywheel spins up, the battery and generator con­
tactors close, and the motor and battery line chopper contactors remain open. 
(The system also provides a separate electrical circuit, permitting vehicle 
battery charging by use of a 220-vac 60-Hz charger separate from the vehicle. 
This provides a faster battery charge rate.) 

Startup 

When the key is turned ON, the battery contactor closes, providing elec­
trical power to the controller central processor. The 12-v, key-switch supply 
is activated, closing the battery-contactor relay~ which applies 108-v battery 
power to the battery-contactor solenoid. The gearshift selection then deter­
mines the operational mode of the electrical subsystem. In the P~~K position, 
with the charger connected to residential power, the controller monitors, the 
key, charger, and gearshift positions to inhibit any drive-mode command by 
the driver. The inhibit is removed when the driver disconnects the battery 
charger from the residential power source. 

Control Modes 

The power system startup mode and the battery charging mode (when the 
battery remaining charge is unusable) are prerequisites to any driving control 
mode that can follow. Once these modes are completed, vehicle operation based 
on the driver's input commands is automatically control led. There are 26 con­
trol nDdes necessary tor vehicle operation. These modes of operation were 
mechanized for translation into system operation. 

A simp I ified system schematic (Figure 41) shows the configuration of 
the battery, ring generator/motor, ring switch (RS), carrier motor/generator, 
carrier switch (CS), battery chopper, chopper bypass switch (CBPS>, planetary 
differential transmission, and flywheel. 

The operational state of the power system is determined by the vehicle and 
the flywheel energy level. In combination with the shift, throttle, and brake 
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Figure 41. Power System Simplified Schematic Diagram 

5·25214 

commands, this operational state effectively defines the speed relationship 
between the motor and generator, and thus the mode of control required. 

The implementation of alI control modes is automatic. The following para­
graphs describe the 26 control modes necessary for vehicle operation. (AI I refer­
ences are to Figure 41). 

1. Flywheel Prestart 

Charging the flywheel to operational speed prior to vehicle operation 
requires the delivery of power from the battery pack. The operator designates 
the prestart mode by switching the ignition ON, by shifting the gear selector 
to PARK. The carrier motor is held stationary by a mechanical parking interlock. 

Flywheel Prestart Mode 1--lnitial ly, the ring motor is below base 
speed, and the battery chopper is used to control the armature 
current, as required by the prestart battery schedule. This action 
is enabled by opening CBPS and CS and by closing RS. 

Flywheel Prestart Mode 2--The ring motor reaches base speed at a 
flywheel speed of 8000 rpm. CBPS is then closed, and the chopper 
is switched off. The armature current is then control led by weaken­
ing the field of the ring motor. 
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2. Vehicle Reverse 

The vehicle operates exclusively on battery power in the reverse mode, 
using only the carrier motor to produce the motive torque. The operator 
activates reverse by shifting the gear selector to REVERSE and depressing the 
throttle. The armature chopper is used to control the carrier motor armature 
current, as required by the demand from the throttle. Vehicle speed is limited 
to tess than 19 mph, so that the carrier motor is always operating below base 
speed and at full flux. The mode is enabled by opening CBPS, by closing CS, 
and by opening RS. The ring motor flux is set to zero, so that the flywheel 
loses speed only because of windage and bearing friction. 

3. Vehicle Idle 

During vehicle idle, the flywheel is Cl'laryeu by bi:lttery flOwery The power 
delivered to the flywheel during idle provides recharge power- to the flywheel, 
makrng up~ fundamenT~! segment of the load-leveling cycle. ·The operator .spec­
ifies this mode by shifting the gear se i ec·t·ur· to NEUTRAL or FORWARD with the 
ignition ON. Two modes are require~ to satisfy the system idling requirements. 

Vehicle Idle Mode 1--At flywheel speeds below 8000 rpm, the armature 
chopper is used to control ring motor armature current to the value 
prescribed by the operational battery schedule. This i.s enabled 
by opening CBPS, CS, and by closing RS. 

Vehicle Idle Mode 2--Above 8000 rpm, the field weakening of the ring 
motor is used to control motor armature current. This requires that 
CBPS be closed and that the· armature chopper be turned off. 

4. Vehicle Acceleration 

The operator designates the a~~eleration morle with the key on, by shift­
ing the gear selector to FORWARD, then depressing the throttle. fhe ~urrtrollor 
responds tu operator throttle demands by selecting one of 13 power systern 
acceleration modes. Depending on the throttle setting and on the state of the 
system, acceleration power wi I I be supplied by the flywheel, the battery, or a 
combination of both sources. 

a. Vehicle Acceleration _Below Carrier Motor Base Speed 

For vehicle speeds of less than 19 mph, corresponding to below-base-speed 
up~ration of the carrier motor, six modes of operation are required, depending 
on the flywheel speed and the throttle ~etting, 

Mode l--Ouring the most frequently implemented of these acceleration 
modes, the ring generator is above base speed, and the command from 
the throttle for acceleration current exceeds the current prescribed 
by the operation a I battery scln::du I c <OBS). The armature chopper is 
used to control the battery current to the carrier armature, required 
by the OBS. The carrier motor, adjusted to ful I flux in the field, 
fixes the lowest voltage in the circuit. The voltage drop between 
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the carri~r and the ring generator determines the amount of acceler­
ation current developed. The terminal voltage of the ring generator 
is modulated by adjusting the generator field current. Thus, an 
increase io throttle setting wil I result in increased generator field 
current. This mode is enabled by opening CBPS and by closing RS and 
cs. 

Mode 2--For smal I throttle settings, the demand for acceleration 
current is exceeded by the battery current required by the OBS. The 
battery output is then split between the carrier and ring motors, so 
that power is delivered to both the flywheel and to the vehicle 
axle. This split is determined by the voltage drop between the two 
motors. The carrier motor field is adjusted to full flux. The ring 
motor field is modulated to achieve the required power split. The 
armature chopper is used to control the battery current to the carrier 
and ring armatures, as required by the OBS. This mode is enabled by 
opening CBPS and by closing RS and CS. 

Modes 3 and 4--When the flywheel is nearly disc~arged, the ring 
generator can be required to operate below base speed. For the case 
when the command from the throttle for acceleration current exceeds 
the current prescribed by the OBS, the voltage drop between the 
carrier motor and the ring generator determines the amount of accel­
eration current developed. The carrier motor field is set to ful I 
flux, and the ring generator field is used to control the voltage 
drop when the generator speed exceeds the motor speed. When this 
motor speed exceeds the generator speed, the generator field is set 
to full flux, and the motor field is used to control the voltage 
drop. In both cases, the armature chopper is used to control the 
battery current to the motor armature, as required by the OBS. These 
two modes are enabled by opening CBPS and by closing RS and CS. 

Mode 5--When the flywheel is fully discharged, the ring generator 
drops to a fraction of its base speed, so that the power system 
now effectively operates on battery power alone. The generator- is 
switched out of the circuit by opening RS; the generator field cur­
rent is set to zero. The CBPS is open and the CS is closed, the 
carrier motor field is set to ful I flux, and armature current is 
control led by modulating the armature chopper. 

Mode 6--To obtain maximum vehicle acceleration when the throttle is 
fUJI~depressed, the motor and generator armature current is adjusted 
to the maximum allowable, and the battery output is switched out of 
the circuit. The armature current is control led to 228 amp by set­
ting ful I flux in the carrier motor field, and then by using the field 
current of the ring generator to regulate the voltage drop between 
the two machines. Eliminating the battery output from the circuit 
increases the allowable current, and therefore, the torque output of 
the generator. This mode is enabled by switching the armature chopper 
off, by opening CBPS, and by closing RS and CS. 
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b. Veh i c I e Acce I erat ion Above Carrier ~1otor Base Speed 

For vehicle speeds greater than 19 mph, corresponding to above base-speed 
operation of the carrier motor, seven modes of operation are required, depending 
on the flywheel speed and the throttle setting. 

~1ode l--Ouring the most frequently implemented of these acceleration 
modes, the ring generator is above base speed, and the command from 
the throttle for accelerator current exceeds the current prescribed 
by the OBS. The battery output is then control led by adjusting the 
voltage drop between the battery and the carrier motor terminal. This 
control is accomplished by modulating the current in the carrier motor 
f i e I d. The deve I oped acce I erat ion current is mod u I a'ted by adjusting 
the generator field current. This mode is enabled by switching the 
armature chopper off, and by closing CBPS, RS, and CS. 

Mode 2--For smal I throttle settings, the demand for acceleration 
current is.exceeded by the battery current required by the OBS. The 
battery output is then split betw~en tho carrier and ring triV·Iur~. 

The battery output is control led by modulating the current in the 
carrier motor field, as in the previous mode. The bat~ery power 
split is determined by the voltage drop between the carrier and ring 
motors. The ring motor field is modulated to achieve the required 
split. This mode is enabled by switching the armature chopper off, 
and by closing CBPS, RS, and CS. 

~1ode 3--When the f I ywhee I is be I ow norma I opera+ ion a I speed, or when 
the vehicle Is near maximum speed, the ring generator can be required 
to operate below base speed. For the case when the command from the 
throttle for acceleration current exceeds the current prescribed by the 
OBS, the voltage drop between the carrier motor and the ring generator 
determines ~he amount of acceleration current developed. The ring 
generator field is set to full flux, and the carrier motor field is 
used to control the voltage drop. The battery current to the motor 
armature is control led to the OBS requirement by using the armature 
chopper. 

~1ode 4--When the ring motor is be I ow base speed, and when the throt­
tle setting is so smal I that the demand for acceleration current is 
exceeded by the battery current required by the OBS, the battery out­
put is split between the carrier and ring motors. This split is 
determined by the voltage drop between the two motors. The ring motor 
is set to ful I flux, and the carrier motor is used to control the 
voltage drop. The armature chopper is user:! to control tho battery 
current to the motor armature circuit, as required by the OBS. This 
mode is enabled by opening CBPS and by closing RS and CS. 

Mode 5--When the f I ywhee I is fu I I y discharged, the ring generator 
drops to a fraction of its hasA speed, so that the power system now 
effectively operates on battery power alone. The generator is 
switched out of the circuit by opening RS; the generator field cur­
rent is set to zero. The chopper is switched off and the CBPS and CS 
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are closed. Battery output is then control led by modulating the 
voltage drop between the battery terminal and the carrier motor. 
The motor field current is thus adjusted in response to the throttle 
command. 

Modes 6 and 7--To obtain maximum vehicle acceleration when the 
throttle is fully depressed, the motor and generator armature current 
is control led to 228 amp. The battery output also is switched out 
of the armature circuit by switching the chopper off, by opening CBPS, 
and by closing RS and CS. When the generator is above its base speed, 
the carrier motor field current is adjusted to maintain ful I I ine 
voltage at the motor terminals, and the ring generator field current 
is modulated to obtain the desired armature current. As the flywheel 
discharges, and the generator drops below its base speed, the gener­
dtor field is increased to ful I flux, and the motor field current is 
then decreased to maintain the desired armature current. 

5. Vehicle Coasting 

During vehicle coasting, regenerative braking is switched off and the fly­
wheel is recharged, using the battery output p~escribed by the OBS. The oper­
ator designates the coasting mode by switching the gear selector to NEUTRAL, 
and by leaving the foot brake off. The system overrides alI throttle commands, 
and controls to the current requirement established by the OBS. 

Whenever the vehicle is in a driving mode, the regenerative braking is 
activated; its magnitude is a function of vehicle speed and pedal position. 
Even in an "off pedal" driving mode, compression braking feel is available. 
Only in the neutral shift position is the regenerative braking disconnected. 

6. Vehicle Deceleration 

The operator designates the deceleration mode by depressing the brake 
pedal when the ignition is ON, and when the gear selector is in FORWARD or 
NEUTRAL. The controller responds to operator braking demands by selecting 
one of five power system deceleration modes. During each of these modes, 
the carrier motor is operating as a generator, and the direction of current 
is into the ring motor, which recharges the flywheel. For braking demands 
exceeding 0.14 g, the vehicle friction brakes are used to augment electrical 
braking. 

a. Vehicle Deceleration Below Carrier Motor Base Speed 

For vehicle speeds of less than 19 mph, corresponding to below base 
speed operation of the carrier motor, three modes of operation are required, 
depending on the flywheel speed. Each mode uses the armature chopper to main­
tain the battery current to the ring motor armature, as prescribed by the OBS. 
These modes are enabled by opening CBPS and by closing RS and CS. 
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Mode 1--When the flywheel is at operational speeds, the ring motor 
is above base speed. Ful I field current is applied to the carrier 
generator; the ring motor, which controls the magnitude of the armature 
current, is adjusted by modulating the generator field current in 
response to the braking demand. This mode is enabled by opening CBPS 
and by closing RC and CS. 

Modes 2 and 3--When the flywheel is nearly discharged, the ring motor 
can be required to operate below base speed. For the case when the 
ring motor exceeds the carrier generator speed, the system operation 
is identical to the base speed case explained in mode 1. When the 
carrier generator exceeds the ring motor speed, however, the ring 
mo1·or f i c I d is increased to maxi mum current, and the carrier generator 
fiE'!Id current is modulated in response lu the braking rlemand. 

b. Vehicle Deceleration Above Carrier Motor Base Speed 

For vehicle speeds greater than 19 mph, two modes of operation are 
required, depending on the flywhee~ speed. 

Mode 1--When the ring motor is above base speed, the motor field cur­
rent is modulated to maintain the armature current prescribed by the 
OBS. The field current of the carrier generator is adjusted to obtain 
the desired armature current in response to the braking demand. The 
armature chopper is switched off, and CBPS, RS, and CS are closed. 

Mode 2--When the ring motor drops below base speed, the field current 
is increased to full flux, and the battery chopper is used to control 
the battery armature current, as required by the OBS. The field cur­
r·ent of the r.arrier ~enerator is adjusted to obtain the desired 
armature current. This mode is enabled by switching the armature 
chopper on, by opening CBPS, and by closing RS and CS. 

COMPONENT DESCRIPTIONS 

Power Unit 

The heart of the electric vehicle propulsion system is its power unit. 
The unit comprises the transm~ssion assembly (including the final drive), the 
flywheel assembly, and the motor/generator set, consisting of two identical 
motor/generator units, one geared to the planetary ring gear, and the other 
geared to the planetary carrier. Both motor/generator units are used altern­
ately in the generator mode and in thA motor mnrle. 

The power unit· is installed on four mounting pads in the rear of the 
vehicle, by means of four mounting brackets which are integral with the unit 
and provide for accurate mounting interface. Only the motor/generator set must 
be cooled by forced-air convection; therefore the inlet air cooled manifold and 
an outlet splash pan wi I I be coupled with the motor/generator set. 

The out I ine drawing (Figure 42) depicts the installation characteristics 
and defines the transmission, flywheel, and motor/generator subassemblies. 

66 



TIIANSIIISS ION 
ASSEIIBLY LUBRICATION ""p 

FL'NHHL 
ASSEIIBL Y 

t-------)6.11 IN.------1 

GEIIEAATOR 
t-------32.31< IN.------l 

Figure 42. Power Unit 

1. Performance 

The full-throttle torque-speed 1characteristics shown in Figure 43 represent 
the power unit maximum performance. The graph shows the electrical torque frac­
tion contributed by the motor and the total torque which combines the electrical 
fracrion with the mechanical torque generated by the flywheel. The unit's peak 
power output of 52 kw, occurs at 54 mph. The maximum vehicle speed of 68 mph 
is limited by the maximum motor speed of 11,650 rpm. The generator torque 
increases with the Increase in vehicle velocity. Since the generator is being 
driven by the flywheel, its speed is decreasing while it is developing greater 
and greater torque. 
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Figure 43. Full-Throttle Torque-Speed Characteristics 
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2. Design Duty Cycle 

All power unit components that are speed dependent have their design and 
I ife predictions based on the duty cycle. The I ife cycle chosen for design is 
based on the number of (a) start-stops, (b) slow and rapid EPA (or Federal 
Urban) driving cycles, and (c) J227A (D) driving cycles. A combination of these 
modes of operation is used to evaluate component fatigue in order to satisfy 
the 4000-hr I ife design goal. 

The most critical part of the power system is the flywheel. Its I ife 
expectancy, expressed in terms of number of cycles as shown in Table 11, is 
based on analysis and tests. 

TABLE 11 

DESIGN DUTY CYCLE 

---- -- """"" ,..., ,,,,, .............. , •""'·-'•· .. ~·-·· ~- ·-- ----

Flywheel Speed Range 
No. of Cycles 

Percent rpm Cyclt::::. D~scrlption 

0 to 90 0 to 21 ,250 6,460 Start-stop ( 90%> 

50 to 100 12,500 to 25,000 1,000 Start-stop ( 100%) 

64 to 85 16,000 to 21,500 5,000 EPA ( LA-4) slow 

75 to 80 18,750 to 20',000 96,400 EPA (LA-4) rapid 

82 to 90 20,500 to 22,500 5,000 J227A (D) 

Total Number of Cycles 113,860 

3. Loads 

-

The flywheel generates a gyroscopic moment that exerts a load on alI 
power unit components. Analytically determined load values for design, I imit, 
and crash modes are presented in Figure 44. 

The flywheel rotor shaft assembly was analyzed at the maximum flywheel 
operating speed of 25,000 rpm. lhe critical loading condition for the fly­
wheel rotor assembly was the yaw maneuver at the maximum operating flywheel 
speed. The flywheel and its support wi I I not fai I under crash loads which 
are considered as ul ~irndte load:;~ deformtltion up to I he vuint of tr-nr.turP. wi1~. 

permitted. 

4. Structural Resonance Analysis 

An interference ana I ys is was conducted to pred 1 ct ai'ld centro I ~I r ut.:tu,-~ I 
resonances. 
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Figure 44. Design Loads 

5. Transmission Assembly 

The function of the transmission is to mechanically connect the various 
drive elements (axle, motor, generator, and flywheel) and provide speed ratios 
required of the drive. The principal speed ratio, key to the maximum power 
transfer, is between .the flywheel and the axle. These are connected by means 
of a split power-train differential planetary gear set, a concept t·hat provides 
an infinitely variable gear ratio from standsti I I to maximum speed. 

Figure 45 i I lustrates the transmission drive configuration, the main gear 
ratios, and the kinematic relationship between the generator flywheel and 
motor speeds. 

The sun gear of the pI unetar-y set is mounted on the f I ywhee I shaft and 
rotates at flywheel speed. The planet gear carrier shaft is coupled to the 
drive axle(s) through a fixed-ratio drive mechanism (gear, belt). The elec­
tric motor also is coupled to the planetary shaft through a fixed-ratio drive. 
The ring gear is attached to the generator through a fixed-ratio drive, but 
the independently controlled generator speed provides for an infinitely vari­
able ratio within the design I imits of the ring gear speed, and consequently 
of the differential planet~ry drive ratio. 

a. Weig.ht Breakdown 

Table tZ lists the major elements of the transmission assembly and their 
respective weights. 
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I 
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SPEED RELATIONSHIPS 

NG = O.l1 NFW - 0.4~ NM 

NG = 0.4 NFW - 83.95 v 
NM = 1 71 . 32 v 
v == VEHICLE SPEED, MPH 

Figure 45. Transmission Drive Configuration 

TABLE 12 

TRANS~11 SS I ON ASSE~1BLY WE I GHT BREAKDOWN 

- . ... 

Gears 8.63 

Bu I khead 3.64 

Housing 19.36 

Carrier and differentia I 8.13 

I. u br i cat ion pump 3.40 

Housing differential 5.~3 

Chain and sprockets 13.98 

Nuts, bo Its, shafts, bearlny~, etc. 18.55 

Fore pump 8.20 

Tota I, lb 89.72 
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b. Construction 

The entire transmission assembly is enclosed by an aluminum housing that 
provides the interconnecting and mounting structure for the various power train 
elements. The motor, generator, and flywheel are attached by bolted flanges 
to the transmission case. Other minor elements, such as the lube/vacuum pump 
assembly, oi I fi Iter, etc., also are mounted on the transmission housing. The 
housing consists of a structural shel I and a bearing bulkhead, which also 
forms the dividing wal I between the transmission and the flywheel cavity. 

The transmission housing' structure dissipates alI internal and external 
loads between the attached components (such as the motor/generators and the 
flywheel assembly) to the power unit mounts. The housing gear supports hold 
relative gear misalignment due to load deflection to a tolerable minimum; 
the loads are carried through basically cone-shaped elements to the dissipation 
points. Aluminum alloy A356-T6 is used as a casting material. It is wei I 
known for its high purity, strength, ductility, and vibration fatigue resis­
tance. The gear bearings are supported by pressed-in, pin-retained steel 
sleeves for long I ife. 

c. Efficiency 

The power is extracted from the flywheel and transmitted through a qui I I 
shaft to the planet gear, which functions as a differential power-splitting 
device. The sun gear, integral with the qui I I shaft, drives the planet gears, 
which are connected through the planet carrier and related gears to the final 
drive. The planet gears, in turn, drive the ring gear, which is engaged with 
the generator drive. The drive motor engages a gear on the chain sprocket 
shaft and is part of the final drive. High efficiency of power transfer is 
fundamental to the transmission design concept. 

The gear efficiency was optimized by using data from recognized gear 
authorities. To control the coefficient of friction, which is a major contribu­
tor to losses, the pitch-1 ine velocity and load factors (k) were des~gned to be 
in a favorable range. The load factor was designed in the 200 to 400 range, 
while the pitch-1 ine velocity functioned in the 2000 to 6000 ft/min range. 
The resulting coefficient of fricti~n should be 0.03 to 0.04. 

Bearings were selected fdr maximum efficiency. Rol fer or balI .bearings 
were selected which have an inherent low power loss value by virtue of the 
rol I ing friction. Each bearing was selected for the minimum mean diameter 
to carry the load and to provide the 4000-hr 810 I ife. In this way, both the 
hydrostatic losses and the load losses were minimized. 

d. Noise Considerations 

Transmission noise has been minimized by three design steps. First, where 
possible, the gears are helical. In this way, tooth-to-tooth contact ratio 
is greater than one, thereby producing quiet gear-tooth engagement. Second, 
the tips of the gears have been rei ieved to minimize noise on initial contact. 
The critical tolerances for the gears have been selected as the best obtainable 
for an automotive application. The noise is control led through accuracy of 
profile Arror, tooth-1o-tooth spacing, pitch-1 ine runout, and lateral runout. 
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General transmission design was guided by automotive practices. The 
case-hardened (carburized) material was selected to provide a control led 
Rc 58 minimum surface hardness and a 35 to 38 core hardness for maximizing 
fatigue strength. 

e. Lubrication 

The transmission lubrication rs accomplished in the simplest possible way, 
with an effort to keep churning losses and gear oi I squeeze losses to a minimum. 
Jet lubrication is restricted to the planetary gear and the flywheel bearings; 
alI other areas are splash lubricated. 

The lubrication pump is a Gerotor pump delivering 1.5 gp~ at 100 psig, 
with a power requirement of less than 100 w. The pump unit remains in operation 
as lung u::> the flywheel is rotating. 

The lubrication is designed to reduce friction-resulting losses and, 
therefore, to keep each section within the required temperature I imits. The 
temperature of the oi I has been set at 200°F on entering, and 220°F on exist­
ing each component. MIL-L-23699 I ibrication oi I was selected as the lubricant 
tor prototype evaluation. 

t. Stress 

To calculate its stress levels, the housing structure section of the 
gearbox was idealized by an equivalent conical section. The four rubber 
mounts were idealized by two equivalent ring springs of infinite rigidity at 
the motor/generator and flywheel ends. In the actual installation, the mounts 
spring rates wi I I be 2,000 and 4,600 lb/in. at the flywheel and motor/generator 
ends, respectively. 

In addition to the inertia and gyroscopic loads shown in Figure 44, the 
housing is operated at a near vacuum; thus there is an equivalent external 
pressure of 14.7 psi acting on the housing. 

The short-time stress design criterion for the housing is tha-t the housing 
has a plastic yield if subjected to crash loads, but it should not rupture, and 
it should not have any yielding when subjected to I imit loads. The long-time 
stress criterion specifies that the housing shal I experience the normal, steady, 
operating stresses and the alternating stresses, without any fatigue failures. 

The stresses produced by a rol 1-crash load of 14.7 psi external pressure, 
= 6.0 radli::lnS/!ec, cJIId 11)0°F operating temperature, were calculated and 

the margin of safety, based on crash-ultimate loi::lus, i::; 1.25. The limit loads 
are 0.1 to 0.24 times the crash loads. Since the tensile yield is close to the 
-tensile ultimate (about 83 percent), the margin of safety based' on limit-yield 
I or~ds w i I I be amp I e, because it w i I I be much higher than the crash l·oads. 

The alternati;ng: stresses produced by· the:_ design loads a.re 1:/'1'2' to 1/70 
of the crash-ulti·ma,.te ~oads. Thus, the maximum alternating stress; wi II be 
less than +1.03 ksi, which is wei I below the endurance I imit ot fhe 6061-T6 
aluminum. 
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6. Flywheel Assembly 

As i I lustrated in Figure 46, the flywheel is mounted in an aluminum housing 
that supports the bearings, seals, fore pump, molecular pump, and self-contained 
lubrication tor the outboard bearing, and provides an evacuated enclosure. The 
housing is made of 6061 aluminum and has thin ·wal Is of low weight, but provides 
adequate stiffness to prevent col lapse. The housing plate surface is free of 
porosity to prevent air from bleeding into the evacuated chamber molecular pump 
area. A 1/4-in.-thick steel ring affords safe flywheel containment. As indi­
cated by Figure 46 the fore pump and molecular pump work together to provide 
the required vacuum for the flywheel. 

a. Weight 

Table 13 I ists the major flywheel assembly elements and their respective 
weights. 

TABLE 13 

FLYWHEEL ASSEMBLY WEIGHT BREAKDOWN 

Rotor 60.47 lb 

Outer cover 15.69 

Inboard housing 17.94 

Stator (molecular pump) 5.22 

Containment ring 44.63 

Nuts, bolts, bearings, seals, etc. 12. 10 

Total 156.05 lb 
---

b. Flywheel Construction 

Figure 47 depicts the flywheel made ot three components--the hub and two 
identical rims that mount on the hub. The hub is a single pancake forging 
of 7075 T~652 aluminum, which is stabi I ized by I iquid nitrogen after it is 
bandsawed from the pancake and again before final machining. The hub is con­
toured so that it operates at uniform stress throughout its total volume except 
for the hub ends of each of the four spokes. In this manner, alI of the material 
is working, and the weight is held to a minimum. The spoke hub ends provide 
a sufficient surface area so that the operational radial stresses on the rim from 
the spoke are below the allowable stresses tor the rim. To further distribute 
the load on the rim at the spoke, thin pads of Melamine (epoxy glass) are bonded 
to each spoke tip, and thin pads of pol-yurethane are bonded to each Melamine 
pad. The rim is not bonded to the polyurethane. 
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Figure 46. Flywheel Assemhly and Housin~ 
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Figure 47. Composite Flywheel 

Two rims are assembled onto each hub. Each rim consists of nine separate 
radially stacked rings. Each ring is 2.1 in. wide and either 0.240 in. or 
0.184 in. thick. Each rim consists of rings of this construction. The first 
ring is an S-2 fiberglass/epoxy composite. This ring is 0.240 in. thick. AI I 
composites in the rims use the four-part elastomerized epoxy consisting of Dow 
DER 7818 epoxy resin, DER 7575.02 epoxy resin (the elastomerized component), 
ERL 4206 diluent, and TONOX 60-40 hardener. Rings 2 through 4 are made of 
Kevlar 29/epoxy composite. Rings 5 through 9 are made of Kevlar 49/epoxy 
composite. The first ring is wound on the mandrel and cured. A mold release 
agent is placed over the first ring so that the second ring wi I I be permanently 
separateu from it. Each ring is subsequently wound upon and permanently 
separated from the previous ring by the mold release agent. 

This set of nine nested rings has a low radial stress when subjected to 
the radially graduated centrifugal force field. The low radial stress is 
necessary to prevent cracking and delamination in the epoxy composite trans­
verse direction. Each ring works independently in the radial direction, and 
as a unit in unaxial hoop tension, taking best advantage of the filament-wound 
composite materials properties. 

The two rims are mounted on the hub, separated from each other by an 
axial register. The rims are distorted to a subcircular shape to the amount 
that the hub diameter exceeds the inside diameter of the rims. Thus only the 
spring forr.P. in the rim from its attempt to return to its round fl-ee stdre 
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holds it onto the rim by friction force. No attachment or bonding devices and 
their attendant stress risers are employed. Upon spinning the rotor to speed, 
the radial forces and resulting assembly friction forces between rims and hub 
are even greater than at rest, thus the rim is positively held in place. 

A flywheel of the configuration described above was subjected to 1000 
speed cycles to verify its tensile I ife. For the last 933 cycles, the speed 
was varied between 13,000 and 25,000 rpm at a rate of 4.5 minutes per cycle. 
The flywheel was run in a vacuum ranging from less than one micron to 10 
microns of mercury and was driven on a rigid, bearing-mounted shaft by a 
dynamometer test rig as shown in Figure 48. 

TEST CONTROL PANEL PROVIDES 
ROTOil-CYCUNG WITH POWER 
APPLICATION IN EITHER DIRECTION 
FOil A NOMINAL PERIOD OF 
•. 5 MINUTES FllOM 150%-T0-100% TO 
to% RPM 

TEST 
CONTROL 
PANEL 

ACCELEROMETER 

TEST ITEM 

ACCELEROMETER 

TEST FIXTURE 

Fig••rA 4R. Flywheel Cycle Test SP.tur 

There was no detectable change in rotor balance conditions in the 13,000 
to 25,000 rpm range as indicated by the accelerometer data. The test was 
terminated at 1,000 cycles, withal I indications that the rotor was perform­
i ng norma I I y. 
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Inspection after the cycle test was completed showed that one roving had 
parted around the whole circumference, and lay as loose fiber in the bottom of 
the test chamber. This roving parting did not propagate. There was a 0.042 in. 
average gap between the first and second rings of the rim. The gap had reduced 
to 0.03 in. 168 hrs after the test. 

This testing is equivalent to 7,000 cycles from zero to 90 percent speed 
for tensile I ife. These 7,000 cycles represent essentially alI of the damage 
fraction, since other less rigorous conditions do not add materially to the 
damage fraction. 

c. Flywheel Design Characteristics 

The flywheel design characteristics are as follows: 

Total energy 
Rim OD 
Rim ID 
Design speed, maximum 
Operating speed, maximum 
Rim weight (2 rims) 
Spoke radial force 
Ambient pressure at 25,000 rpm 
Materials: 

Inner ring (1) 

Mid-rings (3) 
Outer rings (5) 

Total wt (rim, hub and shaft) 

d. Bearings 

1 .0 kw-hr 
23.0 in. 
19.24 in. 
26,250 rpm 
25,000 rpm 
27.7 lb 
5300 lb (3500 psi) 
1 1-1-HgA 

0.24 in. S-2 fiberglass/epoxy 
0.24 in. Kevlar 29 
0.184 in. Kevlar 49 
60.47 lb 

The flywheel rotor is supported hy two bearing assemblies, one on either 
side of the rotor. The inboard bearing group consists of a matched pair of 
angular contact balI bearings that provide accurate axial positioning of the 
flywheel rotor. The bearings axial location must be as close to the molecular 
pump as possible to minimize any variation in pump face clearance due to rotor 
thermal expansion. 

The outboard bearing employs a roller bearing, which permits the rotor to 
expand axially. Since this bearing is located in the flywheel cavity and is 
exposed to a one-micron absolute pressure, a special lubrication design concept 
has been developed. The inboard bearings are separated from the flywheel cavity 
vacuum by a carbon face seal. These bearings are jet lubricated by the trans­
mission lubrication pump. A self-contained 5-cu in. reservoir is charged with 
Coray 100 oi 1. A I iquid pump disc attached to the flywheel shaft transports the 
oi I from the reservoir to a splash shield, providing adequate lubrication and 
cooling for the bearing. The size of the disc and the quantity of oi I used for 
lubrication are determined by tests, to minimize the power consumption. The 
results displayed in Figure 49 show that the power consumption wi I I be less 
than 80 w. 
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Figure 49. Outboard Bearing Lubrication Performance 

e. Vacuum System 

The vacuum system consists of two major components, a roughing or fore 
pump and a molecular pump, designed to maintain a vacuum in the flywheel cavity 
so that the windage friction does not create excessive flywheel surface tempera­
tures. (See arrangement in Figure 46.} 

The roughing or fore pump is a vane type of pump, capable of reducing fly­
wheel cavity pressure to 1 torr. It is driven by an electric motor, which is 
ener~ized whenever the flywheel is rotating and the cavity pressure rises above 
1 torr. 

The molecular pump is a mechanical drag type of pump consisting of a smooth­
surface disc attached to the flywheel rotor and a stator with spiral grooves 
cut to accommodate the induced flow of air molecules. The stator is kept at 
an average of 0.020 in. clearance from the rotor disc and the spiral grooves 
shown in Figure 50 are curved in the direction of the disc rotation, allowing 
the disc to propel I the molecules in an outward direction. 

For evaluation purposes, the molecular pump performance tests were con­
ducted by varying the fore pump pressure from 0.5 to 2 torr (molecular pump 
outlet pressure} and the face clearance from 0.012 to 0.02 in. The pump inlet 
pressure (or cavity pressure} was measured as a function of pump rotational 
speed as shown in Figure 51. Pressure ratios in excess of 20,000 were obtained. 

The demonstrated capabi I ity of maintaining low cavity pressure ~nhances 
tho overal I design aim of low flywheel losses. In addition, the capability is 
required to generate quickly low pressure during the flywheel startup. The 
transient heat loss causes the flywheel surface temperature to rise unti I 
adequate vacuum is generated. Figure 52 combines the tested startup cavity 
pressure transient response with the flywheel surface temperature transient 
analysis. The fore pump and motor are sized to generate a volumetric pump-down 
rate of approximately 2500 cu in./min, a minimum necessary to prevent ~xcessive 
flywheel temperature overshoot during the startup. 
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Fig ure 50 . Mo lecul a r Pump St ator 

100.0 

<l: 
Cl 
J: 
Ill 
z 
o10.o 
a: 
u 
~ 

w 
a: 
~ 1.0 
Ill 
w 
a: 
D. 
~ 
w 
~ 0 .1 

0.01 

"'o 
~~ ... 
~41 

~ 
..,,. 

I - ~<9~-s-

"' 
~ 11 I 1 I~-9 

FACE CLEARANCE . 020"K <? ·0-11.11'= 
-

l"-t; 
t-..._ I 

~ 
....,_ 

!"-- !-.... 
o. s~ 

/If ,--
r--. 

MOLECULAR PUMP ISK 69753), STATOR 
PA 1 09055- 5 PERFORMANCE TESTS 1-26/ 27-78 

11 13 15 17 19 21 23 25 

PUMP ROTATIONAL SPEED, 1000 RPM 

Fig ure 51. Mo lecul a r Pu mp Per tor ma nce Cha r act er i sti cs 

79 



~ 

..: 
:1 ... ... ... 
u 

" ... 
a: 
:;) 

"' .... ... ... 
:z: 
~ .... ... 

" "' :z: 
E 
t: 
w 
a: 
:;) 

"' "' .. .. 
A. 

> ... 
> 
" u 

135 
EMISSIVITY· KEVLAR 0 1 Al 0 9 ~ 

SP~ (WORS~ ~~ 

I r\ 1\ 
rt "'-._ 

II \ 

ff SURFACE TEMP 

I 
1/ 

130 

125 

120 

115 

110 

105 

5 10 15 20 25 

ELAPSED TIME, MIN 

104 

·103 -
102 

\ 10 
\ 

10"1 

10"2 

10" 3 
0 5 10 15 20 25 

ELAPSED TIME. MIN 

........ 

a: 
0 
g 
~ 

25 c:i ... ... 
A. 

20 .. .... 

" 15 ~ 
;:: 

10 ~ 
0 
a: 

5 u: ... 
:z: 

30° ~ 

30 

.... ... 

Figure 52. Flywheel Surface Temperature Response 

f. Sea I 

A seal is located on the high-speed flywheel shaft to separate the flywheel 
cavity from the transmission cavity. It is subjected to an operational pressure 
differential of 14.7 psi, and is designed for the smdl lest practicable diameter 
to reduce se91 ing area, surface speed, and power loss. Only the smal !-diameter 
torque-carrying shaft protrudes through the seal. It is a carbon-faced seal, 
and is well lubricated, sealed, and cooled by oi I on both sides. The tested 
leakage rate is less than 0.001 cfm. 

7. Motor/Generator 

The two motor/generator units have essentially the same power and thermal 
requirements, therefore one design is used for both applications. This design 
is a 4-pole, de, shunt motor, with interpole and pole-face windings, and is 
simi far to a conventional traction-motor design with high efficiency and low 
weigh!. ihe maximum molur output is 21 kw over a speed range of 3,000 to 
10,000 rpm. The maximum armature input is 106 v, 228 amp. The conTrol field 
maximum input is 80 v, 12.5 amp. The speed range is from zero to 11,650 rpm. 

This motor design is a first-generation development unit of high efficiency 
and low weight, with leSs emphd~i~ un cost end producibi I ity. As operatinq 
data and experience are gained during the development program, design improve­
ments wi I I be incorporated, resulting in a better design from the standpoints 
of both weight and cost. Design improvements wi I I include brush material changes 
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and overal I size and winding changes (resulting from pole-face/interpole trade­
efts). The current design provides the starting point for a high output-to­
weight motor/generator with high efficiency. 

The motor design is based on the operating requirements for a typical trac­
tion motor application; however, the design deviates from conventional motors 
of this rating, in order to minimize weight without lowering motor efficiency. 
The main differences in approach are as follows: 

(a) Aluminum castings are used instead of steel for end bel Is to save 
weight. 

(b) Pole-face windings are used to improve control of armature reaction 
magnetomotive force (mmf), thus permitting operation at smaller main 
field air gaps. This results in a net improvement in efficiency 
by reducing the main field losses. 

(c) The field frame is made of low-carbon steel tubing and serves the dual 
purpose of being a structural member and providing a low-reluctanc e 
flux path between the poles. 

(d) Commutator design parameters such as tip velocity, brush current 
density, and interior stresses are the maximum allowable values in 
order to save weight. 

The significant dimensions of the motor are shown in a cross-sectional view 
(Figure 53). Weights of significant parts of the motor as sembly a re given in 
Table 14. Design characteristics are presented in Table 15. 

TABLE 14 

MOHR/GENERATOR WE I GHT BREAKDOWN 

Armature laminations 
Armature winding 
Commutator 
Shaft and bearings 
Main field and pole laminations 
lnterpole laminations 
Housing (field frame) 
Pole face winding 
Main field winding 
lnterpole winding 
Insulation 
Brush holder assembly and brushes 
End bells (2) 
Miscellaneous hardware 

Total weight 
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TABLE 15 

MOTOR/GENERATOR DESIGN PARAMETERS 

Ratings 

Power, kw 
Speed range, rpm 
Power.source voltage, v 
Power source current, amp 

Dimensions, in. 

Diameter 
Length 

Circuit Resistance at 20°C, ohms 

Armature winding 
Shunt (control) winding 
lnterpole winding 
Pole face winding 

Circuit Inductances, mh 

Armature winding 
Shunt (control) winding 
lnterpole winding 
Pole face winding 

Electrical Loading, amp 

Maximum armature current 
Maximum shunt field current 

Winding Descriptions 

21 max. at 3000 to 10,000 rpm 
0 to 11 ,650 
108 
228 max 

8.915 
14.53 

0.0205 
3.81 
0.0059 
0.0093 

0.097 
81.9 to 409.6 
0.125 
0.0469 

228.0 
12.5 

Armature: 

Shunt field: 
lnterpole: 

75-bar· commutator, 25 slots, 6 conductors/slot, 
wave winding, rectangular wire of 0.0138 sq in. 
144 turns No. 16 AWG wire 

Pole face: 
5 turns rectangular wire, 0.052 sq in. 
5 turns rectangular wire, 0.0304 sq in. 

Materials 

Housing 
Wire 
Shunt poles 
Armature laminations 
lnterpoles 
Commutator 
Brushes 
End be I Is 
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a. Performance 

The maximum envelope of motor performance is shown in Figure 54. The 
motor wi 1 I perform satisfactorily, although not necessarily continuously, at 
any point within this envelope. Operation at any point is determined by the 
shunt field current, the armature voltage, and the load torque. For any 
combination of armature current and field current, a motor-speed-torque curve 
is determined. Steady-state operation occurs at the point where the load­
speed-torque intersects the motor curve. Acceleration occurs when the motor 
torque exceeds the torque required by the load, at any given speed. 
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Figure 54. Performance Envelope 

b. Physical and Operating Characteristics 

There are four openings in the rear end bel I, with one opening over each 
brush. The openings are covered by a shroud. The opening permits easy inspec­
tion and servicing of the brushes. Cooling air, at a volumetric rate of approxi­
mately 50 cfm, is ducted into the motor at the rear end, then directed over the 
cor'Miu1 <:lf·ol-, o I ong the armature and fie I d structure, and f ina I I y exhausted through 
holes in the drive end bel I. Armature leads enter through a strain rei ief near 
one of the brushes, and terminate inside the motor, one on a brush box and the 
other directly on the interpole winding. This minimizes the number of junctions 
required and improves reliabl lity. Similarly, control field leads enter through 
a strain reli~f and terminate on the shunt field col I winding. 

Two additional leads come from a thermal sensor located on the pole-face 
winding, across from the armature hot-spot. A shaft seal is incorporated at 
the drive end of the motor to prevent oi I and contaminants from entering the 
motor. It is a positive-contact, lip-type wiping seal. 
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The armature, conmutator and brushes, interpole and pole-face winding, and 
control field are discussed in the following paragraphs. 

(1) Armature 

The armature winding is a one-turn-per-coi I, three-coi Is-per-slot, 
retrogressive-wave winding, with four poles and four brushes. The lamination 
has 25 slots, and the conmutator has 75 bars. The three coi Is are formed and 
taped as a group. To reduce stress at the hairpin turn, each turn consists 
of two rectangular wires. Each wire is insulated with 3-mi I Kapton tape, plus 
one layer of 4-mi I glass tape. Armature coi Is terminate in slots in the com­
mutator riser, and are welded into place. A large-diameter, hoi low shaft is 
used for maximum stiffness with minimum weight. 

The diametral interference between the shaft and the laminations wil I 
maintain load capabi I ity under alI operating conditions. Angular alignment 
of the laminations and the commutator is achieved by tooling during assembly. 
The thermal analysis, under a variety of load conditions, showed that the arma­
ture hot-spot is on the conductor at the ~airpin curve. At this point, the 
cooling air is the hottest, and there is ho surrounding lamination material to 
act as a heat sink. To sense this temperature, without placing sensors on the 
rotating armature, a temperature sensor is located on the pole-face winding 
directly opposite the armature hot-spot. 

(2) Commutator and Brushes 

The conmutator is characterized by an "arch-bound" design with si rver­
bearing copper segments and mica insulation. Because of the high axial width 
of the brushes, two brushes side-by-side are used in each holder. The shunts 
are joined in a common lug, so that they can be inserted and removed as a 
pair. One brush is wider than the other. When inserted into the brush holder, 
they are staggered, so that the individual brush-wear paths on the commutator 
overlap and produce a more even commutator wear. 

Thermal analyses, under a variety of worst-case conditions of ambient 
temperature, cooling air temperature, and load cycle, showed that commutator 
temperatures are within the design maximum of 350°F. 

(3) lnterpole and Pole-Face Winding 

Pole-face windings and interpoles are required to facilitate commutation, 
because the motor is required to operate over a wide range of speed and armature 
current. Armature-reaction flux, produced by the current-carrying armature 
conductors, produces cross-magnetizing and demagnet~zing fields. Speed affects 
commutation time, and the magnitude of the reactance voltage. The pole-face 
windings are designed to counteract the magnetomotive force of the armature 
winding that is producing the armature reaction. The interpoles produce a flux 
that opposes the cross-magnetizing flux; they also tend to induce a voltage to 
counteract the reactance voltage. 

Since the armature reaction is a function of armature current, both the 
pole-face winding and the interpole windings are connected in series with the 
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armature, and carry armature current. A final adjustment of interpole strength 
is made during testing. This adjustment consists of varying the reluctance of 
the interpole circuit by using a combination of magnetic and nonmagnetic shims 
between the pole and the field frame. 

(4) Control Field 

The main fie1d of the motor is a separately excited shunt field; in con­
junction with armature voltage, it is used to control the motor. Four field 
coi Is, connected in series, are designed to produce full-field capability with 
80 v, minimum. The coi Is are layer-wound with 16-gauge, ML-insulated wire. 
lnterlayer insulation is 0.003-in. Nomex. The entire coi I is then wrapped 
with glass tape and Kapton tape. 

c. Thermal Characteristics 

The motor/generator insulation is rated at 428°F. Unrler a variety of 
steady-state and transient conditions, the armature, pole face, and interpol~ 
winding temperatures remain below this value. The typical transient thermal 
conditlon experienced during a hi I I climb is i I lustrated in Figure 55. A 
temperature-! imiting control sensor measures the pole-face winding temperature, 
which is limited to a maximum of 350°F. At the same time, the armature winding 
is protected by limiting its temperature to 428°F. This control method permits 
a maximum utilization of motor power up to 21 kw. The elapsed time at peak 
power is only a function of ambient conditions and driving characteristics. 

5DD~--------r---------.---------.---------, 

428''r LIMIT 

,DRIVE END BEARING 
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Fiqure 55. Transient Temperature Response in Hi I 1-CI imb Mode 
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Controls and Electronics 

The vehicle electrical system, through its interconnecting cabling and 
wiring, integrates alI power system components, and interfaces the power system 
with the vehicle controls, displays, and accessories. The power system elec­
trical schematic (Figure 56) defines the electrical interface among the follow-, 
ing controls and electronic components: controller, power conversion unit, 
battery charger, data recorder, switchgear, fans, and driver controls and 
displays. The locations of these components in the vehicle are shown in 
Figure 57. 

The controller, battery charger, and data recorder are instal led in the 
vehicle front compartment, while the power conversion unit and the switchgear 
are instal led in the rear compartment. The battery power outlet is adjacent to 
the power conversion unit to minimize cabling and provide maximum protection. 
The battery high-voltage circuits are located in the rear of the vehicle, 
except for the charger interface, which is located in the front compartment 
(under the hood) for convenient access. AI I dashboard controls and displays 
and vehicle accessories are powered by a solid-state, 12-vdc power supply for 
maximum safety--consistent with current automotive design practices. 

Complex electric and electronic systems require design consideration as 
potential sources of electromagnetic interference (EMI ). Precautions are 
taken to minimize radiated noise and prevent interference with other electrical/ 
electronic devices. Also, the power system must be free of EMI susceptibi I ity 
to ensure safe operation and efficient performance under alI operating condi­
tions. 

The power conversion unit incorporates four choppers which are a source 
of electrical noise. The de motor commutators and contactors also generate 
electromagnetic noise which must be suppressed. The design is based on the 
following: 

(a) Metal I izing nonmetal I ic vehicle body parts for noise containment 
(Figure 58); i.e. power conversion and switchgear enclosures, and 
adjacent ducting 

(b) Suppressing de motor commutators with capacitors in the motor 
housings (motor/generator and cooling tan) 

(c) Shielding a II 108-vdc cables (braided insulation) 

(d) F i Iter i ng all auxi I iary 108-vdc motor power supp I i es 

(e) F i Iter i ng all 12-vdc power supply outputs 

(f) Separating alI control cabling and power supply cabling from 
other cabling; shielding and grounding them as appropriate 

(g) Isolating the 108-vdc power circuits from the 12-vdc, +12-vdc, 
and 5-vdc circuits. 
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(h) Circuit layout shielding and detatl design to provide adequate EMI 
protection and suppression of internally generated EMI noise. 

1. Controller 

The controller functions to· examine the instantaneous state of the vehicle 
and to issue appropriate commands to the control interfaces in response to 
operator (driver) input commands. The interfaces form the buffers between 
the controller and the control variables. The controller monitors the sensor 
inputs, decides which data are to be stored, and then does alI of the data com­
put~tion and control functions. 

The r.ontrol ler is implemented by the use of a high-sp~ed, microprocessor­
based dig ita I computer. The I arge number' of contra I rnodes required by the 
veh i c I e are read i'l y accommodated as software i nstr·uct ions stored in computer 
memory, rather than ·d I sere I~:~ ana I og hardware circuitry. This increases over a I I 
controller rei iabi I ity. In addition, a high level of system design f lexibi I ity 
is. achieved, since most basic control logic modifications, or additional control 
features desired to improve vehicle performance b9sed on field trial data, can 
be accommodated by simple replacement of software instruction memory devices. 

The controller receives commands exercised by the driver for acceleration 
(throttle position) or braking (brake position) and generates the corresponding 
torque commands. These commands are modified depending upon the vehicle opera­
tional mode (shift position), vehicle velocity, and the flywheel speed for 
optimum control. As depicted in the functional block diagram, Figure 59, the 
controller logic and dynamics computation Is based on these modified commnnds 
as r.ompared to the actual feedback information provided by current, voltage, 
and speed sensors. Various switches, contactors, and chopper circuits are 
control led continuously to sat1sfy the driver commands. 

The controller block diagram, Figure 60, shows the control fer's major 
elements and circuit boards. The circuit mechanization of the control func­
tions, data processing, and receiving and transmittal to,various subsystems 
is i I lustrated in Figure 61. The corresponding software functions are pre­
sented in Figure 62. 

The controller has four plug-in boards--a signal conditioning board, an 
input/output control board, a central processor unit <CPU), and a memory 
board--and an electrical interconnect board (motherboard). 

a. Signal Conditioning Board 

The signal conditioning board processes the sensing of the battery current, 
c;:arr i er motor /generator armature current, and ring genera t·or·/motor armature 
current, using Hal 1-etfect sensor~. rield curront fe~dbnr.k for carrier and 
ring motor/generators is sensed by measuring voltage drop across precision 
resistors. Additional input sensors include the throttle (accelerator) sensor, 
and brake sensor. The signal conditioning board conditions the sensor inputs 
to interface with a single analog-to-digital (A/0) converter (12 bits). 
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Carrier motor/generator speed, ring motor/generator speed, and flywheel 
speed are sensed by variable-reluctance monopoles, providing a frequency out­
put that is proportional to speed. The input conditioning board receives the 
monopole signal and shapes the raw signal to be compatible with the digital pro­
cessor. A discrete signal for sensing bidirectional rotation for the carrier 
motor/generator also is processed on this board. 

b. Input /Output ( I /0) Centro I Board 

The 1/0 control board is organized into several 1/0 ports, and each port 
is assigned a number for the instruction to reference. This circuit decodes 
the data bus for the specific port address. If a match is found, the CPU con­
trol I ines are decoded to the input and output states. If an input instruction 
is found, the transfer buffer connected to the data bus is opened. If an output 
instruction is detected, the external latch is enabled to retain the content of 
the data bus. 

The system clock, generated by the CPU and the control I ines, performs 
the system timing. Transfer of addresses and data takes place across the ful 1-
word paral lei-data transfer bus. AI I analog voltages are transmitted through 
an analog multiplexer, an A/0 converter, and a data buffer before entering the 
data bus. AI I speed signals are transmitted through a digital multiplexer, 
and are processed by use of a fixed time base and a counter. 

c. CPU Poard 

The ~1icro-16 computer is a third-generation CPU design, based on more 
than seven years of development, testing, and production of a general-purpose 
processor. It is an engineer-oriented processor for medium-sized, dedicated 
processor applications, based upon contemporary LSI (microprocessor) device 
technology. The heart of the processor is its arithmetic-logic unit (ALU). 
The ALU of the ~1 i cro-16 is incorporated on microprocessor-s I Ice chips. It 
provides for logical operations, summation, and shifting of data words. Each 
device includes four bits of the ALU; the devices cascade to provide ful 1-word, 
arithmetic-data-processing capabi I ity. 

Like most modern processors, the ~·1 icro-16 uses a genera I register f i I e for 
working accumulators and index registers. Arithmetic, logic, and data-transfer 
Instructions can operate, using these registers as data sources, saving substan­
tial time over similar memory-referenced instructions. 

Control over the selection and processing of data is provided within the 
processor by the microprogram control section. Processor data-bus interfaces 
are fully microprogram control led. 

Input-output is control led, with three separate control I ines, to indicate 
(1) presence on the processor bus of a peripheral address, (2) presence on the 
processor bus of data being output to a peripheral, and (3) avai labi I ity of the 
processor bus for data input from the last-previously addressed peripheral. 
Finally, the processor provides an external test I ine, available to the input­
output system, which can be used as a peripheral bus and tested under software 
contro I. This I ast feature enab I es the progt cwrr1er· to ensure that the addressed 
peripheral is ready to accomplish the intended input-output transfer function. 
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d. Memory Board 

The major characteristics of the memory board are: 

Storage capabi I ity of 8000 word x 16-bit EPROM (expandable in 1000-
word modules); 1000 word x 16-bit N-Channel RAM; and 512 word x 16 
BIT CMOS RAM 

Provision for nonvolatile CMOS RAM operation 

Power switching on EPROM memory for minimu~ power dissipation 

Designed for 1.5- sec operation time (read or write) 

External memory enabled by single cuntr·ot I ine 

e. Motherboard 

The motherboard forms the base for the tour plug-in boards and tor the 
interconnects to the control box connector. 

t. . Contro I I er Power Ora in 

The controller power drain consists of the tot lowing losses: 

CPU board 7.6 w 

Memory board 6.0 

1/0 control board 6.5 

Signal conditioning board 4.0 

Miscellaneous interfaces 1. 0 

25.0 w 

g. Controller Weight and Size 

The total weight of the controller is 9 lb, and its size is 3-1/2 by 
8-1/2 by 17 in. 

:i. Power Convorsiun U11it 

The power conversion unit consists of six subunits: armature chopper; 
carrier motor/generator field chopper; ring generator/motor field chopper; 
the contactor economizer drivers; the accessory power supply; and vacuum/luue 
pump controis. The various !:>uuu11its comprising the power conversion 11nits 
are interconnected as shown in the power conversion unit functional diagram 
(Figure 63). 
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The power conversion unit is designed to be instal led in an electronics 
compartment behind the vehicle rear seat support structure as shown in Figure 
64. The unit is contained in a shielded enclosure, which contains any gen­
erated electromagneti~ interference. 

The power electronics subunit mechanizations, loads, and power requirements, 
are described in the following paragraphs. 

a. Armature Chopper 

The armature chopper converts the 108-v battery voltage to a lower average 
voltage, via a pulse-width-modulation/regulation scheme. Its functional diagram 
is shown in Fiqure 65. 

The chopper output drive is rated at a current of 120 amp. This is 
achieved by operating four matched lower-rated transistors in paral lei. 

A single comparator Is used to generate a 2000-Hz reference signal and 
clock. The error signal, generated as the difference between the armature 
chopper current command and the current feedback signals is compared to a 
reference signal to generate a duty-cycle control, while a clock and logic 
steer the drive signals to the proper transistor. An inhibit signal turns 
off both drive signals in an overcurrent condition. 

Depending on the levels of back emf in the motor and generator, the 
armature chopper wi I I dissipate from 240 to 350 w at r~ted current. At a 
normal operating current of 50 amp, these power levels would drop to 100 to 
125 w. 

b. Field Choppers 

The carrier motor/generator and ring generator/motor use identical field 
choppers, with a rated operating current of 15 amp. The field chopper (Figure 
66) is a self-oscillating current regulator. Both frequency and duty cycle 
vary as a function of input command, load variations, anrl supply voltage. 

Current feedback is supplied via a 10-mi I I iohm ground-leg shunt. The 
feedback is scaled and is compared to the input command at d summing integating 
amplifier. Accompanying transistors form a bang-bang switch with hysteresis. 
Driven by the integrator output, this switch performs the necessary regulation 
functions with the field current following the input command. At rated current, 
the field-chopper loss wi I I be approximately 24 w. 

c. Contactor Drivers 

The contactor drivers receive a discrete command from the controller. In 
resp.onse to this command, the circuIt app I i es a start i r:ig pu I se to the r.ontactor 
coi I and, after a fixed period of time, the current/voltage is dropped to a 
lower average value to reduce power dissipation. 
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The contactor drive circuit, Figure 67, employs a one-shot, 0.25-sec 
pulse to provide the initial starting pulse; thereafter, the lower current/ 
voltage is maintained by pulse-width frequency modulation, with the drive 
transistors using a current-bandwidth-regulating loop. 

d. Accessory Power Supply 

The accessory power supply is a I ightweight, high-efficiency de-to-de 
converter which converts the 108-vdc battery power into 12-vdc power used by 
the vehicle accessory loads tabulated in Table 16. This supply is capable of 
providing 517 w continuously with 625 w for peak intermittent loads. Its 
circuit scheme is shown in Figure 68. 

TABLE 16 

ACCESSORY POWER SUPPLY DESIGN LOAD (WATTS) 

Item 

Contr·o I I er 
Data recorder 
Wiper 
Radio 
Annunciator 
G-sensor 
Defog fan 
Head I i ghts 
Markers 
Ta i I I i ghts 
Dome I i ghts 
Pane I I i ghts 
Turn signal 
Windshield washer 
Back-up I i ght 
Brake right 
Horn 
Wiring 

Load 

30 w 
25 
75 
5 
20 
20 
90 
180 
32 
8 
3 
9 
27 
40 
54 
54 
10 
5 

Design conditions: min. continuous load: 60 w 
max. continuous load: 
peak intermittent load: 
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e. Vacuum and Lube Pump Controls 

The vacuum and I u be pump contro Is operate i-ndependent I y of the ~I ectron i c 
controller, since flywheel vacuum and system lubrication must be maintained 
whenever the flywheel is above 5000 rpm. As shown in the block diagram (Figure 
69), the oi I pump motor is energized whenever the control system is operating, 
and is not deenergized unti I flywheel speed drops below a safe minimum speed, 
even if the main controller fai Is or is shut down. The cavity fore pump is 
also armed whenever the control system is operating or the flywheel is above 
minimum speed. The cavity pressure switch energizes and deenergizes the fore 
pump motor in order to provide bang-bang control of cavity pressure to 1.0 torr. 

3. Data Recorder 

A digital cassette tape deck with read/write electronics is used for the 
data recorder. The tape deck provides storage means for recording vehicle 
performance data during test periods, and the cassette format simplifies data 
transmittal to a computer center for subsequent evaluation. 

The system controller contains a tape deck control interface used to 
format data for storage and to generate hand-shake signals between the tape 
deck and the controller. The controller samples 41 system parameters (14 
analog and 27 discrete) every second and stores this information in a 64-word, 
16-bit buffer merrory. This buffer merrory is fi lied and then dumped onto the 
tape cassette every 3 sec. 

The data recorder parameter I ist, storage capacity, and recorder specifi­
cations are summarized in Table 17. 

4. Battery Charger 

An onboard battery charger is provided to allow local overnight rechar~in~ 
of the vehicle battery pack. The charger wi I I operate from either 15- or 30-amp 
rms, 115-vac household service, which is switch selectable at the charger. 
Provision is made in the unit to accept an external connection to a 60-amp de 
remote charger for rapid recharge. Cooling is provided by a fan mounted on the 
charger; the same fan is used to provide battery tunnel ventilation. 

Included with the charger is a smal I 12-vdc power supply derived directly 
from the 108-v battery, which is used to power the vehicle emergency flasher 
I ights when alI other electronics are inactivated. 

Test results on a charger are shown in Figure 70 and 71. 

5. Switch Gear 

The battery-! ine contactor and the chopper contactor are part of the main 
power loop, and are required to carry 200 amp for several minutes, a current 
which is treated as a continuous-rating requirement. The selected contactors 
have a capabi I ity of interrupting fault currents in excess of 1200 amp. These 
contactors have blow-outs and arc-shutes, and are rated at 72 vdc at 0.62 amp, 
closin~ and holdin~ at 20 percent of rated voltage. 
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TABLE 17 

DATA RECORDER 

Parameter List 

F I ywhee I speed 
r1otor speed 
Generator speed 
f1otor anaature current 
Gen armature current 
r1otor t 1 e 1 d cur reliT 
Gen field current 
Rattery current 
Rrakc ~cn~or 
Throttle sensor 
r1otor temperature 
Generator temperature 
flattery voltage 
Rattery ter:~perature 
Any CPU computed parameter 

Storage Capacity 

fl4-word buffer in controller 
300 ft cassette tape, 7.5 ips 
Recording time 90 min., 20 words/sec 

Recorder Spec H iicut ions 

TEAC m-609 
Dimension,s: 7.5 by 7.5 by 5.5· in. • 
Ser i a I' i npCJ:f, phase· encoding 
Power requiirement: +12 v at 2.1. amp 

-12 vat 0.1 am~ 
+5 v at 1.8 amp 
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The motor/generator contactors are similar units, but with a higher 
continuous-rating requirement of 228 amp, and allow current to flow in either 
direction. Their interrupt capability is in excess of 1800 amp, and when inter­
rupting rated currents, arcing wil I be contained withln the shutes. 

The reverser switch carries a nominal 15-amp, and makes and breaks at 
0 amp. In the interest of rei iabil ity and safety, the unit has load-braking 
capability, with magnetic blow-outs, but with no arc shutes. Its coi I requires 
2 w, closing and holding. Its auxiliary contacts are SPOT, and operate the 
backup I i ghts. 

The start-run relay is at the heart of the on-off control for the vehicl~, 
supplying coi I power to the battery contactor. This relay is a Siemens unit, 
weighing 12 ounces, and carrying 12 vdc, 7 w closing and holding. The range­
meter relay is SPOT at relatively low current levels, with coi I power of 2.2 w, 
and operates from the battery contactor at 108 vdc. 

AI I fuses of the power circuits are 250 v, rated to ensure clearing of 
transients. Current sensors in the main power loop wi I I accept fault-current 
transients of 2000 amp, recovering without loss of accuracy in microseconds. 

6. Vehicle Cabling 

The minimum selected wire size, for reasons of mechanical integrity at 
joints, is No. 18 AWG wire. Smaller size wires are used at some terminals in 
potted connectors, and at strain-rei ieved connections. A further consideration 
for selecting No. 18 wire was to minimize wiring power losses which would occur 
with smaller size wire. The ground wire is No. 10 for accessories and the 
15- to 30-amp circuits to the charger. Power cables for the battery circuit 
and those for the motor-circuit use No. 1 wires. In the rear compartment, 
wiring insulation is rated for 300 vat 125°C, while in the forward areas 90°C 
insulation is used. 

Cabling weights for the two sections of the electrical subsystem are as 
follows: 

Length, Weight, 
ft lb 

Shielded twin pair 100 2.2 

Twin pair 210 3.4 

No. 4 cab I e 5 0.6 

No. 1 cable 20 5.8 

No. 18 wire, lb 100 11 .o 

Total weight 14.0 
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Power dissipation is as follows: 

No. 18 Wire= 6.35/1000 x 1 x wire length (in feet) 

No. 1 Wire = 1/5900 x wire length in feet 

7. Coo I i ng Fans 

The cooling fans are standard, commercial items: one is used for venti la­
ting the passenger compartment and windshield defrosting; it operates directly 
from the battery line on 108 vdc. An identical tan is part of the power elec­
tronics unit, and is used to cool the electronic unit, the generator, and motor 
units connected farther downstream; it operates dire~tly from the battey 108-vdc 
I i ne. 

A smaller fan, attached to the charger instal led in front of the vehicle, 
cools the charger electronics, and simultaneously ventilates the battery tunnel 
during the battery-charging mode. 

8. Drive Controls and Displays 

Every effort has been made to select and arrange the driver's controls 
and displays so that they wi II appear similar to those in conventional' cars 
and thus wi I I permit a new driver to operate the vehicle with I ittle or no 
instruction. The functional diagram of the controls and displays is shown 
in Figure 72, and a pre I i mi nary I ayout of the instrument pane I is shown in 
Figure 73. 

a. Contrvls 

Only two foot pedals are required--the brake pedal and the accelerator 
pedal. Tho planetary gear arrangement eliminates the need for a clutch, thus 
the car operates I ike one with an automatic transmission. The brake and acceler­
ator pedals are both equipped with electrical position pickups for communication 
with the controller. A shift selector identical to an automatic transmission 
selector is used to select the operating modes: 

PARK - Mechanically locks the power unit (hence the rear wheels) 

REVERSE- Conventional reverse operation 

NEUTRAL - Permits free-wheeling operation 

DRIVE - Conventional drive operation 

b. Displays 

Three round-dial-type instruments are arranged into a center cluster 
together with various indicator I ights. 

SPEEDOMETER/ODOMETER--a Stewart-Warner electric instrument driven 
from the system electronic controller. 
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POWER--A conventional tachometer electrically driven trom the con­
troller. It is driven as a function of flywheel speed and vehicle 
speed and provides the driver a general indication of the vehicle's 
acceleration capabi I ities. It allows the driver to determine the 
proper flywheel charqe to permit safe operation of the vehicle and 
judge reserve power available for acceleration. The driver is 
encouraged to allow the flywheel speed to reach a minimum acceptable 
level during the startup mode (as indicated by the green region) to 
enhance the overal I vehicle performance. 

BATTERY CHARGE--Indicates the energy remaining in the battery pack. 
It is also electrically driven from the controller during the dis­
charge mode and from the charger during the charge mode. 

TEMP--Several temperatures in the power unit are monitored. These 
Tfk"'ude motor/yenerator winding temperatures and the e I ectron i c 
power conversion unit operating temperatures. If any temperaturP. 
exceeds a predetermined I imit, the TEMP I ight is it luminated. 

PRESSURE--Flywheel vacuum pressure is monitored; any flywheel vacuum 
out-of-tolerance condition illuminates the PRESSURE indicator tight. 

BRAKE FAIL--Signals loss of pressure in one portion of the hydraulic 
system. 

SEAT BELT--Signals open seat belt. 

BATTERY FAIL--Signals that one or more battery cells are out of 
to I erance. 

The remaining displays are conventional. 

ELECTRONIC COMPONENT TESTING 

The tol lowing tests have been completed: 

Power Conversion Unit 

Armature chopper development and motor/generator support tests 13 hrs 

Field choppers development and motor/generator support tests 46 hrs 

Accessory power supply development and system checkout 206 hrs 

Contr-o I I er 

Functional check out and softwa~a devalopm8nt test 108 hrs 

Charger 

Battery charging 1248 hrs 

Cooling Fan 

Motor coo I i ng 106 hrs 
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SECTION 6 

VEHICLE DESIGN 

Renderings of the Near-Term Electric Vehicle (NTEV) are shown in 
Figures 74 and 75. The design was directed to satisfy these objectives: 

• Safety 

• Attractiveness 

• Minimum weight 

• Marketability 

The design meets alI pertinent Federal Motor Vehicle Safety Requirements 
(FMVSS), and many subscale tests have been conducted to verify its integrity. 
Wraparound glass, a thin roof section, and character I ines high on the body 
sides and ends provide an attractive appearance. Weight has been minimized by 
constraining the physical size and by extensive use of fiber reinforced plastic 
(FRP) in place of steel. It is expected that the NTEV's attractive appearance, 
its practical size and weight, and its many functional and performance features 
wi I I provide a marketable vehicle. 

A unibody concept is used; alI body panels and structure trim are fabri­
cated from FRP. The complete suspension, steering, and brakes are from the 
BMW 320i to take advantage of available, proven hardware that is I ightweight 
and efficient. 

A cross section of the NTEV is shown in Figure 76. The power unit is 
rear mounted and the 18 batteries are contained in a tunnel that runs nearly 
the length of the vehicle. Though the battery does present a challenge to 
interior sty I ing, it provides a reasonable weight distribution and polar moment 
of inertia in the pitch and yaw axes. The BMW four-wheel independent suspension 
integrates very wei I with the battery tunnel. The front portion of the battery 
tunnel is corrugated to provide efficient energy management in crash situations. 
Corrugated energy-absorbing tubes also are provided at the front and rear for 
crash protection. 

Pertinent vehicle specifications are: 

Curb weight, lb 2849 

Gross weight, lb 3449 

Weight distribution front/rear, percent 45/55 

Wheelbase, in. 95.0 

Track, front/rear, in. 60.0/59.0 
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Figure 74. NTEV Throe-Quarter Front View 

Figure 75. NTEV Three-Quarter Rear View 
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Length, in. 165.0 

Width, in. 68.0 

Height, in. 54.9 

EXTERIOR DESIGN 

While many discussions of vehicle styling predict "boxy" shapes for future 
vehicles, this formula cannot be uniformly applied to alI vehicle types or to 
alI marketing situations. Domestic cars have been patterned after the Mercedes 
package; this has resulted in improved occupant accommodations and reduced 
vehicle weight; however, a boxy shape is not vital to excel lent interior accom­
modations, and a squared-off vehicle shape does not provide the best occupant 
protection, aerodynamic characteristics, or manufacturing costs on a materinl 
basis. The proposed four-passenger NTEV ~tyling has ueen kept simple and clean 
to optimize product acceptance, provide good aerodynamic performance, and ensure 
ease of manufacture. 

As shown in the three-quarters front and rear views (Figures 74 and 75), 
the body styling reflects a lightweight-vehicle appearance. The wraparound 
glass, thin roof section, and character I ines high on the body sides and ends 
enhance this effect. The tucked-under rocker panels contribute to remove 
"visual weight" from the area low between the wheels, while smal I flares have 
been incorporated to prevent mud and stones from damaging the body finish. 
The low body incorporates substantially more plan-view contouring than conven­
tional vehicles, narrowing at the nose and tai I, and thus saves material 
required for manufacture (and reduces weight). 

The individual panels and panel separations have been minimized for quality 
control and ease of repair or replacement in the field. The lower body (below 
the greenhouse) consists of only seven primary outer mold I ine (OML) panels-­
soft nose, soft tail, hood, left door, right door, and left and right r·ear 
quarter panels. 

Lightweight, defor·mab I e-bumper, facia pane Is have been incorporated at the 
vehicle nose and tai I. These units are configured to sustain continued abuse 
at low speeds with I ittle or no cosmetic or functional damage, and to provide 
substantidl additional protection for pedestrians in the event of an impact. 
The section of soft facia has been doubled at each corner of the vehicle to 
at low greater deformation without damage in this vital area. 

Lighting systems, both front and rear, have been set bad< frum the bumper­
impact zone to avoirl damage rluring bumptH stroke, and to protect pedestrians 
or cy~l ists trom contact with hard surfaces in the event of col I is ion. The 
newly approved, 200-by-142 mm, rectangular headlamps (one on each side) have 
been desi~ned into the vehicle front end. The low headlamp profile and location 
wei I aft of the bumper permit a steeply raked hood nnd low nose for improved 
aerodynamics and vision. 0Urnper corners are well rounded to improve aerodynamic 
performance, and to maximize pedestrian safety. The tai I I ight and the backup/ 
I icense-plate I ight system are positioned wei I forward of the rear impact area , 
and away from corners of the vehicle. 
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During the vehicle design process, two useful aids were bui It and used. 
A one-fifth scale clay model (shown in Figures 77 and 78) was created early 
in the design and served as the test bed for design acceptance and proposed 
revisions. When the design was reasonably firm, the clay model was used as 
a reference for creating both the full-size loft diagram and the male styling 
buck. 

The full-size male buck provided a final design acceptance model and also 
is the master tool from which the NTEV bodies wil I be built. The buck was 
bui It on a framework of steel and plywood, contouring was accomplished with . 
polyurethane foam, and the final surface was several layers of fiberglass cloth 
with a final hard epoxy coating. The nearly finished buck is shown In Figures 
79 and 80. 

INTERIOR DESIGN 

The width of the car is strongly influenced by the battery tunnel, which 
runs up the center of the vehicle. The ample body width provides additional 
room between passengers and creates a general feeling of roominess. A render­
ing of the NTEV interior is presented in Figure 81. Every attempt has been 
made to have the NTEV appear and operate I ike a conventional internal combus­
tion engine (ICE> car. Controls and operation are identical to those for an 
ICE car equipped with an automatic transmission. There is no clutch, and a 
remote shift selector lever is used. Instruments are conventional except for 
one gage indicating flywheel energy and another indicating remaining battery 
charge. Ample package storage is provided in the passenger dash area and on 
top of the battery tunnel console. 

An exploded view of the NTEV interior is shown in Figure 82. Maximum 
use is made of avai fable parts. The steering column, brake and throttle pedals, 
and hand brake are from the BMW 320i. Front seats are Stylex Grande Luxe 
Reel iners, which are avai fable aftermarket seats made in England. These seats 
are I ightweight and comfortable. Window riser mechanisms are from the VW 
Rabbit and are efficient and I ightweight. 

The interior mockup is shown in Figures 83 and 84. These pictures 
indicate that the NTEV has adequate head room and passenger comfort. The 
influence of the battery tunnel is clearly evident in Figure 84, which shows 
the passengers seated nearer the A-pos1s than in conventional vehicles. 

A standard passenger restraint system is used. In the front, the 3-point, 
continuous loop system from the 1 77 Mustang is used. The system uses an iner­
tia locking retractor that is buried in the B post. A standard Type 1 lap belt 
is used in the rear seat. Verification of the restraint anchor points wi I I be 
accomplished by static testing of structural sections and also by the 30-mph 
frontal barrier crash test of vehicle SN 002. 

CONTROLS AND DISPLAYS 

The design objective in this area is to make the controls and displays as 
simple and conventional as possible. It would be a great advantage if a first­
time driver could enter the NTEV and drive away with I ittle or no instruction. 
fhe ~ontrol and display arrangement is shown in Figure 85. 
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Fi~ure 77. One-Fifth Scale Model -Rear 

Figure 78. One-Fifth Scale Model -Side 
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Figure 79. Nearly Finished Male Buck - Rear 
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Figure 80. Nearly Finished Male Buck - Front 
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Figure 81. ~TEV Interior- Artist's :oncept 
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Figure 83. Ful !-Scale Interior Mockup 

Figure 84. Wide Passenger Seating 
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The NTEV operates exactly the same as a conventional ICE car with an 
automatic transmission. The operating controls consist of: 

(a) Steering wheel 

(b) Shift selector 

(c) Accelerator pedal 

(d) Brake peda I 

The shitt selector is set up exactly the same as an automatic transmission 
selector with the following positions and functions: 

PARK--The vehicle is mechanically locked in place. At startup, with the 
selector in PARK and the ignition key ON, the NTEV control wi I I bring 
the flywheel up to speed. The start sequence can be terminated at any 
time by moving the selector to another position (except NEUTRAL). 

REVERSE--Conventional rever~~ operation. 
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NEUTRAL--The power unit is energized, but power wil I not be applied 
to the rear wheels. Also, when the vehicle is in motion, simulated 
compression braking wil I not be applied to the rear wheels. 

DRIVE--Conventional drive operation. 

The NTEV has two independent braking systems: 

(a) An electrical regenerative system that acts through the rear wheels 
only and transfers vehicle kinetic energy into the flywheel o r into 
the batteries. Regenerative braking is engaged during the initial 
1.5 in. of brake pedal travel, and the amount of regenerative braking 
provided wi I I be sufficient to accommodate most city driving cycles. 

(b) The standard BMW 320i hydraulic system with disc brakes in front, 
drum brakes in the rear, and isolated ti1Iid paths between front 
and rear. Hyt.Jr-au I i c brakes are engaged beyond about 1. 5 in. of 
brake pedal travel. 

lhe accelerator pedal operates an electrical pickup that commun icates with 
the EPPV control computer and implements the various power unit operatin g modes. 

Three mechanical displays are provided: 

Speedometer/Odometer--This is an electrically driven instrument 
using conventional format. 

Flywheel Power Indicator--The purpose of this display is to inf orm 
the dr i ver, in broad terms, of his vehicle's performance capub i I ity. 
This instrument is driven by the NTEV controller and shows three 
zones: (1) red for low performance, (2) orange for acceptub le per­
formanr.e, and (3) qreen for design-level performance . The ma in 
parameter involved in this display is flywheel s peed, and th e main 
purpose of the display is to warn the dr- iver again s t enterin g s it ua ­
tions requiring higher performance when the flywhee l c h~rge i s low. 

Battery Charge--The NTEV computer solves a somewhat complex 
algorithm involving battery voltages and temperatures and displ ays 
the battery charge condition to the driver. Two warning I ights 
are provided tor power unit functions. A TEMP I ight warns if ~ny 
lubricant or metal temperatures exceed predetermined limits anrl 
the PRESSURE light warns of low flywheel vacuum. 

Remaining controls and displays aro fnr 11ur ·mal vehicle functions, such as 
heater ·/d c frost control, lights, turn signals, and windshield wipers. 

HtAT/VENT/ DEFROST SYSTEM 

The NTEV airflow arrangement is shown 
brouyht in via the inlet plenum located at 
may be brought directly into the passenger 
be directed through the fuel-type heater. 
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in the rear of the vehicle. A register, regulated from the driver's station, 
wil I be provided to permit air to be taken from the passenger compartment into 
the rear electrical equipment compartment. 

The heater selected is an ESPAR X2K diesel-fueled hot-air heater. These 
heaters have long been in production for European air-cooled as wei I as water­
cooled automobiles. Characteristics of the candidate heaters considered are 
shown in Table 18. 

TABLE 18 

CANDIDATE NTEV HEATERS 

Capacity, Dimensions, in. Weight, Air Delivery, 
Heater Btu/hr (Lxdiax H) lb cfm 

ESPAR OIL 5,800 12 X 4 X 6 8 40 

ESPAR X2K 8,000 19 X 5 10 9 45 

ESPAR 04 LK 15,000 23 X 10 X 12 23 145 

ESPAR, New Model 11,400 15.9 X 5.3 X 5.5 NA 60 

South Wind 20,000 15.5 X 8W X 15 35 100 
10603 BH 
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The X2K heater packages nicely In the NTEV front compartment and Is 1 ight­
weight. Figure 87 shows that a comfortable combination of warmth and venti­
lation should be attainable under 811 conditions. The low air delivery of the 
X2K {45 cfm) requires another fan for ventilation, but ESPAR Is now developing 
a new heater speclflcal ly aimed at electric vehicles, which has Increased heating 
capabi llty and higher air delivery In about the same size envelope. 
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Figure 87. ESPAR X2K Heater Performance 

A schematic of the hea~/vent/defrost system is shown in Figure 88. 
Controls are conventional and provide options ranging from ful I heat/no venti­
lation to no heat/full ventilation. The temperature of defrost air also can 
be regulated. This arrangement should prove quite effective because the diesel 
heater requires no warmup and it can even be switched on during the Initial 
flywheel charging mode to preheat the vehicle. 
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Figure 88. Heat/Vent/Defrost Schematic 
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GLAZING 

Glass always has been the preferred glazing material for automobiles. It 
is hard, abrasion resistant, has good optical qualities, and is very stiff. It 
is also very heavy, 0.08855 lb/cu in., which is 31 percent of the density of 
steel. Since American car manufacturers have become weight conscious, plastics 
are being seriously considered for glazing. New coatings have improved abrasion 
resistance, optical qualities are good, and their density is half that of glass 
at 0.043 lb/cu in. The potential weight savings makes plastic glazing very 
attractive for future electric vehicles. 

Plastic glazing wil I be used extensively in the NTEV. Coated acrylics wi I I 
be used for alI glazing except the windshield, which wi I I be the conventional 
lamindted safety glass. Characteristics of the plastic NTEV glazing are presen­
ted in Table 19. Stretched aery I ic, because of its superior ducti I ity, is 
used for the rol 1-up windows and the back I ight, while the as-cast material is 
sufficient for the fixed rear quarter-windows. Though the acrylic must be 
thicker than its glass counterpart because of its low bending modulus, plastic 
glazing otters the NTEV a 21.5-lb weight savings potential. 

TABLE 19 

CHARACTERISTICS OF NTEV PLASTIC GLAZING 

Glass Weight 
Thickness, Weight, Weight, lb Savings, 

Glazing Material in. lb <Thickness, in. ) lb 

Driver's Stretched 0.125 3.75 7.3 3.5 
window aery I i c (0.118) 

Passenger Stretched 0.125 3.75 7.3 3.5 
window aery I ic (0.118) 

Rear I i ght Stretched 0.250 15.84 24.7 8.9 
aery I i c ( 0. 188) 

Right quarter- As-cast 0.125 2.97 5.8 2.8 
window aery I i c (0.118) 

Left quarter- As-cast 0.125 2.97 5.8 2.8 
window aery I ic (0.118) 

Totals 29.28 50.9 21.5 
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BATTERY SERVICE CONCEPT 

The 18 batteries are located in a central longitudinal tunnel as shown 
in Figure 89. The batteries are mounted in a lightweight tray, and each 
battery row is strapped firmly to the tray. The tray has two runners on 
its bottom covered with a Teflon-1 ike material. These runners move on tracks 
(also made from Teflon-1 ike material) along the bottom of the battery tunnel. 
The coefficient of friction between the runners and the tracks is approximately 
0.10. Thus, a 100-lb pulling force wil I be sufficient to slide the 1040-lb 
battery pack out of the vehicle. 

The concept for removing and instal I ing the battery pack is shown in 
Figure 89. The NTEV wi I I be I ifted at its four jacking points unti I the 
wheels are off the ground, which wil I ensure a fixed position for the battery 
tunnel during the battery-removal process. A battery cart wi I I be specially 
design~d for the servicing operation. The cart wi I I have the Teflon-1 ike 
tracks on its bed, and w i I I have a hand-operated crank-ba I I screw ar·rangement 
forward. The process of removing the batteries is as follows: 

(a) Remove front bumper center section. 

(b) Raise car using four jacks; adjust jacks so bottom of battery 
tunnel is level with bed of service cart. 

(c) Remove bolts located beneath vehicle that secure battery tray 
to floor of battery tunnel. 

(d) Fasten cart attaching screws to front of battery tray, and crank 
battery p~ck out of tunnel and onto service cart. 

\ 
BATTERY PACKAGE 

Figure 89. Battery Service Concept 

126 



For installation, the battery tray is pushed back into place by the crank­
bal !screw actuator. 

All battery servicing wil I require battery removal. Because of the 
antimony-free construction of the Eagle-Picher batteries, there wi I I be a 
minimum of outgassing, and water depletion wil I be smal 1. It is estimated 
that the batteries wi I I require checking for water level at two-month intervals. 

STRUCTURE 

Structure Concept 

The structure wil I be primarily fiber reinforced plastic (FRP). A 
total of 22 components wi I I be fabricated separately, and then wi I I be bonded 
together to form the total structure. An exploded view of the NTEV structure 
is shown in Figure 90. 

A more detailed chart showing the overal I body breakdown and the assembly 
sequence is shown in Figure 91. 

The structure concept uses the battery tunnel as a primary structural 
member. The tunnel structure carries most of the normal running and operating 
loads and the front and rear suspension loads. The passenger compartment 
provides additional structural rigidity to meet rollover requirements and to 
maintain integrity under crash conditions. 

The batteries are mounted in a double row and run the length of the battery 
tunnel. This approach locates alI the batteries in a common pack, simp I ifies 
wiring, simplifies servicing, and provides desirable weight distribution. In 
addition, the approach otters desirable crash-energy management characteristics. 

Each pair of batteries is strapped to a continuous battery support tray. 
The tray is attached to the structure from the underside with approximately 
eight bolts. These connections are designed to restrain the pack in the tun­
nel under loads of up to about 10 g. Under major front-end-impact conditions, 
the connections wil I tai I and allow the batteries to move relative to the tun­
nel and absorb their own kinetic energy. The upper portion of the tunnel is 
integral with the floor structure to provide a continuous barrier to exclude 
battery acids and fumes from the passenger compartment. The bottom section is 
bonded into position, and is stiffened to carry the battery loads back into the 
side wal Is. 

Figure 92 shows a cross-section of the NTEV body through its center! ine. 
The flexible foam bumpers are designed to absorb the energy of a 5-mph col I ision 
and to return undamaged. In a 10-mph collision, front or rear, the fiberglass 
backup beam wi I I absorb the impact and may be damaged, but the remaining struc­
ture wil I be totally intact. In a 30-mph col I ision, the structure wi I I crush 
and absorb energy in a manner that limits passenger g-loading to safe levels. 
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A section through the front axle is shown in Figure 93. The energy 
management front crush elements are located on each side of the battery 
tunnel. A metal front cross-member picks up the lower control arms and is in 
turn bolted to the battery tunnel. 

The rear structure is shown in Figure 94. Rear crash loads are carried 
forward by the rear si I Is from the rear bumper, around the wheel wei Is, and into 
the side si I Is. The rear si I Is also contain energy-absorbing elements. 

A side view of the rear si I I is shown in Figure 95. The forward part 
of the rear s I I I is spoon shaped and is bonded onto tha side s i I I. The power 
unit is suspended on four Barry 500 series motor mounts. These areal 1-angle 
isolators utilizing elastomers in compression. Pnwer unit rcmnvnl is a~~om­
[)1 i'3hed l.Jy romovlng tour motor mount bolts and lowering the power unit with a 
special fixture. 

The door conce[)t is shown in Figure 96. A fiberglass corrugated-type 
beam runs the length of the door to ahsnrb side impact loods. o~tlectlon tests 
hdve bee!'\ conducted on this beam to verify its stiffness and strength • 
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Figure 95. Body Structure, Rear, Sid~ View 

The hood concept is shown in Figure 97. It is rear-opening, two-part 
construction with conventional hinges and latches. 

The rear hatch concept is shown in Figure 98. The hatch is a formed 
piece of 0.250-in. stretched acrylic. ThB hingP.s and latcho~ are bolted 
directly to the acrylic, 

Crash Management 

In order to design the crash-energy-management system for the electric 
vehicle, it is necessary first to astabl ish the overal I crushing resistances 
required of the vehicle structure. The w~ight of the electric vehicle, with 
occupants, is approximately 3449 lb. Included in this weight is 1040 lb 
of batteries. 

The vehicle design concept requires the batteries to be rlecoupled from 
the vehicle structure during a crash situation, so that the vehicle structure 
wi I I not be forced to absorb the kinetic energy of the batteries. This concept 
was demonstrated in battery crash testing performed by The Budd Company. 

Drop-tower test~, conducted by The Budd Company on its 30-mph test 
faci I ity, have indicated that the major structural elements used in the vehicle 
wi I I provide adequate crush resistance. The test results on the battery 
tunnel indicate an average crush force of 10,000 lb, and the two energy-absorbing 
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elements (foam-fi lied tubes) yield an average crush force of 29,000 lb. 
The combined crush resistance is 39,000 lb. Based on the 39,000-lb figure, 
the crush distance would be approximately 1.64 ft. 

Since these crush distances are for an ideal square-wave energy absorber, 
additional distance should be provided to take into account the actual per­
formance of the front-end structure. Based on past experience, approximately 
36 in. of crush distance wil I be provided in the front-end design. 

The crash-energy data are summarized in Table 20. 

TABLE 20 

CRASH ENERGY MANAGEMENT 

Vehicle kinetic energy at 30 mph 
less batteries and with 2 passenger, ft-lb 

Average force for 2-ft crush, lb 

Average force for structural elements, lb 

Tunnel 
Absorbers 

Sectional Properties 

63,400 

31,700 

10,000 
29,000 

39,000 

Figure 99 presents a preliminary study of the sectional properties of 
the vehicle, as conceptually designed. Shown tor comparison purposes on 
the figure are the properties tor a metal vehicle structure of the same 
size. 

The torsional rigidity of the design is shown in Table 21 and is compared 
with values tor other vehicle designs. 

Materials 

Primary body materials are predominantly fiber-reinforced polyester <FRP) 
with metal inserts in high-stress areas such as suspension attachment points. 
In most of the body structure, glass-mat-reinforced polyester with glass content 
of 35 percent (referred to as C I ass 1) w i I I be used. In some high-stress areas, 
glass-cloth-reinforced polyester with glass content from 50 to 65 percent 
(referred to as C I ass 2) w i I I be used. 

Material properties (except the fatigue strengths) presented in Table 22 
are test results from three or more flat-test specimens, machined from test 
slabs, 0.090 to 0.125 in. thick. All values presented are those at room 
temperature. The fatigue strengths are based on PPG published data. 
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Figure 99. Comparison of Section Properties 

TABLE 21 

COMPARISON OF TORSIONAL BODY STIFFNESSES 

Vehicle Torsional Stiffness, tt-lb 
degree 

Electric vehicle 9,100 
proposed design 

Chevrolet 3,240 
plastic-foam body -
XP-898 

Budd Company 5,600 
llt!~iynt!tl -
Swift vehicle 

British Leyland 6,430 
vehicle . 

' 
Fiat 128 8,700 
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Secondary materials are glazing materials, polyurethane 
adhesive materials, etc., which are nonstructural in nature. 
components are BMW 320i parts, made of high-strength steel. 
materials uses. 

TABLE 22 

FRP MATERIAL PROPERTIES 

Values 

Property Units Class 1 Class 2 

Tensile strength, min. ksi 15 34 

Tens i I e modulus, min. msi 1 .4 2.2 

Flexural strength, min. ksi 23 30 

Flexural modulus, min. msi 1 0 2 1 .o 

Compressive strength, ksi 22 30 
min. 

Fatigue flux ( 10 cycles) ksi 3.8 6 01 
Impact strength, min. lb/in. 5 6 

Specific gravity, min. --- 1 .35 1.5 

Flammabll ity, min. --- Pass Pass 
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foam, rubber, 
Suspension 

Table 23 lists 

Test 
Method 

ASTM-0-638 

ASTM-0-638 

AST!VI-0-790 

ASTM-0-790 

ASTM-0-695 
I 

ASTM-0-256 

ASTM-0-792 

FMVSS 571.302 



TABLE 23 

NTEV MATERIALS USES 

Material 

Glass mat/reinforced polyester: 

0.060 in. thick 
0.090 in. thick 

Glass cloth/reinforced polyester 

Glazing: 

Laminated glass, EZ3-eye tinted, 
0.250 in. thick 

Abrasion-resistant acrylic, 
EZ-eye tinted, 

0.125 in. thick 

0.125 in. thick 
0.250 in. thick 

Polyurethane foam: 

2 PCF rigid 
Flexible 
6 PCF, flexible 

Vinyl, cloth backing 

Neoprene foam, butyl rubber 

Epoxies, urethanes 

Steel 

WEIGHT SUMMARY 

Use 

Chassis 

Nonstructural 
Structural 

High-stress areas 

Windshield 

Door windows 

Rear quarter windows 
Rear window 

Energy absorption 
Cushions 
Bumpers 

Upholstery 

Door and window seals 

Adhesives 

Suspension components 

The overall vehicle weight surrmary is shown In Table 24. CumiJUIJt:m'ts ar\0' 
organized along the I ines of the Universal Parts Grouping used by automobile 
manufacturers. Target weights for each grouping were set early in the EPPV 
program and wi I I not change. Estimated weights are calculated from detai I 
drawinQs as they become available and actual weights are obtained by weighing 
the hardware. 
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TABLE 24 

VEHICLE WEIGHT SUMMARY 

UPG 
No. Part Name Weight, lb 

1 1 Body assembly, final 498.6 

12 Operating hardware 53.7 

13 Lamps, switches, and ·instrument panel control 7.2 

14 Exterior ornaments 16.3 -
15 Trim panels 7.0 

16 Seats 65.0 

17 Seals, weather strip, insulation 5.5 

18 Glazing 82.6 

19 Convenience items 17.8 . 
20 Interior molding and ornaments 0.5 . 
21 Instrument panel and cqnsole 13.5 

22 Paint 10.0 

30 Power system* 1646.45 

31 Final drive 26.0** 

33 Suspension 143.4** 

34 Steering 16.7** 

35 Brakes 86. 1 ** 

36 General chassis components 128.0 

37 Chassis indirect materials 2.5 

80 Heater 13.0 

85 Accessory equipment 9.2 

Total 2849 

*Includes batteries, 1040 lb 
**Denotes actual weights; other values are estimated 
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SECTION 7 

SUSPENSION. BRAKES. AND STEERING 

The design objective for suspension. brakes. and steering components 
was to adopt existing components to the NTEV. Following a study of candidate 
vehicles. the total system from the BMW 320i was selected. The 320i is about 
the same size and weight as the NTEV, and its four-wheel independent suspension 
fits the packaging requirements dictated by the central battery tunnel. 

A comparison of NTEV and 320i physical characteristics is shown in Table 
25. From the suspension standpoint. the only change required wi I I be exten­
sions on the steering I inks to accommodate the 5.4 in. greater track width of 
the NTEV. Although the NTEV is slightly heavier than the 320i, it has less 
weight on the front wheels. This should ensure reasonable steering effort 
without power steering. 

TABLE 25 

NTEV/320i PHYSICAL CHARACTERISTICS 

BMW 
NTEV 320i 

Curb wei gilt, lb 2849 2605 

Gross weight, lb 3449 3205 

Weight distribution front/rear, percent 45/55 54/46 

Weight on front wheels (curb), lb 1279 1406 

Wheelbase, in. 95.0 100.9 

Track, front/rear, in. 60.0/59.0 54.6/55.1 

I Angth, in. 165.0 177.5 

Width, in. 68.0 63.4 

Height, in. 54.9 54.3 

SUSPENSION AND STEERING 

Characteristics of the NTEV suspension and steering system are presented in 
Table 26. Views of the selected system are presented in Figures 100, 101, and 
102. 
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TABLE 26 

NTEV SUSPENSION AND STEERING DATA 

Front Suspension 

Upward wheel travel, in. 
Downward wheel travel, in. 
King-pin inclination, deg, min. 

Steering 

Maximum wheel lock, inside wheel, deg 
Maximum wheel lock, outside wheel, deg 
Overal I steering ratio 
Turns lock-to-lock 

Rear Suspension 

Upward wheel travel, in. 
Downward wheel travel, in. 

3.3 
4.3 
10°, 54' 

40.4 
35.3 

1.' 1.1:1 
4. 1 

4.0 
4.8 

Figure 100. Front Suspension Underside View Showing Steering 
Components 
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Figure 101. Rear Suspension Underside View 

Fiqure 102 . Front Suspension View Showing Spring and Shock 
Absorber Dete I I 
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An attempt was made to replace the front disc brakes in order to: (a) 
.-educe weight, (b) reduce pedal force requirement, and (c) reduce brake drag. 
These are significant advantages for electric vehicles and should be explored 
further in the future; however, replacing the discs would have required con­
siderable design and development and was not consistent with the NTEV objectives, 
so the discs were retained. Solid brake discs, which are standard on the 1978 
320i, are being considered for weight savings. 

The rear torsion bar wil I be omitted. It is also omitted on the 1978 320i 
as a weight-saving measure. 

A weight summary of the overal I suspension system is presented in Table 
27. The 320i system is I ightweight by comparison with American car counter­
parts, and I ittle further weiqht reduction can be expected unti I composite 
materials are more fut ly developed. 

TABLE 27 

SUSPENSION WEIGHT PER CAR SET 

Weight, 
lb 

Front suspension 87.1 

Front brakes 42.2 

Rear suspension 56.3 

Rear brakes 33.5 

Steering 16.7 

Master cycl inder and brake I ining, etc. 10.4 

Tires 82.0 

Wheels (aluminum) 40.0 

Axles and constant-velocity joints L6.0 

Total 394.2 

Since the geometry relationship of the NTEV suspension wi I I be unchanged 
from the 320i, measurements were made on a 320i to obtain basic suspension 
characteristics. These characteristics wit I be used to develop desired hand­
ling and to help understand and solve handling problems if they should arise. 
The test car and the instruments and aids used to take measurements are shown 
in Figure 103. Springs were removed to allow measurements at at I wheel travel 
positions. Special discs with reference scribe lines were bui It and mounted 
in place of the wheels. 
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a. WHEEL TREAD 

b. TOE CHANGE c . CASTER/CAMBER 

Figure 103. BMW Test Car Suspension Geometry Measurement 
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Results of· the measurements are presented in Figures 104, 105, 106, and 
107. Probably the most significant result appears in Figure 108, which shows 
that the 320i and NTEV theoretical Ackermann diagrams are very similar. This 
indicates there should be very I ittle tire scrubbing in the smal I wheel angle 
range where most driving is conducted. 

BRAKES 

The NTEV has both electrical regenerative and hydraulic brakes. A schem­
atic of the NTEV brakes is shown in Figure 109. The regenerative and hydraulic 
systems are completely separate. Potentiometer pickups on the accelerator and 
brake pedals communicate with the controller. Signals from the accelerator pedal 
apply regenerative braking to simulate the compression braking experienced in the 
conventional ICE auto. The first 1.5 in. of brake pedal travel applies ful I regen· 
erative braking in a I inear mariner to the NTEV rear wheels. Regenerative braking 
is normally implemented by transferring the vehicle's kinetic energy directly 
into the flywheel. If the flywheel has reached its saturation speed of 25,000 
rpm, the excess current is directed to the battery. 

As shown in Figure 109, the hydraulic brakes are separate and unchanged. 
Direct mechanical linkage from the brake pedal operates the master cylinder, 
which controls separated fluid paths to front and rear brakes. The parking brake 
operates mechanically on the rear wheels. 

The front disc brakes require relatively high actuation force, and the 
artificial feel required during regenerative braking increases pedal pressure. 
The brake pedal arrangement is shown in Figure 110. Regenerative braking is 
applied during the first 1.5 in. of pedal travel, and the hydraulics are .effec­
tive during the next 2.5 in. The regenerative feel spring applies the artificial 
feel during the first 1.5 in. of travel; then, due to its overcenter anchor 
point, it is relaxed to avoid building up pedal force. Clearance is provided 
between the brake pedal rod and the master cylinder to lock out the hydraulics 
during regenerative braking. 

NTEV braking torque/pedal force characteristics are shown in Figure 111 
AI I requirements of FMVSS 571.105 are met. Emergency braking is accommodated 
with 116 lb of pedal force, and the front failure emergency is met with 150 
lb of pedal pressure, alI within 571.105 requirements. Maximum braking torques 
are: 

Total 

Regenerative 

~ront hydraulics 

Rear hydrau I i cs 

The most severe failure condition i~ 

which reduces braking torque 67 percent. 
on the rear wheels, that failure case is 
where a front hydraulics failure reduces 
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2550 ft-1 b 

400 ft-lb 

1720 ft-1 b 

430 ft-lb 

with thR frnnt hyrlra11lics inoperative, 
Because of the regenerative braking 

less severe than with the standard 320i 
braking capabi I ity by 80 percent. 
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In Figure 111, regenerative braking is included as a constant 400 ft-lb 
torque. As shown in Figure 112, maximum regenerative braking varies as a 
function of vehicle velocity. Peak braking is 540 ft-lb at 20 mph and it is 
above 400 ft-lb to beyond 60 mph. At low speeds, regenerative braking is 
effective to about 4 mph and it drops I inearly to zero at standsti I I. When 
the flywheel is saturated and the energy is being put back into the batteries, 
regenerative braking is reduced by about one-half and is not effective below 
30 mph. 

Figure 113 shows the potential usefulness of regenerative braking. 
Various parameters of the Federal Urban Driving Schedule are shown. The lower 
curve shows the braking duty cycle required for FUDS and shows that most of 
the braking can be handled regeneratively. 

The BMW hydraulic system wi I I be used without change. Characteristics of 
the system result in applying 80 percent of the braking to the front wheels on 
the BMW. Figure 114 shows the overal I braking on the rear wheels as a function 
of deceleration rate. At very low rates, when regenerative braking alone is 
applied, braking is 100 percent on the rear. When the hydraulics are brought 
in, more and more braking is placed on the front wheels. 

Also shown in Figure 114 is the NTEV dynamic weight distribution. At 
standsti I I, 54 percent of the NTEV weight is on the rear wheels. The effect of 
deceleration is to dynamically shift more weight to the front. At low deceler­
ations tt1ere is more braking than weight on the rear wheels and there wi I I be a 
tendency to lock the rear wheels on poor road surfaces. At about 11 tt/sec the 
brakes and car are matched and alI four wheels are equally effective. At higher 
deceleration rates, which include the FMVSS 571.105 emergency stops, enough 
braking has shifted to the front to lock the fronf wheels it a skid were to occur • 

. , 
TIRES AND WHEELS 

.. - ~ 

The NTEV design objective in this area is to· obtain I ightweight wheels and 
tires with low rol I ing resistance. Aluminum wheels wi I I be used and a minimum 
weight tor d street-compatible wheel is about 10 lb. Two approaches wi I I be used 
to reduce rol I ing resistance--use of oversized ~teel radial tires and use of the 
high-pressure elI iptical tire. 

Loaded weight of the NTEV is 3449 lb, with 1587 lb on the front wheels 
and 1862 lb on the rear wheels. Maximum tire load is therefore 930 lb on the 
rear. This could be accommodated by an AR 78-13 steel radial tire with a load 
rating of 980 lb at 28 psi. The baseline plan for NTEV is to increase the tire 
size to a CR 78-13 and operate at higher pressure. The larger size and higher 
pressure both reduce rol I ing resistance. Baseline performance data wi I I be taken 
with this combination. 

It is also planned to evaluate NTEV performance with the Goodyear el 1 iptical 
tire. Theel I iptical tire requires a special wheel that must be bui It to accom­
modate the BMW 320i hubs. The tire size required is the Goodyear designation 
P165/65R365. 

151 



600 

500 
en 
Ill ... 
~ 400 

0 z 
i 300 

~ 
Ill 
z 200 
w 
0 
w 
IE: 100 

• TRACTION MOTOR BRAKING USED IF: 

• FLYWHEEL IS SATURATED 

~ND 

• VEHICLE VELOCITY >19 MPH 

/ ~ 
FULL RlGEN (ElERGY IJTO FLYJHEELI 

~ " I'-_ ___.... 
'\ 

I 

~ \ ' ' l 1 ~ \ 
' ~ _l_ 

I I V" ~ I 
~ I 

~--·- 0'-'0"~T--
I 

TRACTION/ 

MOTOR ONLY (ENERGY INTO BATTERIESI 

0 
0 10 

I 
20 

I I I I I 
30 40 50 60 70 

VELOCITY, MPH 

FIgure 112. Flywheel Saturation Provisions 

60 

:r 50 
G. 
:I! 40 

> 
!:::: 30 
u 
g 20 
w 
> 10 

0 

MAX HVWHEEI. SPEED I 92% ~ 

~ 25000 r--~--rt~-~~~-L,~----,.:---_-.-~--.---1-=. i,_l 100 

0• 22600 1----t>r-'-J-+-~:-'-. .,--~..,, '"""""~!""""""""-·----~~-- ~ ~ 81 

::: 20000 1--- -- -- ---·---- ------ ·-·-----r----1 ... ~ 64 

~ ,,.,. ~. _ ~ ff\\k h ! I '• 

~ ~ ; 
200 400 600 BOO 1 000 1200 1400 

CYCLE TIME. SEC 

• REGEN BR/\KING SATISFIES BULK OF CYClF. 

• FlYWHEEL DOES NOT SATURATE 
al 600 ~ 

~ ... 1 ! i l 
I 

w 400 ::I 
d 
a: 
0 
1- 200 
C) .. 
:.1: 
<( 
a: 

-r, l !~ 
B A I) 

i\",\ q !· 

f' 
! 

--~ 
I i· 

II ' J·::A I 
'-1 L ... -- I 

. I :i 11 
! II,. l II; ·ll ~ ~~ j!: 

I 

! iii\ I II I i\/1 : !~ I! I' I I "I I ,I . I' ; ,, !· ,:11 11 

al 200 400 600 800 1000 1200 1400 

CYCLE TIME, SEC 

REGEN 
BRAKING 

Figure 113. Brake Characteristics During Federal Urban 
Driving Cycle 

152 



30 

:l2s 
w 
U) 

' .... 
"'20 
ui .... 
c( 
« 15 
z 
0 
j: 
c( 10 « 
w ... 
w 

~ 5 
Q 

0 

STANDARD BMW 320i HARDWARE 

,\ 
FRONT HYDRAUUb RAnD 

11' 

~ 
COEFFICIENT OF FRICnON · 0. 75 

80.5'M. 

\ 

\ \ ~ 
~ 

~ --

I '~ r---[l t::----..., 

\ -

20 30 40 50 60 70 80 90 100 

PERCENT OF BRAKING ON REAR 

Figure 114. Braking Performance 

To reduce rol I ing resistance it is necessary to increase tire inflation 
pressure. With conventional radial tires, the pressure can only be increased 
to about 35 psi before the ride becomes too hard. As shown in Figure 115, 
pressure in the elI iptical tire can be increased to 44 psi without compromising 
the ride. 

A comparison of the elI iptical tire and a standard radial tire cross-section 
is shown in Figure 116. Theel I iptical tire has a lower profile and is more 
curved in the sidewal I than current radials. lhis contributes to a comfortable 
ride at higher inflation. The rim flange is lower and canted out to conform to 
the elI iptical shape of the tire body. Rim diameters with the elI iptic are 
increased to complete the geometry. 

Comprehensive data on the Goodyear elI iptical tire are not yet available, 
especially in the size required for the NTEV; however, available data are 
encouraging. Data from tests conducted by Calspan Laboratory are presented in 
Table 28. At the lower inflation pressure of 38 psi, the elI iptic shows 
promise of delivering the 0.006 coefficient on which the NTEV performance predic­
tions are based. This table presents data for two different elI iptical tires, 
serial numbers 8303 and 8302. 
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TABLE 28 

CALSPAN LABORATORY ROLLING RESISTANCE 
(POUNDS OF DRAG FORCE, SPEED = 50 MPH, TIRE LOAD = 1024 LB) 

67-in. Drum Test Flat Belt Test 
30 psi 39 psi 30 psi 38 psi 

FR78-14 O'SR 8.63 7.95 10.0 9.0 
Control 

P215/65E 390 6.75 6.03 7.9 6.8 
7X8303 

P215/65E390 5.801 5.20 6.6 6.5 
7X8302 
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SECTION 8 

SCALE MODEL TESTING 

The following tests are planned in support of the NTEV structure 
development: 

• Battery Element Tests 
• Battery Tunnel Test--Ful 1-Scale 
• Energy Absor~er Element Tests 
• Front-End Crash Tests--Half-Scale 
• Rear-End Crash Tests-Ha I f-Sca I e 
• Element Fatigue Tests 
• Modal Survey Tests 
• Frontal Barrier Crash Test--Full-Scale 

The first four tests listed above have been conducted and results are 
reported in this section. 

BATTERY ELEMENT TESTS 

The first phase of component testing was to determine the crush charac­
teristics of the batteries. The primary concern was to establish the abi I ity 
of the 1040 lb of batteries to absorb their own energy in a crash situation. 
Existing plate-type batteries were used throughout the test and design program 
because the new tubular-plate batteries being developed specifically for this 
program wil I not be available during the structural design period. The impact 
and crush characteristics of the tubular type are not expected to be significantly 
different. 

Single Battery Static Crush Tests 

The first tests performed on the batteries were static crush tests. Exide 
EV-106 golf-cart batteries were procured and tested in a Baldwin tensile-test 
machine. Tests were performed, with the force applied in the direction paral lei 
to, and then perpendicular to, the battery plates as indicated by Figure 117. 
Figure 118 illustrates the results of these tests in terms of force vs deflec­
tion. As shown in the figure~ the battery proved to be softer in the force 
direction perpendicular to its plates. Figure 119 shows the battery being 
tested under load in the direction para I lei to its plates. A cross-section 
of the battery after test is given in Figure 120. 

Sing'le Battery Dynamic Crush Tests 

The next tests were performed to establish the dynamic properties of 
single batteries. In these tests, the batteries were drop-tested on the crash­
tower facility at the Budd Tech Center at speeds of 30 to 40 fps. Once again, 
the batteries were tested in both directions. Figure 121 shows that the battery 
tested in the direction perpendicular to its plates performed somewhat better, 
once again exhibiting lower force levels and larger deflections. 
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Figure 119. Static Crush Para! lei to Battery Plates 

Fioure 120. TAst ReSLI!ts for Static Crush Para! lei to Battery r!ates 
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Figure 121. Single-Battery Dynamic Crush Force Characteristics 

Based on these results and packag ing considerations in the vehicle tunnel 
structure, the decision was made to orient the battery with the plates perpe n­
dicular to the frontal-barrier crash direction. 

Battery Tunnel Crush Tests 

The next step in battery testing was to determirH:l what type of column 
ef.fects and over a I I crush distances wou I d be encountered with the I on g row 
of batteries. To accomplish this a full-scale, battery-tunnel structure was 
constructed of fiberglass-reinforced polyester. The tunnel was designed to 
ac commodate a single row of 11 Exide EV-106 batteries. The batteries were 
fi I led with a water-salt solution to simulate specific gravity of the acid. 
The tunnel was then impact-tested on the crash-tower facility (Figure 122 ) at 
a sreed of 30 mph. Figure 123 shows the tunnel after impacting. The simulated 
firewal I was positioned 33 in. from the front of the tunnel. As shown in the 
f ig ure, the tunnel structure was undamaged in the area of the passen ger com­
pa rtment. There would have been, then~ fure, 110 ~c1d spillage ur i11tr· us ic.n into 
that area. The battery-column crush distance was measured to be somewhat in 
excess of 20 in. 

Upon rerrova I of the batteries, it was noted 1 hat the first f i vc batteries 
were c rushed, and the next four batteries were intact. The crush- f ur·ce­
characteristic results are shown in Figure 124. With the exception of the 
h i gh initial pea k that is attributable to the ba t t e ry stack, the results were 
approx imately as anticipated , derronstrating that the battery confi guration was 
a feasible approach from an energy-mana ~ement standpoint. The aggressiveness of 
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Figure 122. Battery Tunnel Crush Test 

Figure 123. Battery Tunnel Crush Test Results 
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Figure 124. Battery Tunnel Crush Force Characteristics 

the battery column wi I I not exceed that of the rest of the front-end structure, 
and the batteries, when decoupled from the structure, wil I absorb their own 
kinetic energy. 

The problem of the high peak force from the front end of the tunnel was 
next verified and then addressed. To verify the effect, a one-half-scdle model 
of the tunnel front-end was constructed, as shown in Figure 125. The model was 
then drop-tested with the resulting peak phenomena once again observed, as shown 
in Figure 126. 

The objective then was to provide a trigger mechanism in the forward 
section that would reduce the peak and provide tor a control led-crushing 
reaction. Three approaches were tested to obtain this effect. The first, as 
shown in Figure 127, was to provide lead-in slits in the front portion of the 
structure. This approach was unsuccessful, as i I lustrated in Figure 128, and 
can also be verified in the force-time history shown in Figure 129. The test 
specimen was half scale, so the average force level projected to the full-scale 
tunnel was 18,400 lb, as shown. 

The next approach was to provide incrementa I s I its in "the st"H ~ rad i l!JS 

portion, as i I lustrated in Figure 130. The test configuration provided 
considerably improved results. A control led, sequential crushing occurred at 
approximately the desired crush force (10,000 lb), as shown in Figure 131. 
While the configuration supplied the desired energy-management characterist ics, 
concern over the performance of the slits in a fatigue environment initiated 
work on the third configuration. 
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Figure 127. Battery Tunnel End-S I it Trigger Mechanism 

Figure 128. Battery Tunnel End-SI it Test Results 
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The third approach employed a corrugated front end, as i I lustrated in 
Figure 132. The test speciman was full scale. The results of the impact test 
on this element were also quite favorable. Control led failure was observed 
once again, and the force levels were well within acceptable values. (see 
Figure 133). Consequently, this technique was chosen for the final design. 

FRONT-END TESTS 

Following the element tests on the battery tunnel and the energy absor L>er 
tubes, it was important to assemble the front-end structure and to determine 
how it behaved as a system. Three half-scale front-end models were bui It and 
tested. The first two front-end models were simp I ified and consisted of only 
the basic structural elements. The third model was more elaborate, including 
fenders, hood, cowl, A-post, toe board, and ·side si I Is. 

The first model is shown in Figure 134. The model included the battery 
tunnel, energy-absorbiny luues, troni bulkhead, ant.l L>uriiiJei" syst!".m- The: model 
also has a battery tray, shown in Figure 135, complete with motorcycle bat­
teries and honeycomb material to simulate battery stiffness. 

The initial front-end half-scale model was tested on November 4. An 
after-test photo of the mode I is shown in r 1 gur'e 136. Fa i I urI:! WdS not as 
intended and was unsymmetrical. The battery tunnel buckled as opposed to 
crushing evenly. In addition, to provide the desired force/deceleration 
characteristics, the model should have crushed about 12 in., but as shown, 
it crushed only 8 in. 
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~i gure 132 . Corrugated End Trigger Mechanism 
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Figure 134. Halt-Seal!::! lront End Hodel 

Figun:~ 135. Half-Scale Front End Hodel Battery Tray 

Figure 136. Ha I f-Sca I e Front End ~1ode I Test Resu Its 
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Examination of the test specimen and the film record after crash test 
revealed several reasons for the unexpected behavior. Due to the location and 
strength of the front bumper, the initial forces loaded the batteries and tun­
nel in an offset manner with respect to their centers. This applied a bending 
moment into the structure that is believed to have contributed significantly 
to the mode of failure. The off-center loading on the batteries caused them 
to fai I in a different manner from the previously full-face loaded battery ele­
ment tests. The net result was that the crush distance was greatly reduced on 
the battery pack, causing the structure to eventually bottom on the batteries. 

In summary, from the first test model, it was learned that: 

(a) The center section of front bumper beam must be a reduced-strength 
element such as a low-density foam with facia panel to avoid the 
off-center loading of the batteries. 

(b) The side bumper eiements must be tailored to meet the 5-mph 
criterion and to fai I at approximately 10 mph to alleviate the 
off-center loading of the overal I structure. 

(c) The eccentricity of the corrugations in the first few inches of 
the frontal structure should be increased to reduce aggressiveness. 

The three changes described above were incorporated into the second front­
end model. A photo taken after its drop test shows that the front end crushed 
in a satisfactory manner; the desired crush distance was increased to over 10 
in. Data taken from the test are presented in Figures 137, 138, and 139. 

Peak deceleration is about 70 g; there was no bottoming of the batteries 
on the structure, and the force-displacement characteristics of the tunnel and 
the energy absorbers were as predicted. Force numbers shown have been pro­
jected to ful I scale. 

The following numerical example shows how close test results from model 2 
came to predictions. 

Vehicle kinetic energy at 30 mph 63,400 
with 2 passengers (less batteries), ft-lb 

Average force for 2-ft crush, lb 31,700 

Average force for structural elements, lb 

Tunnel 8,944 

Absorbers 23,218 

32,162 

Thus, the test average force was only 0.5 percent higher than predicted. 
This does not mean that alI future models and NTEVs wi I I be within this preci­
sion, but it doe~ indicate that the basic mechanisms anrl tAchniques used in 
the NTEV energy management are effective, understood, and predictable. 
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The third half-scale front-end model was much more elaborate and detailed. 
Figure 140 shows the front of the unit and the cowl, wheel houses, energy 
absorbers, and bumper system. The model has a battery tray and motorcycle 
batteries. Figure 141 is the interior of the model and shows the tunnel, 
A-posts, seat riser, and toe board. 

Before-and-after test photos of model 3 are shown in Figures 142 and 
143. Formal numerical results are not yet available at this writing, but the 
preliminary test results and the slow-motion film record indicated that the 
desired crush distance of 12 in. was obtained; alI elements failed in a con­
trol fable manner as intended; there was no off-center loading or battery bottom­
ing; and above alI, the passenger compartment remained intact with almost no 
distortion and no fluid leakage. The test was a complete success and the crash 
management design concept was verified. 
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Figure 140. Half-Scale Front End ~1odel 3 Front View 

Figure 141. Half-Scale Front End Hodel 3 Passenger Compartment View 
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Figure 142. Half-Scale Front End Hodel 3 Before Crash Test 

Figure 143. Half-Scale Front End ~1odel 3 After Crash Test 
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SECTION 9 

STRUCTURAL ANALYSIS 

The usefulness of the finite-element method in vehicle structural design 
has been wei I established. Besides the economy of solutions and quality and 
quantity of results, the speed at which the various design changes can be 
evaluated accurately has helped to confirm the superiority of the technique. 
For the NTEV, finite-element analysis effort is being pursued by the Budd 
Company and AiResearch; static loads are being studied by the Budd Company, 
and dynamic-response analysis is being conducted by AiResearch. 

STATIC ANALYSIS 

The structure of the eLectric vehicle has been modeled, using the beam and 
panel elements, as shown in Figure 144. Except for the location of the power 
unit, the vehicle is symmetrical about the longitudinal axis. Consequently, 
only one-half of the structure need be considered in the analysis. The effect 
of various bending and torsion loadings is examined by varying the boundary 
conditions along the plane of symmetry. The static response of the vehicle is 
being examined under the loading conditions discussed in the following para­
graphs. 

Vertical Load 

A 3.0-g vertical load, acting on the structure, has been simulated as a 
vertically applied loading condition. The weight of the batteries is distrib­
uted along the tunnel, and the passenger weights are applied at the front- and 
rear-seat locations. The weight of the power unit, acting at the rear, also 
has been included. The deformation of the structure under this loadin~ con­
dition is shown in Figure 14 5 . For the analysis, the structure was supported 
at the top of the front- and rear-wheel housings. Under this loading condition, 
the maximum deflection of 0.091 in. occurs in the tunnel. The side sill in th e 
door opening deflects 0.039 in. The maximum stresses occurred at the front s hock 
tower designated as Area 3. The locations and magnitudes of these stresses are 
shown in Figure 146. Fatigue load is 3.0 g while 6.0 g is for the ultimate 
condition. 

Torsional Rigidity 

The purpose of the torsional loading condition is to evalute the torsional 
rigidity of the vehicle. For this loading condition, th e rear end of the 
vehicle is held rigid, while the front end is twisted. The result is shown in 
Figure 147. 

Front-End Crash Load 

A 6.0-g end load is applied to rhe front energy-management area of the 
structure to study its de f ormation and determine how the load is distributed 
into the structure ahead of the passenger compartment. 
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Rear-End Crash Load 

The purpose of a 6.0-g horizontal load is to simulate the rear impact on 
the vehicle. It is important to realize that, in practice, such a peak load 
is of very short duration, and the severity is localized; however, the static 
analysis wi I I be useful in identifying potential problems in the rear struc­
ture and load-distribution paths. 

DYNAMIC ANALYSIS 

The objective of the dynamic analysis is to obtain the bending and tor­
sional modes of the vehicle for the following cases: 

(a) A stripped vehicle, containing only the structural elemenls. 

(b) A completely loaded vehicle, including doors, hood, and windshield. 

The procedure of the finite-element dynamic analysis of the vP.hicle is 
outlined in Figure 148. The finite-element model used for the dynamic analy­
sis is nearly identical to the one used for the static analysis, and is shown 
in Figure 149. Once agaln, the whole structure is assumed to be symmetrical 
about the center-plane, and the analysis is divided into a symmetric and anti­
symmetric case of the half-structure. The battery weights are distributed as 
Jumped masses along the length of the tunnel. The weights of the passengers 
and the power unit are also included in the model as Jumped masses, attached 
at appropriate locations. The dynamic model of the vehicle is supported on a 
soft suspension, approaching a free-free condition. 

Owing to the large number of nodes (276), and the resulting degrees of 
freedom (1656}, a condensation of dynamic degrees of freedom is necessary. 
The proced11rP. e!;sential ly involvP-s the designation of c:ertain degrees of free­
dom as "mastP-rs". The remaining degree~ of freedom arP. tP.rmed "sluves" and 
are eliminated, thus reducing the size of the problem. The elimination tech­
nique, sometimes cal led Guyan reduction, preserves the potential energy of the 
system, but modifies to some extent the kinetic energy. The kinetic energy 
of the lower-frequency modes is Jess sensitive to the condensation than the 
kinetic energy of the higher-frequency modes. The selection of the "masters" 
for dynamic degrees of freedom is somewhat comparable to the method of select­
ing Jumped masses for a dynamic model. In general, only dynamic degrees of 
freedom at the points of significant mass and n~ment of inertin are needed. 

Tho first bend j ng rrode and the first torsi on a I mode of the has i c structure 
are shown in Figures 150 and 151. A vehicle body frP.quoncy intP.rference diagram 
is shown in Figure 152. 

POWER UNIT SUPPORTS 

The electric vehicle power unit suppcri~ are designed to P.nsure an un­
coupled system with respect to other vehicle frequencies, as wei I as a load 
path for the large gyroscopic moments and forces. With respect to frequencies, 
the recommenqed isolators result in a vibration between 10 and 20Hz. This 
avoids coupling with the vehicle suspension (2 to 3Hz) and the anticipated 
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Figure 148. Flow Diagram- Finite Element Dynamic Analysis 
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FINITE ELEMENT MODEL 

TOTAL NUMBER OF ELEMENTS = 425 

TOTAL NUMBER OF NODES = 27& 

v 
I 

.,.,., 
'\14 '""' 

Figu~ 149. Dynamic Analysis Model fAIResearchJ 
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DISTORTED STRUCTURE 
(MODE SHAPE) 

ORIGINAL STRUCTURE ~ 

Figure 150. Dynamic Results--First Bending ~1ode 
(Frequency = 16.077 Hz) 

DISTORTED STRUCTURE 
(MODE SHAPE) 

S22564 

L-..:=--=--~--'1 1~0RIGINAL STRUCTURE 

Figure 151. Dynamic Results--First Torsion Mode 
(Frequency = 23.893 Hz) 
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vehicle local mount structure first~ode frequency of 30 Hz. Large loads and 
deflections are minimized by locating the supports as far away from the power 
unit center of gravity as possible. The present locations result in a maximum 
load of 1057 lb and an un-snubbed displacement of 0.876 in. for the limit-load 
condition of 1.42 radians per second yaw. The snubbing effect of the mounts 
wi II limit this deflection to less than 0.5 in. 

Support Geometry 

The locations of the supports (numbered 1 through 4) are shown in Figure 
153. The center of gravity of the unit is assumed as the coordinate system 
or1g1n, and it lies on the centerline of the vehicle; however, the center of 
gravity does not lie on the rotational axis of the flywheel, being slightly 
forward and below. Also shown in the figure are the pitch, roll, and yaw axes 
with respect to the vehicle body. 

Loads 

The loads shown in Table 29 are given with respect to the power unit's 
coordinate system. The limit load condition was used to determine reaction for 
this analysis. 

TABLE 29 

POWER UNIT PRELIMINARY LOAD FACTORS 

y X z Roll Pitch Yaw 
Load g g g rad/sec rad/sec rad/sec 

Design 1.0 0.7 2.0 0.3 0.3 

Limit 

Crash 

6.0 2.5 3.0 0.6 0.6 

lO. 10. 10. 6.0 -

NOTE 1. A I I I oads and rates assumed to be app I i ed independent I y 
for preliminary analysis. 

0.5 

1 .42 

6.0 

2. An additional lg vertical, static, downward load was applied 
in all above cases. 

MGYRO = 2030 0 ft-lb 

where 0 is the rol I or yaw angular velocity in rad/sec 

Isolators 

--

The isolators considered for this application_are Barry Mount series 507. 
These meet the stiffness and load requirements and are available as off-the-shel 
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items. They are also available with snubber washers which minimize the deflection. 
The isolator characteristics are as follows: 

Mount 
Number 

1 and 2 
3 and 4 

Method of Analysis 

Stiffness KX = KY = KZ, 
lb/in. 

2300 
1000 

To eliminate strong model coupling, a computer program was developed to 
compute the required isolator stiffness for an uncoupled system, given a spe­
cific set of support locations. Standard isolators, which closely resemble 
the required stiffness, were used in a computer program develop~d to compute 
support loads and natura I trequenc i es of e rigid body mounted on a r·edundant 
spring suspension. The program includes the gyroscopic effect of the flywheel 
in computing the support reactions, but it does not inc I udc the gyroscopic 
stiffening in computing the natural frequencies. The gyroscopic effects on 
the natural frequencies have been calculated and added to the frequency 
summary. 

Natural Frequencies 

Table 30 su1m1arizes the natural frequencies and mode shapes. lt. should 
be noted that the gyroscopic effects are. calculated from an equation that 
assumes an uncoupled system. The mode shapes indicate coupling in the YY 
an~ ZZ directions. Thus the values representing the gyroscopic effect are 
an upper I i mit. The actua I frequency is somewhere between the two. 

TABLE 30 

FREQUENCY SUMMARY 
~·~·---

Natur-a I Frequency 8.7 11 .3 11 .a 12.5 15.5 18.4 
(Hz) 

with Gyro Effects 23 .o - -- -- 26.0 --

X 0.006 0.038 0.997 0.067 0.036 0.013 

y 0.087 0.994 0.044 0.094 0.963 0.260 

Mode z 0.982 0.095 0.063 0.99'2. 0. 104 0.018 
shape 
(Motion XY 0.020 o.o o.o 0.007 0.038 0.962 
of CG> 

yy 0. 151 0.002 o.o 0.043 0.028 0.051 

zz 0.015 0.026 0.0 0.005 0.241 0.063 

184 



Deflections of Supports 

The deflections at the supports are due to the limit load condition. Limit 
load displacements are tabulated in Table 31. No consideration has been given 
to snubbing, which is available on the isolators. The insta'llation wi II include 
deflection-limiting devices. 

Support Reactions 

The support reactions are based on the limit load condition. 
effects of the flywheel due to vehicle motions have been included. 
load reactions are tabulated in Table 32. 

CRASHWORTHINESS ANALYSIS 

Gyroscopic 
The I imit 

The vehicle structure is being designed to meet the current Federal Motor 
Vehicle Safety Standards. Applicable standards, related to structures, are 
tabu Ia ted be I ow. 

FMVSS 204, Steering column rearward displacement 

FMVSS 208, Occupant protection 

FMVSS 214, Sidedoor strength 

FMVSS 215, Exterior protection 

FMVSS 216, Roof crush resistance 

FMVSS 301, Fuel system integrity 

A computer-simulation study was performed in the preliminary design phase 
to provide design guidance in occupant and structural crashworthiness for the 
electric vehicle. The study determines load paths and stiffness capable of 
absorbing the energy of a 30-mph, flat-barrier, front impact. Side impact and 
rear impact have also been investigated. The initial curb weight of 2386 lb 
was used in the study. 

A lumped-parameter, nonlinear-spring, planar, computer code was developed 
to obtain the structural dynamic response of a modeled representation of the 
veh i c I e. The mathemat i ca I idea I i zat ion of the front, side, and rear-impact 
models is i I lustrated in Figures 154, 155, and 156. The batteries are 
located along the vehicle center I ine, and are decoupled from the vehicle 
structure longitudinally. 

Motion is limited to the planar attitude only. Springs have non I inear 
characteristics, reversal, hysteresis, and viscous damping characteristics. 
Damping is assumed to be zero in the present simulations. Based on the classical 
rigid-body-dynamics theory, the equations of motion are generated internally in 
the computer program through input descriptions. The pr·ogram then integrates 
the equations of motion by an Adams-Moulton, variable-step, corrector-predictor 
routine. 
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TABLE 31 

LIMIT LOAD DISPLACEMENTS 

Load Direction Displacement in Inches 
Mount and <Unsnubbed) 
Number Magnitude X y z 

1 Fx = 2.5 g 0.175 0.001 0.002 
Fy = 6.0 g 0.070 0.459 0.008 
Fz = 2.0 g 0.005 0.001 0.166 
Roll ay = o.6 rad/sec 0.124 0.063 0.003 . 
Yaw4Jz = 1.42 rad/sec 0.060 0.014 0.330 
Torque Mx = 4000 in.-lb 0.001 0.006 O.OJO 

2 Fx 0.1/7 0.001 0.003 
Fy 0.066 0.450 0.001 
fz 0.001 0.002 0.174 
Roll 0.116 0.050 0.015 
Yaw 0.013 0.024 0.386 
Torque 0.001 0.005 0.054 

3 Fx 0.177 0.002 0.005 
Fy 0.054 0.349 0.013 
Fz 0.002 0.003 0.080 
Roll 0.095 0.130 0.015 
Yaw 0.021 0.044 0. 770 
Torque 0.001 0.002 0.033 

4 Fx 0.175 0.002 0.006 
Fy 0.044 0.349 0.009 
Fz 0.007 0.003 0.069 
Roll 0.078 0.130 0.026 
Yaw 0.087 0.044 0.876 
Torque 0.002 0.002 0.042 
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TABLE 32 

LIMIT LOAD REACTIONS 

Load Direction Reactions in Pounds 
Mount and 
Number Magnitude X y z 

1 Fx = 2.5 g 403 2 5. 
Fy = 6.0 9 162 1057 19 
Fz = 2.0 g 11 2 381 
Ro I I • e y = 0 • 6 rad/sec 284 145 6 
Yaw ~z = 1 .42 rad/sec 138 32 759 
Torque Mx = 4000 in.-lb 2 14 115 

2 Fx 408 1 6 
Fy 152 1036 3 
Fz 2 5 399 
Roll 267 114 34 
Yaw 30 56 887 
Torque 3 11 125 

3 Fx 177 2 5 
Fy 54 348 13 
Fz 2 3 80 
Roll 95 130 15 
Yaw 21 44 770 
Torque 1 2 32 

4 Fx 175 2 6 
Fy 44 348 9 
Fz 7 3 69 
Roll 78 130 25 
Yaw 87 44 876 
Torque 2 2 42 

.J 
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Figure 156. Rear Impact Model 

Program outputs are specified through input descriptions and 
contain the following: 

• Displacement time histories 

• Velocity time histories 

• Acceleration time histories 

• Spring force time histories 

• SprIng defo.rmat ion time histories 

• Energy balance time histories 

PARN1ETR I C STUDIES AND SU~t-1ARY RESULTS 

The mass distribution of each model is sized and located to best reflect 
the current vehicte geometry and location of major substructures, and to pro­
vide simulation output at desi:red specific locations within the model. The 
numerical values for the fr-ont- and side-impact models are given in Table 33, 
wh i I e those of the rear-impact mode I are given in Tab I e 34. The load paths 
within the mode·!• are represented by the spring locations and directions. The 
baseline load-deffec~fon characteristics are estimated values, based on past 
experience. The characteristics are then scaled +2~ percent to obtain the 
"stiff" and the "soft" cases to complete one series of cases. Based on the 
results, certain load-deflection characteristics are then further modified 
for the next series of cases to improve the vehicle crashworthiness. A 
total of eight series, consisting 0f more than 60 cases, was investigated. 
The latest results of the front impact are summarized in Table 35. 
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TABLE 33 

WEIGHT u·ISTRIBUTION FOR FRONT AND LATERAL IMPACT MODELS 

Component Tota I Mass 
Mass Component Weight. lb per Car, lb 

M1 I M3 Wheel 11 
Tire 25 
Suspension 30 
Brake 25 
Frame and body 50 282 

M2 Frame and body 30 
Steering 30 bO 

M4, Ma Door 117.5 
Frame and body 25 285 

M5' M6 Seat (body) 25 
Restraint 3 
Driver/pass. 150 356 

M7, Mg Frame and body 105 
9 Batteries 520 1250 

M1o Wheels 22 
Tires 50 
Brakes 50 '-
Suspension 60 
Frame and body 118.75 
Propulsion ' 353.5 654.?5 -........ ,. 

TOTAL WEIGHT 2887.25 
<Includes 300 I b of occupants) 

I 
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TABLE 34 

WEIGHT-DISTRIBUTION FOR REAR IMPACT MODEL 

Component Total Mass 
Mass Component Weight, lb per Car, lb 

M 1' M3 Wheel 1 1 
Tire 25 
Suspension 30 
Brake 25 
Frame and body 50 282 

M3 Frame and body 30 
Steering 30 60 

M4, M8 Door 117.5 
Frame and body 25 285 

M5, M6 Seat (body) 25 
Restraint 3 
Driver/pass. 150 356 

M7, Mg Frame and body 105 1250 
·-

MlO Wheels 22 
Tires 50 
Brakes 50 
Suspension 60 
Frame and body 78.75 . 

· Prop u I s ion 353.5 614.25 

M 11 Rear frame and 
body 20 
Rear bumper 20 40 

-

M12 Moving 
Barrier 2886.75 

Total ( i n c I u des 30 0 lb of occupants) 2887.25 
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Case 

500 

501 

502 

503 

504 

505 

600 

601 

602 

700 

701 

702 

Notes: 

lJriver Accel. 
1st/2nd Peaks, 

g 

66.6/52.3 

66.6/52.4 

68.4/53.7 

68.4/74.4 

69.4/75.7 

69.5/76.9 

45.2/53.0 

60.2/56.1 

50.6/64.9 

44.9/52.2 

45.0/52.7 

44.9/52.2 

TABLE 35 

SUMMARY OF FRONT IMPACT ANALYSIS 
FOR 500. 600. AND 700 SERIES CASES 

.. 

% Energy 
% Energy Absorbed 

Front Absorbed by Front 
Deformation, by Bat- Side Struc-

in. terles (1) ture <2> 

20.1 30.0 28.5 

20.1 33.0 28.5 

18.0 29.1 22.6 

18.0 32.0 23.5 

16.4 26.9 31.7 

16.4 30.2 33.6 

25.8 33. 1 32.6 

22.6 32.5 36.0 

26.9 32.6 37. 1 

25.9 31.7 33.0 

2.5. 9 32.9 32.8 

25.9 31.7 33.0 

%Energy 
Absorbed 
by Front 
and Rear 
Side Struc-
ture (3) 

41.0 

41.1 

40.5 

41.3 

57.8 

58.4 

39.8 

51.3 

51.3 

39.5 

39.7 

39.5 

1 > Represented by K 3 and K6 - % of In it I a I tot a I kinetic energy. 

2> Represented by K1 and Ks -% of Initial total kinetic energy. 

3J Represented by K1, ~~ 5 • K9, and' K.l2 .. % of ini;Hc:d: tot·al 
kinetic energy. 
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The stiffness requirements tor the 600 series are similar to those pro­
posed by the Budd Company. Further modifications of the load-deflection 
characteristics do not significantly improve the crashworthiness, as seen by 
results of 700 series. Even though the drive accelerations of 45.2/53.0 g 
are on tne high side, they are considered acceptable at present, because of 
lack of exact load-deflection characteristics of fiberglass vehicle components. 
The structure and the passenger crashworthiness wi I I be verified later in ·the 
naif-scale model tests. 
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SECTION 10 

VEHICLE DYNAMICS ANALYSIS 

HANDLING ANALYSIS 

A unique feature of the NTEV is the flywheel, mounted at the rear-right 
of the car, with its spinning axis paral lei to the axle, and rotating in the 
opposite direction. This configuration was selected because: 

(a) Vehicle pitch occurs more frequently, and generally with higher rate, 
than vehicle rol I and yaw. Thus, the gyro-moment produced by pitch 
could be largest. To eliminate this moment, the flywheel axis must 
be para I lei to the pitch axis. 

(b) After the flywheel axis is selected, the flywheel rotation can be 
either the same as or opposite to axle rotation. Vehicle yaw rate 
is generally higher than rol I rate, such as in accident-avoidance 
maneuvers. It was decided to rotate the flywheel in the opposite 
direction of the axle, so that gyro-moment might offset the centri­
fugal force to some extent. 

Figure 157 shows a simplified vehicle model, subjected to the gyro-moment 
and the centr i. fuga I force. The moment produced by the f I ywhee I is given by 

Mg = If w Q 

where Mg =gyro-moment, ft-lb 

If= flywheel inertia= 0.772 ft-lb-sec2 

w flywheel rotating speed (= 25000 rpm= 2618 rad/sec) 

n = precession (yaw) rate in rad/sec 

Sustitution yields 

Mg = 2021 n f·l-1 b , 

The moment produced by the centr!fugal force is given by 

Me = W RQ 2 H 
g 

where Me= moment caused by centrifugal force in ft-lb 

W = sprung wefght = 2700 lb 
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Figure 157. Vehicle Model on a Curve 
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R = turning radius, ft 

H =distance between the e.g. and rolling center= 1.3 ft 

n = yaw rate in rad/sec 

Substitution ~ields 

Me = 1 09 . 0 1 R 0 2 

Figure 158 shows the stab! lizing effect of the gyroscopic moment as a 
function of vehicle speed and rate of turning. Also shown for comparison are 
values of the rolling moments without the gyro effect; i.e., the moments 
encountered in the conventional vehicle without the flywheel stabi I izing effect. 
The data show that the tendency of the vehicle to rol I or lean during alI speeds 
and alI possible turning rates is signiflcantli reduced, particularly at the 
lower speeds. At freeway speeds of 50 mph, the rolling tendency is reduced by 
25 percent and at 20 mph the tendency is reduced by over 60 percent. At sti 11· 
lower speeds, the rollover tendency is almost completely eliminated, even at 
turning rates at the limit of tire adhesion. 

0.20 

~ -~ ' " u 
u" 
" 0 

~ 
0.10 

§ 
" 0 

" 

VEH 1 CLE SPEED - HPH 

Figure 158. Gyro Stabi I izing Effect 

The effect of the flywheel-gyro forces on vehicle-hand I ing response was 
investigated. Steady-state and transient yaw responses are used as measures 
of the vehicle lateral-directional response. The yaw response requirements, 
based on the Research Safety Vehicle Specification, specify that in response 
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to a steering input for which the lateral acceleration is 0.4 g (+0.02), the 
vehicle must: 

(a) Maintain a steady-state yaw response at forward velocities of 36.7 
ft/sec (25 mph), 73.3 ft/sec (50 mph), and 102.7 ft/sec (70 mph) 
within the envelope defined by Figure 159. 

(b) Within this envelope, the specific vehicle-response curve must be 
concave downward at alI points. Similar response curves, obtained 
with different lateral accelerations, shal I exhibit the same charac­
teristic shapes. In relation to the 0.4-g yaw-response curve on 
Figure 159 coordinates, as lateral acceleration increases from 
0.4 g, the yaw-response curve shal I progressively move downward; as 
lateral acceleration decreases from 0.4-g, the yaw-response curve 
shal I progressively move upward. 

(c) With a steering input applied at a rate no Jess than 500 deg/sec, 
and held constant at a value that produces 0.4-g steady-state, lateral 
acceleration with test velocities of 25 and 70 mph, the transient 
yaw response shal I be as described for Figure 160. The initial time 
is the time at which one-half the steering-wheel input Is complete. 
In this figure, the upper curve is the upper limit for a test speed 
of 70 mph, while the lower curve is a lower limit for a test speed of 
25 mph, and does not apply to the 70-mph test. 

VEHICLE MODEL 

A vehicle hand! ing model for the electric vehicle was established. Figure 
161 presents a schematic representation of the mathematical model. 

Figure 159. Steady-State Yaw Response Versus Tangential Velocity 
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Figure 161. Analytical Representation of Vehicle 
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The model has the following characteristics: 

(a) 3 degrees-of-freedom for the sprung mass (rol I, yaw, and sides I ip) 

(b) The flywheel gyro forces are applied as D'Aiembert Forces on the 
veh i c I e body. 

-
Certain assumptions are inherent in this model. These include: 

(a) Constant vehicle speed during a maneuver 

(b) No significant pitching of the vehicle 

(c) Weight shift is proportional to lateral acceleration 

( tl) Smd I I ang I es 

CR) Rigid spring mdSS 

A Dynamic Science Inc. computer program was modified to include the effect 
of the flywheel gyro forces. 

Table 36 presents the data input parameters and the values used for the 
electric vehicle. The values for I[ (flywheel inertia) and WE (flywheel 
angular velocity) are input values for the spinning gyro. These two parameters 
are set equal to zero for the case of a vehicle without a flywheel. 

Handling Analysis Conditions 

Conditions used to evaluate the effect of the flywheel gyro forces are 
derived from the Research Safety Vehicle (RSV) Specification for yaw response. 
Two criteria were used for evaluation: 

The predicted yaw responses should be within the boundaries of 
Figures 159 and 160. 

The response parameter values for the NTEV, with and without a 
rotating flywheel, would be compared to evaluate the effect of 
the flywheel. 

In essence, the transient-yaw-response condition used the vehicle's steer­
ing gain (yaw velocity divided by front-wheel a~gle) to evaluate vehicle turn­
ing performance. The steerinR Rain represents the ratio of how much the vehicle 
turns to how much steering input is required. The larger· lhtl ~·f·8t:~ring g~in, 
the tighter the vehicle turns (has more oversteer) for a given steering input. 

Analysis Result~ 

The results for the NTEV analysis are presented in Figures 162 through 
164. Figure 162 i I lustrates that the steady-state yaw response is within 
the acceptable boundary, and that there is no significant difference in response, 
with or without the flywheel. 
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w, = 1571 

11 = 1885 
r 

11
uf = 150 

u = 160 
ur 

t = 95.0 

h = 
f 

1.04 

hr = 5.65 

hut = 11.30 

hur = 11.3(' 

ht = 18.41 

,s = 469.0 
XX 

,s = 2261.0 zz 

,u = 247.6 zz 

Is = -10.59 
xz 

o, = 1.91 

0 = r 3.48 

Kf = 993 

K = r 558 

r~f = o. 725 

r• = 0.0 
~r 

E~f = 0.10 

E I 
~f 

= -o.09 

Card 2: 

rNf = 0.016 

fYf = o;ooo7 

rNf = -o.0002 

TABLE 36. 

DATA INPUT FOR NTEV 

Definition 

Total weight on front wheels of 
the vehicle (with 4 occupants) 

Total weight on rear wheels of 
the vehicle (with 4 occupants) 

Front unsprung weight 

P.ear unsprung weight 

t/heel base 

front roll center height above 
road plane 

Rear roll center height above 
rozd plane 

Front unsprung weight cg height 
above road plane 

Rear unsprung weight cg height 
above road plane 

Total vehicle cg height above 
road plane (with 4 occupants) 

Sprung mass rol I Inertia about 
origin on roll axis below cg of 
total vehicle 

Sprung nass yaw inertia about 
origin on roll axis below cg of 
total vehicle 

Unsprung r.~ass yaw veh i c fe about 
origin on roll axis below cg of 
total vehicle 

Sprung r.~ass product of inertia 
about origin of roll axis below 
cg of total vehicle 

Front roll dar.~ping coefficient 

Rear roll dar.~ping coefficient 

Front rol I stiffness 

P.P.~r roll stiffness 

Front rol i car.lber coefficient 
(+ understeer) 

Rear rol I camber coefficient 
(+ understeer) 

Fronct ro I I steer coefficient 
(+ understeer) 

Rear rol I steer coefficient 
c+ understeerl 

Front aligning torque deflection 
steer per wheel (+ understeer) 

Front lateral force deflection 
steer per wheel (+ understeer) 

Frontal igning torque deflection 
camber per wheel (+ understeer) 
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Units 

lb 

lb 

lb 

lb 

in. 

in. 

in. 

in. 

in. 

in. 

I b-sec2-tt 

ft-1 h-sec/deg 

ft-1 b-sec/deg 

ft-lb/deg 

ft-lb/dog 

deg/ft-lh 

deg/ib 

deg/ft-lb 



Vari;,ble 

rvf = 0.0022 

[' = -o.002 
Nr 

[. = -0.0003 
Yr 

r• = 0.0001 
Nr 

r • = -O.OC19 
Yr 

c 
af = 1('0.4 

car = 113.6 

cvf = 4.8 

'-vr = 5.4 

CorE.._2: 

Naf = 17.7 

N = 13.4 
err 

'\f = 0.81 

llyr = 0. <:>() 

IE = r. 7754 

1.1\t. = '2(· ~~· 

A = .. 
Yss 

X = 51.81 

z = 1B.4~ 

i.J II ..... 

t. t = • IC 

t = 5.0 max 

TABLE 36. <Continued) 

Definition 

front lateral force del lect ion 
ca~ber rer wheel (+ understeer) 

Reilr aligning torque deflection 
steer per wheel (+ understeer) 

Rear lateral force deflection 
steer per wheel (+ understecr) 

Rear a I i gn i n9 torque del I ect ion 
camber per wheel (+ understeer) 

Rear lateral force deflection 
canber per wheel (+ understeer) 

Front tire cornering ·stiffness 
for one tire (always positive) 

Rear +ire cornering st1ttnes~ 
for one tire (always positive) 

Front tire ca~ber stiffnes~ tor 
one tire (positive) 

P.ear tire canber stiffness for 
one tire (positive) 

A I i flO i ng torque per unit s I if' 
nnfile for one front tire Cposi­
ti ve) 

AI igning torque rer unit slip 
~ngle for one rear tire (posi­
tive) 

A I i ~n i "!1 tt'rql•€' f1P.r unit car.1ber 
an!'JIP. for one front tire (posi­
ti vc) 

II I i gn i n9 1orqul!' rer un i 1 t:C::U~1her 

ongle for one rear tire Cposi­
tivr.) 

F 1 ywhee I inert in 

Flywheel cn9ular velocrty 

StC'ndy state I atera I nccel C'rnt ion 
~·<'I cct<'d hy user 

Distanc<' fr·on front wheel center 
to lateral acceleration r.1easurc­
~ent point (positive for points 
behind wheel center) (with 4 
occupants) 

Di~.tancc fror.l road plan~ to Iit­
terai acceleration measurement 
point (positive for points above 
rc<>d plene) (with 4 occupants) 

Printing time incr~cnt for tran­
sient response (not to exceed 0.1 
s~r.) 

Total time interval for transient 

*0.!' for cases wi•l• tlyw~erl stationary. 
**~teady state lateral accelerations to be used inclt·dc 

0.::' g (( .• 44 ft/sec2), 0.4 g <12.eR ft/sec2l, and o.> q <72.5d 
ft /sec2 J. - -

•••Vehicle forward velocittes to he used include 2~, 40, 50, 
bO, and 7C ~ph. 

202 

Units 

de!J/ft-1 b 

dC!J/Ib 

deg/ft-1 h 

dP!'J/Ib 

ll>/deg 

IIJ/tll!~ 

lh/deg 

ft-1 b/de!'J 

ft-1 h/dP.g 

ft-1 b/dC'!') 

ft-lb/dP.!J 

lh-sec2-ft 

in. 

in. 

SC'C 

sec 
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Figure 163. 'Electric' Vehicle Transient Yaw, 25 mph at 0.4 g 
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Figure 164. Electric Vehicle Transient Yaw, 70 mph at 0.4 g 

Figure 163 i I lustrates that the transient-yaw response at 25 mph is 
wei I above the required lower limit. This figure also shows no significant 
difference in transient-yaw response, with or without the flywheel. 

Figure 164 illustrates that the transient response at 70 mph is within 
the required upper boundary, except for a smal I time period around the 1.6-
sec point. The response for the spinning-flywheel case is slightly worse 
than the response for the stationary-flywheel case. 

These results at 70 mph should not be construed to mean that the electric­
vehicle steering performance is unacceptable; however, the pertinent vehicle­
design parameters wll I be reviewed, with the objective of providing a somewhat 
quicker yaw response for the vehicle system. 

Table 37 presents a comparison of selected response parameters for 
cases with and without a rotating flywheel. Table 38 provides a glossary 
of the response parameters. The effects of the spinning flywheel are as 
to I lows: 

(a) Yaw velocity 

The peak yaw velocity is slightly larger and occurs earlier 
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TABLE 37 

COMPARlSON OF SELECTED RESPONSE PARAMETERS AT 0.4 G 

25 mph 40 mph 50 mph 60 mph 70 mph 

Response Parameter Spinning Stationary Spinning Stationery Spinning Stationary Spinning Stationary Spinning Stationary 

Yaw velocity, 20.152 20.128 12.688 12.617 10.365 10.210 8.908 8.696 7.947 7.690 
deg/sec -
Sideslip angle, deg -1.547 -1.582 -2.765 -2.783 -3.069 . -3.071 -3.263 -3.244 -3.415 -3.370 

Roll angle, deg -0.701 -1.177 -0.846 -1.146 -0.910 -1.147 -0.959 -1.152 -1.003 -1.161 

Lateral acceleratIon, 
tt/sec 12.930 12.913 12.922 12.890 12.979 12.927 13.136 13.003 13.337 13.125 

Yaw velocity 
response time, sec 0.521 0.553 0.677 0.695 0.693 0.716 C,672 0.702 0.635 0.671 

Lateral acceleration 
response time, sec 0.850 0.857 1.075 1.123 1.217 1.266 1.275 1.337 1.307 1.380 . 
Sides I lp response 
time, sec 0.948 0.966 1.202 1.240 1.270 1.321 1.313 1.380 1,337 1.416 

Steady-state yaw. 
ve I oc i ty,, deg/ sec 20.126 20.126 12.579 12.579 10.063 10.063 8.386 8.386 7.186 7,186 

Steady-state side-
slip, deg -1.533 -1.576 -2.752 -2.779 -3.035 -3.057 -3.189 -3.207 -3.281 -3.297 

Reference steer . 
angle, deg 4. 729 4.758 '2.092 2.110 1.484 1.499 1,155 1.167 0.951 0.967 

Roll gain, deg/g -1.ti19 -2.823 -2.071 -2.e23 -2.221 -2.823 -2.321 -2.823 -2.393 -2.823 

Sideslip gain, deg/g -3.829 -3.9.36 -6.875 -6.942 -7.503 -7.636 -7.968 -e.on -8.202 -8.240 

Control sensitivity, 
tt I sec 2j deg 2.724 2. 707 6.157 6.104 8.676 8.593 11. 152 11.037 13.466 13.322 



TABLE 38 

GLOSSARY OF RESPONSE PARAMETER TERMS 

Terms 

Yaw velocity 

Sides I ip angle 

Roll angle 

Lateral acceleration 

Yaw velocity response time 

Lateral accelerction 
response tine 

Sides I ir response tine 

Steudy-~tate yaw velocity 

Steady-state sideslip angle 

Reference steer angle 

Roll gain 

Sides I i p gain 

Control sensitivity 

Definitions 

The angu I ar ve I oc i ty about the ·z-ax Is 
(deg/sec) 

The angie between the traces on the x-y 
plane of the vehicle x-axis and the vehicle 
velocity vector at some specified point in 
the vehicle .(deg) 

The angle between the vehicle y-axis and the 
ground plane (deg) 

'lhe tooponent o1 the vee 'lor· accel "'r~1 ion 
of ~ point in t~e v~hicle perpendicular to 
the vehicle x-axis and parallel to the road 
plane (ft/sec2) 

The time required tor the vehicle's yaw 
ve I oc i 1·y to reach at I e!lst 90 percent of the 
steady-state yaw velocity (sec) 

The time required for the vehicle's lateral 
acceleration to reach at least 90 percent of 
the steady-state lateral acceleration (sec) 

The time required for the vehicle's sideslip 
angle to reach at le?.st 90 percent of the 
ste!ldy-state sides I ip angle <sec) 

The final yaw velocity obtained that renains 
relatively constant over a long period of 
time (deg/sec) 

The final sideslip anglo obtained that 
remains relatively constant over a long 
period of time <deg> 

The steer angle required to obtain a given 
lotcral acceleration based on a knnwn 
velocity and turnin9 radius (deg) 

The rate of change in vehicle roll angle 
with respect to change in steady-state 
lateral acceleration on a level road at a 
given trim* and test conditions (deg/g) 

The rate of change in vehicle sideslip 
angle with respect to change in steady-state 
lateral acceleration on a level road at a 
given trim and te~t conditions (deg/g> 

The change in steady-state lateral 
acceleration on a level road with respect 
to change in steering wheel an9le at a 
given trim and test conditions (ft/sec2/ 
deg) 

*Trim may be defined as the steady-state condition of the vehicle with 
constant input t.hat is used as the reference point for analysis of dynamic 
vehicle stability and control characteristics. 
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The difference between a spinning and stationary flywheel increases 
with vehicle speed 

The steady-state yaw velocity is independent of flywheel-spinning 
conditions 

(b) Roll Angle 

The peak rol I angle is considerably less at the lower vehicle speeds, 
and slightly less at the higher vehicle speeds. 

(c) Sides! ip Angle 

The peak sides! ip angle is sl ightry less at lower vehicle speeds, 
but slightly more at higher vehicle speeds. 

(d) Steering Input 

Less steering input is required to achieve the same lateral­
acceleration turn. 

111 summary, the effect of the spinning flywheel is: 

A slightly quicker response to the turn 

A slightly more overshoot of the turn 

A slightly increased oversteer response 

An improved rol I response during the turn 

RIDE ANALYSIS 

The main factor~ that affect the ride of a vehicle are front suspension, 
rear suspension, seat suspension, weight distribution, structural stiffness, 
and tire characteristics (Figure 165). In the following discussion, the term 
"suspension system" wi I I be used in a broad sense to include alI these factors. 

In designing the suspension system, the objective is to minimize the 
acceleration levels transmitted to the car floor and to the driver and passen­
gers. Acceleration levels primarily indicate the ride comfort of the vehicle. 
These criteria are given in Figure 166, and are recommended by the International 
Standards Organization. Because of the range I imitation of the NTEV, the 2.5-hr 
curve, shown in Figure 166, wi II be used for the design goal. 

The motion of a vehicle in a path is treated as a system that cons1sts 
of mass points interconnected by springs and dashpots. Since the large number 
of degrees of freedom makes the computer simulation complicated and time 
consuming, the vehicle model generally adopted by analysts is to treat the 
car-body weight as having six degrees of freedom. Also, the bending mode of 
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the car may· -oo-·-slgn+f i cant, because of the heavy battery load. For a majority 
of highway-travel conditions, a vehicle is travel I ing on a relatively flat and 
straight road at a constant. forward speed. The excitation of the road prof i I e 
causes vertical motion of the axles, and consequently, pitch and bounce of the 
vehicle. Assume that the waviness is equal in the left and right tracks, and 
that the vehicle and rotational modes are not coupled to the I ifting and 
pitching osci I lations. A ride-analysis model can be constructed as shown in 

208 



Figure 165, showing the individual components that are important in vibration 
investigations. 

The car is treated as a flexible member. Each wheel with a pneumatic tire 
is model led as an unsprung mass, plus a spring and dashpot. A suspension 
system, with springs and shock absorbers, connects the wheels and the spring 
mass. It should be noted here that the spring rates and the damping charac­
teristics can be linear or non-1 inear, such as friction and hysteresis. The 
model has a total of six degrees of freedom. The various road excitations can 
be thought of as inputs, or forcing functions, to the system. 

The BMW 320i suspension has been selected for the NTEV; however, specific 
components, such as the springs and shocks, are yet to be determined. Typical 
bounce frequencies for the BMW 320i system are 1.0 to 1.5 Hz in the tront, and 
1.3 to 1.8 Hz in the rear. Ride-analysis results have not yet been completed. 

NOISE ANALYSIS 

The interior and exterior noise levels of the NTEV must be control led to 
produce a vehicle that wil I be publicly acceptable. The criteria for allow­
able noise inside the passenger automobiles are not standardized, because 
"quietness" is an important factor in competition among manufacturers. There­
fore, interference with speech becomes an important consideration. Figure 
167 shows the speech-interference levels in decibels at which rei iable 
speed communication is barely possible between persons at the distances and 
voice efforts shown. Based on these data, the preliminary interior noise level 
objective is set at 70 dBA. Both the speech interference problem, as wei I as 
the feasibi I ity of achieving this level, were considered in setting this goal. 
Criteria for exterior noise are regulated by federal, state, and local govern­
ments. Although the data below may not be up to date, it nevertheless provides 
a reasonable guideline. A search is being made to find existing noise regula­
tions that can be used to help establish exterior noise goals. At present, 
the exterior noise level goals at a distance of 50 ft from the center I ine of 
the traffic lane are shown below: 

Location Less than 35 mph 

Federal 

Ca I i torn i a 76 dBA 

Chicago ( SAE> 

Greater than 3~ 

82 dBA 

82 dBA 

Maximum 

80 dBA 
75 dBA (after 

1980) 

A common impression is that an electric-powered vehicle should be quieter 
than the ordinary internal-combustion-engined (ICE) vehicle. In order to 
obtain more quantitative noise data, the interior-noise levels were surveyed 
on various ICE vehicles, and on the Copper Development Association CCDA) elec­
tric car. The measurements are summarized below for 55 mph on the freeway, 
measured at passenger car height: 

209 



Vehicle 

Q)A 

VW Bug 

VW Bug 
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73.5 

68.5 

dB A 

DISTANCE BETWf.EN TALKER AND LISTENER, FT 
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seal - 1969 

1977 Model 

A/C on, 1977 

1977 Model 

Figure 167. Interior Noise Goals 

The CDA electric car was found to be noisier than the ICE cars, the major 
noise source beIng. the power system. 

The Cordoba and Granada had good muffler attenuation, low engine-radiated 
noist= because of wot~,- .:-~1 ing~ and low c.nr-body radiated noise because of 
their weight. 

The VW Bug had moderate acoustic treatment for its power system, and had 
a high car-body radiated noise because of its light weight. The CDA electric 
vehicle, also, had rtu special acou~tic trP.ntment for its power system, and the 
high car-body radiated noise was due to its light weight. 

The sum of the tire noise and the aerodynamic wind noise of the Cordoba 
was 68.5 dBA at the passenger-ear location. The car-body attenuation, that 

210 



.J 

is, with window open-window closed, for the Cordoba and for the CDA electric 
car was 4.5 dBA, while for the VW Bug it was 2.5 dBA. The loss of 2 dBA atten­
uation for the case of the VW Bug was due to radiated noise from both the 
engine and the car body. 

Noise Transmission and Control 

The major sources, and their respective transmission paths in the NTEV, are 
shown in Figure 168. The levels of aerodynamic noise and tire noise cannot be 
reduced significantly, and therefore, these factors set the minimum exterior­
noise level that can be achieved. The transmission loss of the car body 
defines the minimum-possible noise level that can be achieved in the interior 
of the car for these two noise sources. The major noise source for the NTEV 
will be the power unit, which generates both airborne and structure-borne 
noises. By careful design, these noise sources can be reduced without acoustic 
treatment. AI I mounts of the power unit and the mounts of the suspension sys­
tem are resi I ient. A very complex theory is required to account for the dif­
ferences in mechanical impedances of the supporting structure from point to. 
point. As a result, empirical methods are employed. Some noise-control con­
siderations at the preliminary-design stage are I isted below. 

HAJOR ATTENUATED BY TYPE OF NOISE INTER IOK 
NOISE SOURCE AND CONTROL EXTER lOR 
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(WI NO) 

AIR- BORNE 
f\OV lNG ONLY TAANSM ITT ED 

Ntll SE 
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TAANSM I HE D 
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GEAR BOX TRANSMISSION LOSS 
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MOVING ONLY ___ ..... VI BRAT ION PATH 
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Figure 168. Noise Sources and Their Transmission Paths 
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Radiated noise can be minimized by eliminating the structural resonances 
of the power unit. This analysis is being performed. 

Balancing the rotating machinery of the power unit wil I minimize the 
strength of the excitation sources. 

Isolating the power unit from the car-body structure, using soft power­
unit mount (10 to 12Hz translational natural frequencies), wil I attenuate 
noise transmission, while the car-body structure must be maintained as stiff 
as possible at the mounting points to achieve good isolation. 

The tire-tread pattern with the lowest noise must be selected, a tread 
pattern such as that which staggers a random tread with the center rib. 

Wind noise is minimized by smoothing the exterior lines of the body, 
and by eliminating leakage through sealing around alI openings. 

The cool i ri~ fijll must have a lnw air-flow speed and a prime number of 
blades. 

High-precision gears and bearings are being used. Helical gears are used 
in the design where practical to reduce noise. 

Solid-state chopper noise wil I be minimized. 
field in the chopper excites adjacent structures. 
be minimized by appropriate design •. 

Testing 

The varying electromagnetic 
This structural noise wi I I 

A noise test wil I be conducted as soon as the first power unit is avai 1-
able. The results from this test wi I I identify problems in terms of the 
criteria above. Oetai led test procedures for noise wil I be integrated with 
the power-unit test procedures. A noise test of the entire vehicle wi I I be 
conducted during that series of tests to evaluate the overal I performance. 
The test setup and data acquisition system wil I follow the requirements of 
the SAE J986A Standard. 

-(:(U.S. GOVERNMENT PRINTING OF!- ICE : 1970-0-27'-484 
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