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Near-Term Hybrid Vehicle, Three-Dimensional Cutaway
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Section 1
INTRODUCTION AND SUMMARY
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® Identify missions for hybrid vehicles that
promise to vield high petroleum impact,

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

® Develop performance specifications for the
characterized vehicle concept,

& Develop, through trade-off studies, a hybrid
vehicle preliminary design that satisfies the
per formance specifications,

¢ TIdentify technologies that are critical to
succeasful vehicle development,

® Develop a proposal for the Phase II activities

that include vehicle design, critical technology
development, and vehicle fabrication.
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Figure 1.4.1-1. Near-Term Hybrid Vehicle, Three-~
Dimensional Cutaway
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Left Rear Quarter View

Left Front Quarter View

Figure 1.4.1-2. Artist's Rendering of the Hybrid Vehicle
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1.5 ORGANIZATION OF THE FINAL REPORT

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

ences to the Task reports given in the appendices are made where
appropriate.

A short statement is made in each section to re-

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

[t

=22
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Section 2
SUMMARY OF PHASE | ACTIVITY

2.1 INTRODUCTION

A summary of all Phase I activities is presented in this
section. It is structured around Tasks 1, 2, 3, and 4. For each
task the objectives are given, the methodology is discussed,
and the findings, conclugions, or recommendations are presented.
The material describing the work in each task is summarized from
the appropriate appendix which is referenced. The Near-Term
Hybrid Vehicle Program, Phase I, was divided into five tasks:

Task 1 - Mission Analysis and Performance Specification

Studies
Task 2 - Design Trade-off Studies
Tagk 3 ~ Preliminary Design
Task 4 - Sensitivity Analysis
Task 5 - Proposal for Phase II

A flowchart of the Phase I activities is shown in Figure 2.1-1.
As indicated in the figure, Tasks 1, 2, 3, and 5 were conducted
in seguence with the output of one task being used as input to the
next one. Task 4 was conducted concurrently with Task 3. Formal
documentation was prepared at the conclusion of each task. The

task reports for Tasks 1, 2, 3, and 4 are included under separate
cover.
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Selection of the Reference ICE Vehicle was directed to mid-size
cars because hybrid/electric cars ¢of that size class were judged
to have the greatest potential for reducing gasoline consumption.
Interior dimensional criteria noted by Consumers Union (April
1978) were used to identify several 1978/1979 model mid-sigze ca:s
which would be acceptable as Reference ICE Vehicles. Fuel
economy and acceleration characteristics were used for further
narrowing of the list of potential Reference ICE Vehiclea. The
final selection of the Reference ICE Vehicle (1978/1979 Model)* was
based on the availlability of detailed information on the ICE ve-
hicle which was selected,

2.2.3 CONCLUSIONS

GENERAL CONCLUSIONS AND OBSERVATIONS

The following general conclusions were formulated Lased on
the work done on mission analysis;:

(1) The statistical character of automobile use is important
in determining the "electric" range of the hybr */electri¢ vehicle
and the fraction of potential car buyers whose ti.asportation
needs would adequately be met by a specific hybrid/electric
vehicle design.

(2) Statistical data on annual mileage including the rela-
tionships between annual mileage and trip length frequency along
with fraction of vehicle miles in trips of specified length are
important in calculating auto use statistics, but the available
key input data is very limited.

(3) The auto use patterns in terms of dailly travel and
annual mileage are significantly different inside and outside
of SMSAs, and these differences can significantly affect the
selection of design range for hybrid/electric vehicles.

{(4) The fraction of vehicle miles rather than the fraction
of days on which the car can be operated primarily on the
battery is the critical factor in selecting "electric" range.

{5) The EPA urban and highway c¢ycles can be used to describe
vehicle use, and the "stabilized" portion of the EPA urban cycle

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

*Reference ICE Vehicle (1985 Model): GM mid-size; 2600 lb curb
weight; length - 185 inchkes, width - 73 inches; fuel economy -
28/42 EPA uncorrected, 23/33 EPA corrected; acceleration - 0=60
mph, 16 sec.

**A 65%/35% annual split between urban and highway mileage is used
rather than the national average of 55/45 because owners of hy-
brid/electric vehciles would more likely live in or near urban
areas (inside SMSAs) and thus <o proportionately more urban/
suburban driving than the national average.

2=10
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Table 2.3.2-1

HYBRID POWER TRAIN CONFIGURATIONS AND COMPONENTS
CONSIDERED IN THE DESIGN TRADE-~OFF STUDY

General Power Train Arrangements

l. Series
2. Parallel

Heat gggjnes

1. Fuel-injected Gasoline (naturally aspirated}
2. Diesel (naturally aspirated and turbocharged}
3. Uniform Charge Rotary

4. Single-shaft Gas Turbine

5, Stirling

Transmission/Clutches

l. Power Addition with Differential Action
2. Multi-speed Shifted Gearbox with Clutch
3. Torgue Converter with Lock-up

4. Continuously Variable Transmission (CVT)

Electrie Drives

l. DC Separately Excited with or without Armature
Control

2. AC Induction with Pulse-width Modulated Inverter
Batteries (Primary Storage)

l. Lead-acid
2. Ni=2n
3. Ni-Fe
4. LiAl-FeSx

Secondary Storage

1. Flywheel
2. Lead-Acid Batteries

2=15
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the drawings was the 1979 Malibu. No changes were made in the
seating package, A three-dimensional cutaway of the hybrid ve-
hicle indicating the placement of the power train is shown in
Figure 3.1-1. Note that the complete hybrid power train is lo-
cated in front of the firewall with no intrusion into the passenger
compartment. An artist's rendering of the vehicle styling is
shown in Figure 3.1-2. A four-door hatchback body type was se-
lected because it maximizes the all-purpose character of the five-
passenger vehicle.

PAOPULSION BATTEARY

HEATER

FUEL TaMk

HEat ENGINE -/

ELECTRIC MOTOR

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

Figure 3.1-2.

Page 66 of 572

Left Front Quarter View

Artist’'s Rendering of the Near-Term
Hybrid Voehicle
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ACCESSORIES
OVER-RUNNING OVER-RUNNING
CLUTCH-1 |CLUTCH-2

HEAT ELECTRIC
ENGINE MOTOR
C1 C2
CLUTCH CLUTCH
TRANSMISSION

DIFFERENTIAL

< WHEEL e

Figure 3.2.1+2. Bchematic of Drive Packagce

Page 71 of 572 FORD 1234



Page 72 of 572 FORD 1234



Page 73 of 572 FORD 1234



Page 74 of 572 FORD 1234



cenEnaL P erecraic

Abajeaas buiouanbas s2inog uorsindoad “y-1°Z°¢t aanbt3

"'YIMOd

40 324N0S AUVIYG

IHL SIN0D38 INIONT L1V3H
3HL HOIHAA LV 033dS 31DIH3A,

ATNO ZNIONT Lv3H Ol NHN13Y

3H YOI
HI1UVLIS SV NI o
4 ONIDHVHD AYILLYE «
! ONINIAIT 3NDHOL »
INIONT 1V3H
ONV HO10W
JiH10313

«JA0OWA MO0138 ONILVHS
JVO1 HOd LNIW3UINDAY

AINO
YO10OW 21512373
01 NYNI3Y

3-13

.30OA IACHY ONIHVHS _
avOo1 HO4 LN3WIHINOIY

3SHIAIY &

QIDHVHISIa

%0( AUILLYE e\ " NOILYHINIOI o
AYMHOH NY8Hn
JAIN0 AHYWIYD * | IAHO AHYNIED =
ATNO 3NIONI ATNO HOLOW

1V3H 81038

14V1S

ONVIWWOD NOILYYINIO3Y

FORD 1234

Page 75 of 572



Page 76 of 572 FORD 1234



Page 77 of 572 FORD 1234



Page 78 of 572 FORD 1234



cenerat @ crecraie

3.3 VEMICLE PERFORMANCE

A format for presenting and discussing the performance spec-
ifications of the hybrid vehicle and how well the preliminary de-
sign meets or exceeds the minimum specifications was set forth by
JPL in the RFP for the contract. That format was followed in this
and subsequent sections of this report, but for convenience of dis-
cussion the complete list (Pl to P17) will be divided into several
parts. In this subsection, items Pl to P9 are considered. Theere
items deal directly with vehicle performance, operation, and cost
under normal (or routine) operating conditions and have been stud-
ied in considerable detail in the Phase I effort. Some of the
other items which reter more to nonroutine vehicle operation, such
as cold weather conditions, have not been studied in as great
detail.

Vehicle performance characteristics of the preliminary design
are given in Table 3.3-1 for items Pl through P9. 1In all respects,
the Near-Term Hybrid Vehicle design meets or exceeds the minimum
requirements. This includes minimum requirements R1 through R6
and constraints Cl through C6. The values given in Table 3,3-1
were taken from the updated HYVEC Calculations.

Initial estimates of battery rechargeability and maintenance
{(Pll, P1l2) and cold/hot temperature operation (P10, Pl3) are given
in Table 3.3-2. Considerable work is needed in Phase II to refine
the estimates given in the table, especially in the area of bat-
tery warm-up after long soak periods at subzero temperatures.

3-17
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4.9 TORQUE COMBINATION OPTIONS

The two options considerced for combining the torgue of the
clectriec moror and heat engine are shown in Figure 4.9~1. They
are (1) the single-shaft arrangement in which there is a fixed
ratio between the motor and engine speeds and (2) the power dif-
ferential in which the ratio between motor and enqgine gpeeds can
vary with the torque split between the two prime movers. The
relative complexity of the power diffcrential arrangement, which
requires the use of two over-running clutches to maintain the
heat engine and electric motor in their opcrating speed ranges
for all power train operating modes and torgue split ratios, is
evident from Figure 4.9-1. The operation of the power differen-
tial is discussed in some detail in Appendix B, Vol. I, Sec. 3.5.4.

1t was concluded that the added complexity of the power dif-
ferential and its control could not be justified in terms of pos-
sible improved power train efficiency. Hence all the detailed
hybrid vehicle simulations were done using the simpler single-
shaft approach.

4-14
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ELECTRIC | | ;_AI TRANSMISSION

L,
% |-

MOTOR
| cLurcH
ENGINE - T TRANSMISSION
ELECTRIC
MOTOR

Single-Shaft Torquz Combining Arrangements

ELECTRIC HEAT ENGINE
MOTOR

R
T
SUN PLANETARY RING cLutcH
R 1 POWER DIFFERENTIAL
OVER-RUNNING UNIT
CLUTCH P
OVER-AUNNING | =
CLUTCH GROUNDED
TRANSMISSION

Schematic of the pownr Differential Arrangement

Figure 4.9-l. Torgue Combination Options

4-15
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The control sgtrategy for opcrating the hykrid power train
ig deseribed in HYVEC by a series of statements which specify
under what conditions the engine is on, what fraction of the
power required is supplied by the electric motor, when the gear-
box should be shifted or the battery charged, how the accessory
locads should be met, etc. Development of the control strategy
for the hybrid vehicle was a key part ot the Phase I study, and
the HYVEC program was an important tool in that development.

The details of the control strateqy evolved were discussed in
Section 3.2.1.6,

The HYVEC program was also used to calculate the maximum
effort acceleration performance of the hybrid vehicle. In
those calculations, both the heat engine and electric motor are
operated at the maximum power (or torque) attainable from them
at each vehicle speed. The gear shifting strateqy is such that
the motor and engine are permitted to operate much nearer their
maximum rpm than in usual driving. Particularly for the heat
engine, this increases the power available at moderate vehicle
speeds. The maximum power attainable from the electric drive
system depends on the state-of-charge of the battery. As the
battery charge is depleted, the voltage droop of the battery
increases at high currents and the maximum power the battery can
provide becomes smaller. Maximum effort acceleration calcula-
tions at specified levels of battery state-of-charge can be made
with HYVEC.

5-11
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ECONOMIC ANALYSES
8.1 INTRODUCTION

Initial and ownership costs of the hybrid vehicle relative to
*he Reference ICE Vehicle (1985 model) are important factors in de-
termining the marketability of the hybrid vehic'e. Hence consider-
able attention was given in the Phase I study to economic analyses
and to the calculation of various component and vehicls cost fac-
tors. Almost all the economic calculations were done using the
HYVELD program. In the Design Trade-Off Studies (Task 2), the
initial and ownership costs were calculated for each of the power
train configurations and component combinations evwaluated., A
major portion of the Sensitivity Analysis Study (Task 4) involved
determining the effect of variations in componernt costs, use-
pattern, economic conditions, and energy costs on the initial and
ownership costs of a parallel hybrid vehicle similar to that de-
signed in Task 3.

The results of the Task 2 and Task 4 studies, including the
economic ecalculations, are presented in detail in Appendices B
and D. Hence, in this report, the methods used in the economic
analyses are emphasized and the results cbtained are considered
only in general terms. In particular, quantitative results for
a wide range of economic parameters are given in Appendix D,
Section 4.

The discussion of the economic analyses is divided into three
parts: (1) Determination of component costs, {(2) calculation
of the initial vehicle cost, and (3} calculation of the owner-
ship cost of the vehicle. The approaches discussed form the basis
of the economic calculations done using HYVELD.
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Table 7.3~1

VEHICLE MAINTENANCE AND RELIABILITY FACTORS*

Pactor

Estimate Relative
to ICE Vehicle

Pl4 Reliability
Pl4.1 Mean usage between failures -
power train

Pl4.2 Mean usage between failures -
friction brakes

Pl4.3 Mean usage between failures =
vehicle
P15 Maintainability
P15.1 Time to repair -
mean
Pl15.2 Time to repair -
variance
Plé Availability

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

same as or less fre-~
quent failures

less frequent failures
same as or less fre-
quernt failures

smaller

smaller

higher

¥Compared with an ICE vehicle atter the hybrid vehicle 1s well

developed and road-tested

7-4

'Page 128 of 572

FORD 1234



Section 8
DESIGN ECR CRASH SAFEYY

- ‘Page1290of 572 = | FORD 1234



Page 130 of 572 FORD 1234



ceneral € ELecTRIC

M
Ml 3
d
M, - body K, = engine mount (rearward)
M2 - engine/drive system Kg - engine mount (forward)
M3 - cross member/unsprung mass K, - trangmission {(rearward)
M, - battery KB - transmission mount
(forward)
MS - barrier

Ky - drive system/firewall

K, = upper sheet metal .

KlO - battery/firewall
[2 - radiator/engine front

Ky - engine/battery
K3 - front frame rails .

Kyg = battery containment
K, - rear frame rails structure

Figure 8.2-1., 5Schematic of the Hybrid Vehicle
Forward Structure and Components
for Crash Simulation
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NEW UNDERBODY

Hybrid Vehicle Body Structure,
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Figure 8.2-2,
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8.3 CRASHWORTHINESS ANALYSIS CONCLUSIONS

The following c¢onclusions were derived from the crash simu-
lation study:

(1) The Transverse Drive System {TDS) package shows much
greater promis¢ of affording crash protection comparable to that
of the conventional Malibu than does the Longitudinal Drive
System (LDS) as shown in Figure 8,3-1 and 8,.3~2. The LDS could
afford similar levels of protection only if more structural crush
space were available under the hood.

{(2) For both drive system configurations, the maximum in-
trusion into the passenger compartment occurred in the tunnel
area as a res.lt of the movement of the heat engine and asso-
ciated drive components. This area of the body structure should
receive a high level of emphasis during Phase II.

(3) Increasing the structural resistance (but utilizing
values within the state of the art of automotive technology) re-
duces passenger compartment intrusion without significantly af-
fecting the peak deceleration levels of the TDS Hybrid System.

(4) Battery pack intrusion into the passenger compartment
should not be a serious problem. The TDS layout can achieve a
desired objective of preventing such intrusion. However, further
test information is required for the interaction between the
transverse heat engine and battery pack.

(5) Although occupant response was not addressed directly
in the study, it seems likely that a hybrid vehicle design which
paid careful attention to crashworthiness would satisfy FMVSS 208
injury criteria for fully restrained occupants. This conclusion
is based on the similar passenger compartment decelerations for
the Chevrolet Malibu and the TDS strengthened structure anGd on
the occupant injury levels recorded in the GM A-Body tests.
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2.2 METHODOLOGY FOR MISSIGN DESCRIPTION AND CHARACTERIZATION

In ordei to assess the effecty of mission analysis on hybrid/
electric vehi¢le design and marketability, local and regional cur
use was studicd. ''wo rervions were considered:

® Inside Standard Metropolitan Statistical Areas (SMSAs)

® Outside Stondard Metropolitan Statistical Areas (SMSAs)
Data sources used include (1) national census surveys, (2) national
trangportation use-pattern surveys, and (3) car registration sta-
tistics. It was assumed that the sales mix by size class would be

about the same during the next decade even though the actual size
of the cars will be smaller in the future than at present.

The use pattern of the automobile varies over a wide range in
terms of trip length, trip frequency, and trip purpose. Four gen-
eral categories of trip purpose are often defined:

Earning a Living (Work Travel)
Family Business

Civic, Educational, or Religious
& Social or Recreational

The last three trip purposes were consolidated and called Peraonal
Business. Use patterns of automobiles were characterized in terms
of regular travel (e.g., work travel) and random travel (e.qg.,
personal business). Mission sets werc then described in terms of
both random and non-random trips. A total of eight mission sets
were specified and analyzed {four each for travel inside SMSAs and
outside SMSAs).

Characterization of automobile travel requires the following
main factors:

Annual Mileage (statistical distributionsg)

e Daily Travel (statistical distribution of trip
length and number)

® Driving Mode

Since data pertinent to some of these factors are very limited,
considerable judgement had to be used in developing inputs for the
travel analysis. In the absence of data, for example, an estimate
had t¢ be made for annual mileage versus percent automobiles.

Daily travel patterns were determined when at all possible through
use of the Nationwide Personal Transportation Study. A computer
program was written to simulate daily travel by using a Poisson
distribution and a Monte Carlo simulation., The Poisson distribu-
tion determines both the number ¢of days pcr year in which a speci-
fied number of trips are taken as well as the total number of trips
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used to determine the minimum power-to-weight ratio to consider in
designing passenger cars. The power-to-weight ratios required at
the wheels for various vehicle driving maneuversgs are shown in Fig-
ure 3-2. The values given in Figure 3-2 were calculated using a
variety of approximations including average rates of accelerations
and times based on average speeds (e.g., V & Vginal + Vinitial/2).
Except for steady-state maneuvers such as driving on a grade, the
effective acceleration parameter (3/g)o¢r was assigned to an in-
termediate speed between V and vfinal based on available detailed
calculations or engineering judgement. Fortunately, it appears
that the critical conclusions can bhe extracted from Figure 3-2
without the need for precise calculations. It seems clear from
Figure 3-2 that the high-speed passing maneuver on a 2-lane road
is the most demanding relative to power required. Gradability

and lower speed accelerations, including freeway merging, require
much less power at the wheels. The differences when translated
to engine (or powertrain) maximum power rating are smaller because
it is possible to attain a greater fraction of the peak engine
rated power at high vehicle speeds such as 50-60 mph than at ve-
hicle speeds near 30-35 mph (see the ICE limit power curve in the
upper left-hand corner of Figure 3-2). Note from Figure 3-2 that
the 0-60 mph acceleration time corresponding to the 2-lane road
passing reguirement is about 15 seconds. Without a detailed
study of 2-lane road passing, it would seem difficult to justify
vehicle power-to-weight ratios much less than those resulting in
0-60 mph acceleration times of 15 or 16 seconds,
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Figure 3-2., Power-to-Weight Ratio Regquirements
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hybrid vehicle., I[lowever, whether a trip is random or non-random
is crucial in performing a statistical analysis in order to pre-
dict trip behavior; therefore, the distinction must be recognized.

The methodology used for predicting daily and annual driving
patterns igiscribed in detail in S?fﬁ}on 4.3) is basically that of
Schwartz, ‘11) surber ~nd Deshpande in which a Poisson distrie=
bution is used to generate the number of days per year in which a
specified number of trips is taken, and a Monte Carlo simulation
is used to generate the length of these trips. Schwartz, however,
applied this technique to all travel regardless of whether the trips
were random or not. Surber and Deshpande did account for the non-
random nature of travel-to-work by excluding such trips from their
random trip length generation,

For reasons discussed above it is preferable to describe a
mission set in terms of random and non-random trips both inside and
outside SMSAs rather than use the four categories outlined in the
NPTS. Thus, a total of eight mission sets have been specified and
analyzed as part o this task. One mission set inc¢ludes only per-
sonral business travel inside the SMSAs consisting entirely of random
trips in terms of both frequency and length. Another set includes
the combination of the first set with trips to work inside the SMSAs
which are non-random both in frequency and trip length. A third set
includes all personal business travel, trips to work, and any other
random trips resulting in a daily travel of less than 100 miles,
again inside the SMSAs. Thus, this third set inciudes all travel
with the exception of travel resulting in more than 100 miles in
one day which may be construed to represent interc¢ity travel. The
fourth set includes all travei r=qgardless of daily mileage. The oth-
er four sets of the eight are the same as the four sets described ex-
cept that tley occur outside of the SMSAs rather than inside.

These eight-mission sets are summarized in Table 4-10.

Table 4-10
MISSION SETS TO BE ANALYZED
Inside SMSAs Outside SMSAs

Personal business travel only Personal business travel only
Personal business plus trips Personal business plus trips

to work to work
All-purpose (except trips of All-purpose (except trips of

100 or more miles per day) 100 or more miles per day)
All purposes All purposes

It should be mentioned again that the reason for excluding
daily travel in excess of some value (100 miles per day) is to assess
the impact of the hybrid vehicle in applications where battery-
stored energy 1s the primary energy source. Daily travel in excess
of this value will be accomplished with the heat engine as the pri-

mary energy source with the battery system serving only to load-level
the heat engine.

4-13
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Section 5

RATIONALE FOR THE SELECTION
OF THE ICE REFERENCE VEHICLE

51 HYBRID VEHICLE SIZE CLASS

For purposes of this study it is necessary to identify a con-
ventional internal combustion engine (ICE) passenger vehicle for
comparison with the electric/hybrid car to be designed according
to the present contract. The contract specifies that the hybrid
vehicle should have a passenger capacity of at least five adults.
This means that the hybrid vehicle must be either a mid-size (5~
passenger) or a full-size (6-passenger) car. As indicated in
Table 3-9, cars in these two classes use approximately 64% of the
fuel consumed for personal transportation. The development of a
hybrid/electric car in either class thus has the potential for
saving a large quantity of petroleum if the market penetration of
the hybrid design is significant. Hence, the key factor in decid-
ing whether the hybrid vehicle should be mid- or full-size is the
effect of size on market penetration.

It seems probable that the sales mix will increasingly fav~r
the mid-size car during the next 5-10 years, especially in urban
areas. In addition, the use pattern of the mid-size car is ex-
pected to be more consistent with the hybrid/electri¢ concept
which assures that much of the driving can be done using primarily
battery-stored energy. Full-size cars probably will be purchased
by people willing to pay for comfort on long trips and those seek-
ing status. The present study will ba directed toward the design
of a hybrid/electric mid-size car which will be attractive to peo-
Ple whc 4o most of their driving in urban/suburban areas with only
occasional long intercity trips. This section is concerned with
the selection of a conventional ICE passenger car for comparison
with such a mid=size hybrid/electric car.

5.2 CRITERIA FOR SELECTION OF ICE REFERENCE VEHICLE

The criteria for the selection of the ICE refererrce vehicle
are the following:

® 5-passenger capacity (mid-size)
e high sales volume

e acceleration performance of 0-%6.54 km/h (0-60 mph) in
15-17 seconds

The high sales volume critcrion is used as an indication of gond
consumer acceptance. It would also be highly desirable if the
Reference ICE Vehicle represented a recent downsized design in

the mid-size class since tnis would facilitate extrapoiation of
1978/79 characteristics to those pertinent to 1985. 1In this re-
spect, the Chevrolet Malibu/0lds Cutlass, Ford Fairmont, and Audi
5000 are of particular interest. The exterior and interior dimen-
sions of those models and other selected 1978 passenger cars are
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Among these items are che primary results of the atudy.

Section &

PRIMARY RESULTS OF MISSION ANALYSIS
AND PERFORMANCE SPECIFICATIONS STUDY

Deliverable Item Number 1, "Mission Analysis and Performance
Specification Studies Report" of lontract No. 955190 includes a
number of items specified in the Data Requirements Description.

The pri-

mary results of the study are reported in the following subsections.

6.1
6.2
6.3
6.4

Vehicle Performance Specificationa
Mission Description and Daily Travel

Misgion Specifications

ICE Reference Vehicle and Its Characteristics

Subgections 6.1 and 6.3 are patterned after Exhibit I of Contract
No, 955190 and use the same jidentification code as the contract.

The primary results are presented in a condensed form below
and in an expanded form in the pagee which follow.

CONDENSED RESULTS

VYehicle Pes!loimancs dpeciticat junn
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k1]

15%
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mE,
Ni,
ny,
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ne,
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6.1 VEMICLE PERFORMANCE SPECIFICATIONS

Pl

P2

P3

P4

P5

P6

Minimum Nonrefuelable Range ~
Pl.1 Highway Driving (FHDC)

(a) 402 km (250 miles) between gasoline refueling stops
[i.e., about 37.85 liter (10 gallone) fuel tank
capacity)

{b) battery-stored electricity sufficient to load-level
the heat engine for 804 km (500 miles) highway driv-
ing without recharge from the heat engine

Pl,2 Urban[Buburban Driving (FUDC)

{a) 56-64 km (35-40 miles) using electric drive as
primary system

(b) 112-12¢ km (70-80 miles) using heat engine as
primary syastem, but no battery recharging with
heat engine

Pl.,3 SAE J227a(B)
To be calcula*red during Task 2 and Task 3 for comparisca
purposes.
Cruise Speed -
(a) electric drive oniy - 88 km/h (55 mph)
{b) heat engine drive only - 105 km/h {65 mph)
Maximum Speed -

{a) 121 km/h (75 mph) continuous as long as battery charge
level permits - combine efforts of electric and heat
engine drives

Acceleration {minimum values) -

0-48 km/h (0-30 mph) 6 seconds
0-96 km/h (0=-60 mph) 16 seconds
Safe passing on a two-lane road

Gradability (minimum values) -

Grade Speed Distance*
3% 88 km/h (55 mph) Unlimited
5% 88 km/h (55 mph) Unlimited
B8e 64 km/h (40 mph) Unlimited

15% 32 km/h (20 mph) Unlimited

Maximum Grade: 25%

Passenger Capacity -
S passengers (350 kg)

*On heat engine alone, distance determined by fuel available,

6-2
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P7

P8

P9

Cargo Capacity -

0.5 m® (17.7 €&
100 kg (220 1b)

Consumer Costs -

Consumer Purchase Price (1978, §)

List price of 4-door Malihu sedan with automatic trans-
mission, power steering, power brakes, radio, and air
conditioning was $5725., (Reference: Automotive News,
1978 Market Data Book Issue.)

Consumer Life Cycle Cost (1978, §)

12¢/km (19¢/mile) based on 10,000 miles/year. (Reference:
Automotive News, 19768 Market Data Book lssue.)

Emissions - Federal Test Procedure -

Standards have been set for conventional ICE passenger
cars; applicability of those standards to an electric/
hybrid whose emissions will depend on battery state-of-
charge has not yet been established.

The passenger car emission standards for 1978, 1981, and
1985 are as followa:

Standards (gram/mile)

Year ~ HC €O  Nog
1978 1.5 15 2
1981 0.4 7 1
1985 0.4 1.4 1

The electric/hybrid will meet the above standards for all
operating modes except possibly when the battery is being
recharged by the heat engine. Meeting the NOy standard
during battery charging may prove to be difficult. This
will be investigated during other tasks of the program.

P10 through P17 =

Will be treated during the deaign trade-off and preliminary
design tasks of the program.

6-3
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6.2 MISSION DESCRIPTION AND DALY TRAVEL

Figures 4-11 thru 4-26 have been used to generate daily range
capabilities for the eight mimsion sets defined in Section 4.1.
This data is presented in Table 6~-1 for the four mission sets in-
side the 8MSAs and in Table 6-2 for the four mission sets outside
the SM5As. The percentiles listed undar daily distance in these
tables are for percent vehicle miles, not for percent days.

The aspumption t..at daily travel in excess of 100 miles means
intercity travel ie reasonable in most instances but there are cer-
tainly exceptions where there are many short trips in one day all
within a city and totaling 100 miles or more. On the other hand,
daily travel of considarably less than 100 miles could be intercity
travel. The larger the metropolitan area in which a vehicle is
based, the greater the daily travel distance that would constitute
intercity traval. S8Since data is not available to define the dis-~
tribution of intercity travel, the criterion specifiad herein has
been selected. Future sensitivity studius of the miasion analysis
will examine the significance of this assumption.

Comparisons between Tables 6~-1 and 6-2 indicate that any vehicle
capable of meeting annual and daily travel requirements for outside
S8MSAs would also meet requirements inside SMSAs. Thus, it would
seam reasonable to let Table 6-2 rapresent the mission data for all
vehicles. Howaver, inasmuch as the purpose of the hybrid vehicle
study is to aasess impact on total fuel consumption, it is also
necessary to factor in the relative sales and potential market pen-
atration both inside and outside SMSAs, For this reason, a dis-
tinction hatween vehicle missions inside and outside of SMSAs will
ba retained. It is highly unlikely that a different design for in-
side and outside SMSAs is reasonabie. A final decision on whether
vehicle use patterns inside or cutside SMSAs dictate the final de-

sign will be made when the fuel consumption impact study is conm-
pleted (Task 2).
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Tabla 6-1

DAILY AND ANNUAL TRAVEL DISTANCES INSIDE SMSAs
FOR VARIOUS MISSIONS

Annual DPistance Daily Distance (miles)

Mission (miles) Percentile *
50 75 90
Personal business only
50th percentile 3,000 20 29 39
75th percentile 4,500 25 ki:} 49
90th percentile 6,500 32 49 66
Pexrsonal business plus
work trips
S0th percentile 6,625 21 32 43
75th percentile 8,125 26 39 57
90th percentile 10,125 32 51 76

All-purpose (excluding
intercity travel)

50th percentile 6,400 34 52 69
75th percentile 9,200 52 74 99
90th percentile 11,600 >100 >100 >100

All-purpose (including
intercity travel)

50th percentile 7,000 k[ 61 >100
75th percentile 11,2300 50 84 >100
90th percentile 17,000 70 >100 >100

*Percentiles are for vehicle miles
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Table 6-2

DAILY AND ANNUAL TRAVEL DISTANCES QUTSIDE SMSAs
FOR VARIOUS MISBIONS

Annual Distance Daily Distance (miles)

Mission {miles) Percentile*
S0 75 90
Personal business only
50th percentile 4,400 2% k1. 52
75th percentile 6,500 3l 49 67
90th percentile 9,300 43 64 ¥
Personal business plus
work trips
50th percentile 6,275 23 36 54
75¢th percentile 8,375 31 49 60
90th percentile 11,175 42 64 90

All-purpose (excluding
intercity travel)

S0th percentile 7,800 40 62 83
75th percentile 10,600 61 90 >100
90th percentile 12,700 >100 >100 >100

All-purpose {(including
intercity travel)

50th percentile 9,000 43 72 >100
75th percentile 13,700 58 >»100 >100
90th percentile 20,500 84 >100 »>100

*percentiles are for vehicle miles
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6.3 WSSION SPECIFICATIONS

Mi Daily Travel -

Da;ly travel requirements are summarized in Tables 6-1 and
6"0

M2 Payload (in terms of cargo and passengers) -

No attempt was made to assign passenger and carge loads to
specific type trips because siuch information was not needed

to proceed with the design of the hybrid 5-passenger, mid-
size passenger car.

M} Trip Lengths, Trip Frequency, and PTrip Purpose -

Trip purposes were subdivided only as needed ¢ obtain de-
sign conatraints for the hybrid vehicle. 1In this regard,
only to/from work travel, local random personal travel,
all-purpose travel, and intercity traval were considered
separately. Wcrk travel and intercity travel were not con-
sidered random travel and hence were not included in the
random trip calculations, Trip frequency (trips per day)
and trip length were calculated as indicated in Bection 4.3.
Results are summariged in Table 4-18.

Md Driving Cycles -

It was concluded that all travel could be described in
terms of the EPA urban (PUDC) and highway (FHDC) cycles.
Traval in congested city areas is better simulated by the
*"stabilized" portion (Figure 4-20) of the EPA urban cycle
than the J227a(B) cycle. The EPA highway cycle applies
only to intercity travel. The "traneient" portion of the
EPA urban cycle applies to relatively uncongested express-
way travel (Figure 4-27). An important factor as far as
driving cycles are concerned is the assumed split between
the mileage on the FUDC AND FHDC cycles. The customary
split of 55/45 is the national average, but does not apply
to those living in urban areas, especially in the North-
east. A more appropriate split would geem to be 70/30
{(Table 4-4) for those living in the near metropolitan areas.
The assumed split between urban and highway mileage is an
important input for the economic calculations.

NS Annual Vehicle Miles Traveled Per Vehicle -

This is an important factor in determining mission specifi-
cations and vehicle range requirements. Unfortunately, very
little data is available in this area. Annual vehicle-miles-
traveled distributions (that is fraction of vehicles travel-
ing a specified mileage or less - eee Pigure 4-1) are requilred
to interpret and apply the random trip computer results to

the various mission sets. It was necessary to make a "best
judgement” estimate of the annual miles traveled distributions
for personal and all-purpose travel. Estimates were made for
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inside 8M3Ae and outside SMS8As for hoth types of trave).
Data/information on intercity travel is also needed, but
such is not critical in determining the required "electric”
range of the hybrid vehicle. Additional data on annual
vehicle miles traveled per vehicle will be sought during
the other tasks of the program.

M6 Potential Number of Vehicles in Use a® a Percentage of Tntal
Vehicle Fleet -

It is not possible as yet to ustimate the function of mid-
size vehicle gales in 1985 which could be hybrid/electric.
If possible, this will be attempted in a later task after
the economics of hybrid vehicle use has bLeen assessed. It
is estimated that in 1985 about 24% of the wvehicles in the
passengex car fleet will be mid-size vehicles.

M? Raference Conventional ICE Vehicle -

The Refcronce ICE Vchicle selected for comparison with the
mid-gize hybrid vehicle is the Chevrolet Malibu with a V-6,
2)) CID engine and a three-speed avtomatic transmission.
This vehicle ies a popular (high sales volume) S-passenger
car meeting the performance requirements determined for the
hybrid electric design. A brochure describing the Chevy
Malibu i8 included in the Appendix.

Mo Eatimated Annual Fuel Conasumption of the Raference ICE Vehicle ~

It was estimated that in 1985 mid-size passenger cars will
use about 27% of the gasoline consumed for personal trans-
portation (Table 3-%). This estimate will be refined as
part of later tasks of the program.

MISSION RELATED VEHICLE CHARACTERISTICS

Vl Capacity (Passengers and Cargo) -

S passengers
17.7 ft3 or 200 1lb of cargo

v2 Range, Speed, Acceleration, and Gradability -

(a) Range

Range, primarily on stored electrical energy utilized through
the electric drive eystem is a key design parameter for the hybrid/
electric vehicle. The range requirement depends on a number of
factors including the mission set, travel distance to/from work,
and annual vehicle miles in random pereonal travel. The latter mile-
age varies considerabiy from owner to owner (Figure 4-1). The via~
bility of the hybrid/elactric vehicle for a particular car owner
depends to a large extent on whether the “electric” range provided
permits him to operate the vehicle most days and for a significant
fraction of his total urban miles on stored electricity rather than
gasoline., If that is not the case, the owner would not realize the
cost advantage of electrical energy. Range requirement results from
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the mission and trip analysia atudiea (see Section 4 for the de-
tailed approach) are given in Figures 4-11 through 4-23 for various
percentiles of car users. From the range studies it was concluded
that between 35 and 40 m'tes were required 8o that at least 50% of
the mid-s!ze car users could operate on atored electrical energy
for tetween 50 and 75% of their annual vehicle miles in urkan driv-
ing. The reaults given in Pigures 4-11 through 4-23 wiil be uti-
1ized on a continuing basis in the design trade-2ff atudies (Task 2)
to further refine the "electric" range of the hybrid vehicle.

(b) Speed

There 1s little uncertainty regarding speed requirements as
they are set by the 55-mpk specd limit and the desire of most car
owners to travel slightly in excess of the speed limit when traffic
conditions permit u:% to attain speeds well in exvess of the speed
limit for passing. Therefore, a cruise syeed of 60 to 65 mph and
a maximum paseing speed of 65 to 70 mph will be specified. These
speeds will make the hybrid/electric vehicle competitive with the
conventional ICE vehicles.

{c) Acceleraticn and Gradabilit
Performance of a passenger car is often stated in terms of its

0-60 mph acceleration time. Acceleration performance is important
to the car owner both for safety reasons and for the "good feeling”
he gets from driving a responsive vehicle. The analysis discussed
in Section 3 indicates that safe operation of the vehicle ¢n 2-lane
suburban and rural roads and on some limited-access expresiuways ro-
quires a power-to-weight ratio (HP/1b) conaistent with a 0-60 mph
acceleration time of 15-16 seconds. The associated gradability
would depend somewhat on the vehicle gearing and shift logic, but
should permit maintenance of 55 mph on grades up to 5%, and 40 mph
on grades up to 8%, A maximum gradability of 25% will be used as a
design target.

v3 Cost Constraints

Cost conatrainte are not set by the mission analysis, but cer-
tainly will greatly influence the marketability of a hybrid mid-
size vehicle. The purchase price of mid-size cars (high sales vol-
ume, popular models) in 1978 ranged from $4500 to $6000 depending
on installed equipment (e.g., air conditioning, radio, etc.). The
price of a well equipped Malibu was about $5700 in 1978, Data for
1978 (Automotive News, Market Book Issue) indicates an operating
coat of about 19.5¢/mi for a mid-size passenger car. Every attempt
will be made to design the hybrid/electric mid-size car so that it
is cost-competitive with the Reference ICE Vehicle in terms of both
initial and operating costs. These considerations will be central
to the work in Tasks 2 and 3,

v4 Ambient Conditions, Availability and Amenities

The hybrid/electric vehicle will be designed to be equivalent
in all respects as far as these factors are concerned. These fac-
tors were not felt to be effected significantly by mission set,
thus, they were nct considered in Task 1. They will be considered
in Taske 2 and 3.
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8.4 ICE REFERENCE VEHICLE AND ITS CHARACTERISTICS

A S5~-passenger mid-size car, the Chevrolet Malibu, has heen
selected as the ICE reference vehicle for comparison with the hy~
brid vehicle designs to be developed in Tasks 2 and 3. The char-
acteristics of the Reference Vehicle in 1978, and those projected
for a mid-size car in 1985, are summarized in Table 6-3. The ac-
celeration performance indicated for the reference vehicle is con-
sistent with that required of the hybrid vehicle designs. The
1978 fuel economies ars those measured by EPA and corrected to
account for ac.ual on-the-road experience. The 1985 fue) econo-
mies reflect improvementeé due to reduced curb welght For mid-size
carg, lower aerodynamic drag, wider range, and more efficient
automatic transmissionas, etc. It has been assumezd that the fuel
economy improvement indicated can be achieved along with meetini:
the 1985 emission standards of 0.4 gram/mile HC, 3.4 gram/miie
Co, and 1.0 gram/mile NOy.
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Sectlon 7
CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS
7.1.1 GENERAL CONCLUSIONS AND OBSERVATIONS

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

(1) The statistical character of automobile use is important
in determining the "electric" range of the hybrid/electric car and
the fraction of potential car buyers whose transportation needs
would adequately be met by a specific hybrid/electric car design.

(2) Statistical data on annual mileage including the relation-
ships between annual mileage and trip length frequency along with
fraction of vehicle miles in trips of specified length are impor-
tant in calculating auto use statistics, but the available key in-
put data is very limited.

{3) Thec auto use patterne in terms of daily ‘ravel and annual
mileage are significantly different inside and outaide of SMSAs,
and these differences can significantly effect the selection of
design range for hybrid/electric cars.

(4) The fraction of vehicle miles rather than the fraction of
days on which the car can be operated primarily on the battery ia
the critical factor in selecting "electric" range.

(5) The EPA urban and highway cycles can be used to describe
vehicle use, and the "stabilized" portion of the EPA urban cycle
is a better representation of central city driving than the SAE
J227a (B) cycle.

(6) The urban/highway mileage split of 70/30* is mcre realis-
tic for metropolitan areas in which hybrid/electric vehicles will
be most attractive than the more customary 55/45 split.

7.1.2 SPECIFIC CONCLUSIONS

(1) The Chevrolet Malibu with a V-6, 231 CID engine, a 5=

passenger mid-size car made by General Motors, was selected as the
ICE reference vehicle.

*An wcban/highway mileage split of 65/35 was used as nominal in
the Design Trade-off and Sensitivities Studies (see Appendices
B and D).

7-1
Page 253 of 572 FORD 1234



cenenal @ eLecrric

{2) An "electric" range of 35 to 40 miles for the hybrid/elec-
tric vehicle is needed so that at least 50% of the potential mid-
size car buyers would drive at least 75% of annual urban vehicle
miles using the electric drive as their primary propulsion means.

(3) A 0-96.5 km/h {0-60 mph) acceleration time of 1lé seconds
was selected for the acceleration performance specification., The
critical factor in this selection was safe, high-speed passing on
two=~lane roads. This level of performance resulted in more than
adequate gradability, freeway merging capabllity, and top speed.

7-2
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7.2 RECOMMENDATIONS FOR CONTINUING MISSION ANALYSBIS ACTIVITIES

Continuing activity on mission analysis is required as it re-
lates to the design of the hybrid/electric vehicle, its potential
sales, and thus its gasoline saving potential. Areas needing addi-
tional work were cited in previous sactions of this report. Those
areas are summarized below:

(1) A sensitivity analysis should be made of the calculated
travel characteristics to statistical trip frequency/length and
annual mileage data which were usaed as input to the Monte Carlo
travel simulation program.

{2) The impact of staiistical travel characteristics on hybrid/
electric sales potential and energy usage should be examined.

(3) A study should be made on the detail needed in describ-
ing the driving cycle mixes (EPA urban, both transient and stabi-
lized; and highway cycle) to calculate properly the operating costs
and energy usage for the various mission sets.

{(4) Further detailed evaluations should be made with regards
to high-speed paasing on a 2~lane road aa the critical factor in
setting power reguirements using specific power train configurations.

{5) Interpretation of the GPSIM computer results for the ICE
reference vehicle {Chevrolet Malibu with V-6, 231 CID engine} will

be needed after the computer results have been received from Gen-
eral Motors,

1-3
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APPENDIX

Note: The Chevrolet Malibu Brochure number 3804,
dated July 1978, was included only in those coples
of this report which were delivered to the

Government.
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APPENDIX
CHEVROLET MALIBU TECHNICAL SPECIFICATIONS

Modal S=passenger, 4-door sedan
Engine (gasoline) V-6, 231 CID, 105 HP
Tranamission 3 speed, automatic
Curb Weight, kg (1lb) 1451.5 (3200)
Exterior Dimensions, cm (in.}
Length 490.2 (193)
Width 182.9 (72)
Height 137.2 (54)
Fuel Economy 1978, km/liter (mpg)
EPA-Urban 8.08 (19)
-Highway 11.90 (28)
EPA Corrected
-Urban 7.22 (17
-Righway 9.65 (22.7)
Emisaions, g/km (g9/mi)
HC 0.93 (1.5}
Co 9.32 (15.0)
NO,, 1.24 (2.0)
Acceleration, seconds
0-48.27 km/h 6
(0-30 mph)
0-96.54 km/h 16
(0-60 mph)
72.40-104.58 km/h 11

(45-65 mph}

Range, 56.78 liters (15 gallonsg)
Urban, km (miles) 410.3 (255)
Highway, km (miles) 547.1 (340)
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BASIC INTERIOR DIMENSIONS - REPERENCE VEHICLE

According to the basic plan cutlined in the original proposal,
the interior dimensione as relating teo the occupant seating package
would be utilized in the hybrid vehicle. Listed below are the in-
terior dAimensions of the reference ICE vehicle (1979 Malibu 4-dcor
sedan) which will be used in the preliminary packaging exercises.

Front artment Degrees Inches Millimetera

W20 Centerline Occupant to Centerline Car 14,48 368

Bél Effactive Headroom 358.70 983

L64 Maximum Effective leg Room 42,75 1086

H310 H Po‘nt to Heel Hard (chair height) 8.97 229

L40 Back Angle 26,5

L42 BHip Angle 99.5

L4¢ Kneas Angle 1)1.¢0

L46 Foot Angie 87.0

L53 H Point to Heel Point 35.07 891l

L17 H Point Travel 6.73 171

HS8 H Point Rise .98 25

w3 Shoulder Room 57.32 1456

WS Hip Room 32.20 11326

W16 Seat Width 49.49 1287

Bear Compartment

LS80 H Point Couple 32.56 827

W25 Centerline Occupant to Centerline Car 13.27 n

H6) Effective Head Room 37.68 957

L81 Maximum Effective leg Room 38.00 965

H31 H Point to Heel Puint (chair height) 11.73 a98

L41 Back Angle 27

L43 Hip Angle 92

L45 Knee Angle 102

L47 Foot Angls 118.5

Wl Shoulder Room $7.08 1450

W5 Hip Room 58,59 1412

Control Location

H18 GSteering Wheel Angle 19.5

L7 Stearing Wheel Torso Clearance 13.38 340

L13 Brake Pedal Knee Clear 24,42 595

L32 Brake Pedal to Accelarator 4.48 114
A~3
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Attachment C
Attachment D

Electric Vehicle AC Drive Study

Propulsion System Design Trade=-off
Studies

Producibility Analysis
Required Motor and Controller Data

Attachment E
Attachment F

The attachments are submitted without any editorial rewrite or
attempt to present a continuously narrative text but only as a
means to record background information.
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WORK STATEMENT

to

General Electric Company
Space Division
Space Systems Operatior
Philadelphia, PA 19101

INTRODUCTION

Contract No. 355190 between California Institute of Tech-
nology Jet Propulsion Laboratory and General Electric Company
covers a program entitled "Phase I of the Near-Term Hybrid Pas-
gsenger Vehicle Development Program" under which studies shall be
conducted leading to a preliminary design of a hybrid passenger
vehicle that is projected to have the maximum potential for re-
ducing petroleum consumption in the near term (commencing in 1985),
Bffort under Contract 955190 is being conducted pursuant to an
Interagency Agreement between the Department of Energy (DOE)} and
the National Aeronautics and Space Administration (NASA) and in
furtherance of work under Prime Contract NAS7-100 between NASA
and the California Institute of Technology. This work statement

covers heat engine technology under General Electric Purchase
Order A02000-220406.

SCOPE OF WORK

In support of General Electric¢ Corporate Research and Develop-
ment's work under Contract 95519¢, the Subcontractor shall furnish
the necessary personnel, materials, services, facilities, and other-
wise do all things necessary for or incident to the performance
of the following tasks:

1. Provide a description of the system anAd components of
state-of-the-art electronic fuel gasol.ne engines:

Engines currently being marketed

Engines in advanced stage of development of testing

System components and control

Sensors

® Hicroprocessors and control logic

2. Congider the use of fuel-injected engines in the on/off
operating mode:;

® Fuel cutoff techniques

e Engine startup at relatively high vehicle velocity
(=30 mph)
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In order to develop an engine by 1980 and for it to be ready for mass
production by 1985, the present product maturity of the candidate hybrid
engines is an important parameter fn making the final selection of a heat
engine for a near-term hybrid vehicle.

1.2 (Candidate Engines

To make a rational selection of the most suitable hybrid engine, a set
of screening criteria, which are based upon the reqrirement discussed above,
are developed. All feasible heat engines are identified and a gross evaluation
of the engine characteristics against the screening criteria are performed for
the selection of preliminary candfdates A more in-depth tradeoff study of
these p: eliminary engine candidates are followed and reported in the following
sections,

Table 1 shows such a matrix. The goal of the rated power range is set
to be from 60 to 80 HP. The fuel consumption, weight and cost of varfious engine
types, as classified by different thermodynamic cycles, are presented as the
average value of each type relative to a typical conventional spark-ignition
gasviine engine of equivalent power rating.

1.3 Engine Type Selection

From a fuel consumption point of view, turbo-charged diesel, Stirling and
regenerative type gas-turbine engines offer better efficiencies than gasoline
engines. However, both the Stirling engine and the gas-turbine in the 60 to
80 HP range are still in early developmental stages. Their availability for a
1980 demonstration will require substantial developmental efforts. Even though
a 50 HP VW diesel engine is currently on market, it is not selected for the
present study due to the uncertainty in the future Federal regulation on the
exhaust particulate emission.

Advance developments in the recent years on the Otto-cycle engines, particu-
larly on fuel delivery and the emission controls, have improved their fuel
consumption significantly while suc essfully meet the Federal emission require-
ments. To select an efficient and reliable enyine for the near-term hybrid
vehicle without substantial development of the engine system, an advanced
Otto-cycle engine appears to be most attractive.

1-6
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BRAKE HORSE-POWER (HP}

m p—"
FIG. 9. EQUIVALENCE RATIO FOR VW-1.6 L FFlI ENGINE
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80" kG, 10. PERFORMANCE MAP FORVW-1.6 L (97 CID) EF! ENGINE
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BRAKE HORSE-POWER (HP}

FIG. 11. PERFORMANCE MAP FOR VW-1.3 L (80 CID} EFl ENGINE
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PEAK SPECIFIC POWER OF FeS CELLS

R
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Page i6 of 16

PROGRAM GOALS FOR THE LITHI UM/ JRON
SULFIDE ELECTRIC VERICLE BATTERY

————

Long-
Mark | Mark {1 Mark |1} Rangs
Specific Energy, W-hr/kg
Cell (average)@ 100 125 160 200
Battery 75 100 130 155
Energy Density, W-hrlliter
Cell (average} 320 400 525 650
Battery 100 200 300 375
Peak Power, Wikg®
Cell (average) 100 125 200 250
Battery 75 100 160 209
Jacket Heat Loss, W 300 150 125 75-125
Lifetime
Deep Discharges 400 500 1,000 1, 00U
Fquivalent Miles 40, 000 60, 000 150, 00D 200, 009

4\ ndividual cells for Mark | will have 10% excess capacity and power
above that shown to allo v for cell failures and mismatching;
individual cells for Mark 11 will have 4% excess capacity and power.

I:'Peak power sustainable f.r 15 sec at 0 to 50% of battery discharye;

at 80% discharge, peak pwer is to be 70% of value shown.

2-36
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Appendix D
Appendix D Page. 1 of 7

Nickel 2inc Battery System

NICMEL/ZINC EV BATTERIES

1. 2eckground

Under the provisions of the McCormack Act, the U, 5. Departrent of Enerqgy
ras contzacted with three companies to develop Nickel~Zine EV katteries,
7hese coampanies (Yardney Electric, Energy Research and Gould) aleong with
Fagle Picher had cenmpleted Phase I study contracts before being granted the
development contracts. In additien, General Motors is carrying out an in-house
Ri=Zr devrlopment without benefit of government funding. All of these efforts
are voncerned with Nickel-Zinc batteries of "conventional® design; i.e., cells
with clesely packed electrode elemants, incorporating barrier type separators.
In addition to this work, ESB and its Swedish subsidiary, AB Tuder, are working
on the developrent ¢f vibrating anode Nickel-Zinc batteries for alectrie
vehicles. Support of this effort from DOE is expected in the form of a devel-
opment contract with ESB.

2, Desicn Goals and Present State-of=Art Performance
Listed below are the major areas of interest of Nickel-Zine EV batteries

aleng with the goals desired by DOF in each area. Present astimated state-of-
-art is indicated in each categery.

Characteristic Goalse Present State-of=Art
Specific Energy {(Whr/kg) € C/3 > 70 70 (1)
Volumetric Enargy (Whr/&) € /3 »120 120 (1)
specific Power (W/kg) >12% 12% {1)
(5 sec. ave. @ 80% Disch.)
{20 min. sustained @ C/2 and > 45 -
S0% DOD)
Cycle Life (80\ DOD @ €/3) >400 75-100
Wet Life (years) > 2 2
Cost (§/kWhr) < 75 200 (est.,) (2)
Enargy Efficiency (%) > 60 65

{1y Obtainable &on early cycles enly.
{(2) 1978 dellars, up to 1000 EV batteries per year

2-45
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Page B8 of 9

PAN-10

STAGES IN DEVELOPMENT OF
LITHIUM/METAL SULFIDE VEHICLE BATTERIES
FULL-SCALE BATTERY PROJECTS

Demonstration
Stage Purpose of Goals?

Mark | First Testin Vehicle 1979
Eagle-Picher

Mark it Commerciaily Viable Prototype 1981 — 1983
EP and Gould Phase | Contractors

Mark il High-Performance Commercial 1983 — 1986
Battery

8Date of demonstration is dependent on funding rate.

2-60
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Supplement #2
SUPPLEMENT 2 Page 2 of 6

NICKEL HYDROGEN BATTERIES

(1) The nickel-hydrogen system has been investigated and used mainly on satellite
battery appl.cations. Some have flown successfully on satellites, coupled with
charging from sclar panels, Their best performance characteristic is the increase
in cycle life over Ni-Cd batteries, which suffer capacaty losses with cycling due
to Cd pasaivation. The attached material {frzom Xirk-Othner, Encyclopedia of

Chemical Technolegy, Vol. 3, Thizd Ed. 1978) gives some of the available data on
Ni=-H, batteries.

<
{2) Recent work which has been reported by companies such as EIC, HAC and COMSAT
indicate certain changes (improvemants?} in the technclogy. Operating Fressuves
have increased to 3< -68 atm., in an attempt to increase energy density and dis-
charge rate capability, In addition, common pressure vessels have bpen experi~
mantally tried. While these lmprovements have increased both energy density and
discharge rate capability, the high K, pressures 'ave also resulted in an increased
rate of self-discharge. In addition, the common pressure containe:y introduces the
pxoblen of capacity rundown caused by parasitic currents. On one test a §-ceil
battery was operated at about IO arm in a common pressure vessel. In 72 hours
capacity fell from 5.8 Ahr to 5.5 Ahr, while pressure fell from 400 psig to 300 psig.
This loss corresponds to a rate of over 10% per day.

{3) The use of the Ri=H, lystem in EV applications is not indicated at this time
because of these important limitations: : .

. 3.1. Pressure Vessel Constructicn - Present technology requires that each
cell of the battery, or at best sections of several cells, be contained
in pressure vessels holding up to 1000 psig of hydrocen. This in itself

is 30 dangerous that it alone probebly eliminates the system f{rom
consideration.

3.2 Cost Considcrations ~ The battery has all of the inherent costs of
' " satellite type sealed, sintered, nickel cadmium batteries, plus the
additional coests of high pressure battery containers, and the use of
Platinum doped eclectrodes for hydrogen recombination.

3.3 Electrical pefformance - Charged stand losses are too high for most Vv
applications, and in addition there is & cuestion about maximum specific

pover avallable. Most data presented does not indicate discharge rates
greatex than C/2.

{(4) The possibility exists for hydrogen sterage utilizing surface adsorbtion or
chemical hydrides., There is some work going on in this area, but nom has reached
the level of cell or battery demonstraticon, If there is to be a Ni-H, EV battery
this could be the only way to solve the high pressure storage Froblem
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PULSED TESTS OF LEAD-ACID BATTERIES
€SB Technology Corporation
June 1879

erbCElihvag Paut Buarn by YV oy,

2-71
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Section 3
VEHICLE TECHNOLOGY
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cewenat & eLsctric

WORK STATEMENT

Triad Services, Incorporated
32049 Howard Street
Madison Heights, MI 48071

INTRODUCTION

Contract NO. 955190 between California Institute of Tech-
nology Jei Propulsion Laboratory and General Electric Company
covers a program entitled "Phase 1 of the Near-Term Hybrid Pas-
senger Vehicle Development Program” under which studies shall be
conducted leading to a preliminary design of a hybrid passenger
vehicle that is projected to have the maximum pcvential for re-
ducing petroleum consumption in the near-term (co. 2ncing in 1985).
Effort under Contract 955190 is being conducted pursuant to an
Interagency Agreement between the Department of Energy (DOE) and
the National Aeronautics and Space Administration (NASA) and in
furtherance of work under Prime Contract NAS7-100 between NASA
and the California Institute of Technology. This work statement

covers vehicle technology under General Electri¢ Purchase Order
A02000-220147.

SCOPE OF WORK

In support of General Elec¢tri¢ Corporate Research and Develop-
ment*'s work under Contract 955190, the Subcontractor shall furnish
the necessary personnel, materials, services, facilities, and

otherwise do all things necessary for or incident to the performance
of the following tasks,

l. Provision of the following with respect to the Reference
Conventional ICE vehicle.
@ Consultation to assist in its selection
® Weight and cost information on key components

e Performance information on auxiliaries, such as power
steering, power brakes, air conditioning, lighting
and electrical accessories, heating and ventilating

2. Consultation on selection of preferred passenger compart-
ment heating procedure for hybrid vehicle considering
such approaches as:

e Waste heat from the engine
® Thermal energy storage
® Auxiliary burner

3. Consultation on air conditioning for the hybrid vehicle,

especially methods of taking advantage of the reduced

input speed variation for the hybrid as compared with
the conventional ICE vehicle,

1-1
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NOTE WITH RESPECT TO SUBCONTRACTOR'S DATA

It is understood that all data in the Subcontractor's reports,
furnished by the Subcontractor to General Electric Corporate Re-
search and Development hereunder, may be furnished to the Cali-
fornia Institute of Technology Jet Propulsion Laboratory and the
Department of Ene:gy and the National Aeronautic¢s and Spacc Agency
with no restrictions.

3-3
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DEVELOPMENT OF WEIGHT PROPAGATION FACTORS

I PURPOSE

The purpose of this study was to develop a set of equations
which would predict with some accuracy the gross vehicle
weight of proposed hybrid vehicles for the purposes of trade-
off analyais.

11 METEOD

Detail weight breakdowns for thirteen different vehicles were
analyzed to attempt to establish relationships between vehicle
grose weight, number of passengers, engine size, and wheel-
base and certain component weights. Algebraic functions were
derived for these relationships utilizing the least squares
techniqu a.

Vehicle weights were divided into 29 categories for the pur-
pose of analyzing the data. Weights of each category for the
13 vehicles, where data formats allowed, were studied in order
to determine if functional relationships existed between the
weights and the independent parameters stated earlier.

ITII VEHICLES STUDIED

The 13 vehicles studied and their gross weights are listed

Chevrolet Chevelle (1975) 4443
Chevrolet Camarc (1974) 4287
Volkswagen Rabbit 2583
Buick Regal {1978) 4034

below:

VEHICLE GVW
. Dasher 4-Dr 2923
. Flat 124 2786
. FPiat 128 2610
. Subaru DL 2410
. Chevette 2781
. Oldsmobile F=-83 (1972) 4460
. Chevrolet Corvette 3711
. Chevrolet Vega 3097
. Ford Pinto 3276

Iv DEFINITIONS:
We = Vehicle curb wt-~lba.

Wy = Vehicle gross wt-lbs.
P = Number of vehicle passengers

3-5 PRECEDING PAGE DLANK NOT FILMED
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L = Vehicle wheelbase - inches
F = Fuel system capacity - gallons
D = Engine displacenent - cubic inches

v RESULTS

The following relationships have been developed for the var~
ious vehicle elements.

A Gross Vehicle Weight Related Elements.

SYSTEM RELATIONSHIP
Structural .0437 Wg + .0000356 Wg2
Bumpers .00147Wg + .0000101 Wg2
Suspension .02526Wg + .00000736Wg2
Wheels & Tires 20 4+ .04666Wg
Brakes 9.2+ .02368 Wg
Tools .00281 wWg

TOTAL 29.2+ ,14358 W + 5.3 W2 x 1073

B Engine Displacement Related Items.

Engine & Transmission 290 + .91D
{including fluids)

Exhaust System 9 + ,19D
Cooling SYstem 24 + .08D
TOTAL 323 + 1.18D

C Number of Passenyger Related.

Seats & Related 23.2P
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D Wheelbasec Related. (not giass}

8kins 1.4L

E Fuel Capacity Related.

Fuel System (inc. evap.
emission control) 1.53F

F Insensitive Components.

Certain items are relatively insensitive to any of
the variables considered in the context of this pro-
gram. These itema deal primarily with human factors
(ie elements designed to tolerate loads supplied by
the driver).

Thosge items which will be considered fixed in weight
are listed below:

Doors (4 Dr) & Deck 174.0
Exterior Trim 4.5
Instrument Panel 20.0
Interior Trim 60.0
W/S Wipers 7.6
Pixed Glass 48.0 (windshield plus rear window)
Park Brake 5.1
Brake Actuation 5.3
Brake Hydraulics 15.8
Controls 9.8
Power Strg.Gear 30.6
Steering Linkage 19.8
Strg.Col. & Wheel 16.6
Hydraulics 14.7
Acc. Electrical 59.5
Heater 15.5
Restraint S¥stem 31.8
Air Conditioner 126.0
TOTAL 664.6 lbs

G Summary

Totalling all of these functions, a relationship can
be written for the curb weight of a vehicle.

We = 1017 + .144 Wg + 5.3 x 105 wg?
+ 1.18D + 2°,2P + 1.4L + 1.53F
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VI

Substituting Wg = Wc + payload

and

R = 1017 + payload

where: Payload = luggage + passenger load

+ max fuel locad + battery lcocad + motor wt.

+ control weight

and K1 = K + 1.18D + 23.2P + 1.4L + 1.53F

then: 6.3 x 1075 Wg2 + .856 Wg + K1l = 0

Solving for Wg

s bt s ke
IA-" SR L L. e eER ek e e RS -

Wg = .856 - \!.733- (21.2 X 10°3) K1

- om s =

10.6 x 10-5

Az a check, substituting the appropriate values for
the reference

K

K1l

Wy

vehicle.

1017 + 750(pass) + 200(lugg.) + 108 {(fuel)

2075

K+ 1.18(200) + 23.2(5) + 1.4(108.1) + 1.53(18.1)
2607

4069

We (calculated) = 4069-1058 = 3011 pounds

which compares with an actual curb weight of 3084 pounds.

PROJECTIONS OF FUTURE PRODUCTION VEHICLE WEIGHTS.

As a result of some conversations with knowledgeable people
within the automobile industry, it was the consensus of opin-
ion that a reduction in vehicle weight by 1985 will not ex-
ceed 10% to 12% for the same sized vehicle compared to 1979

vehicles.

This weight reduction will come from basic re-

design of components with the use of more specialized parts
(less commonality across vehicle lines) rather than by the
substitution of other materials for any fundamental parts.

The reasons for not shifting to aluminum or plastic components

Page 407 of 572
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in lieu of steel are:
1) Cost effectiveness [$1.00 + per pound penalty]).

2) Requirement for significant investment in tooling
and equipment.

3) 1Inadeguate supply of aluminum or resin products
to meet potential automotive requirements.

3-9
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VEBICLE DRAG PPOJECTIONS

For the purposes of the trade-off analysis, some reasonable
drag estimate must be made for the proposed hybrid vehicle.
The three basic elecments of the total vehicle drag which
will be considered are the aerodynamic drag, tire hystereses
losses, and the tire rolling resistance and chassis losses.

A _Aerodynamic Drag.

Vehicle frontal area and drag coefficient must both
be established in order to determine the total aero-
dynamic drag.

The frontal area is really a function of the seating
package selected. Utilizing the 1979 Chevrolet Malibu
seating arrangement, a frontal area of 21 sguare feet
is a resonable estimate.

As demonstrated by the full sized wind tunnel tests of
the GE Centennial 100 vehicle, it is apparent that a
drag coefficient of the order of .33 is possible. This
value must be tempered by two factors. First, the fact
that the hybrid vehicle will require some heat exchanger
for its internal combustion engine will increase the
drag by approximately 6% to .35. Second, the aero-
dynamic performance of the vehicle in yaw must be con-
sidered since the vehicle will never operate in a zero
wind condition. Making the assumption that a 10 mph
wind is typical, and that the average speed of the ve-
hicle is about 40 miles per hour, a yaw angle range of
+ 15° would seem reaconable.

During scale wind tunnal tests of the GE Centennial in
December of 1975, the effect of yaw angle was determined
to be an increase of 11% on the drag coefficient. For
the purposes of calculaticon, therefore, drag coefficient
of .29 should be used.

B Speed Influences on Tire Rollin: T.osses.

Based on data from a report entitled "Tire Rolling Loss

Measurements" written by Calspan Corporation under con-

tract to the DOT, the influence of vehicle speed on %ire
losses was determined to be

F = .00003 WV
where F = Drag force - pounds

W = Weight - pounds
V = Speed ~ mph
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€ _Tire Rolling lLosses.

Tire rolling losscs for radial ply tires in equilibrium
opernting condtions are known to be of the order of .01l
pounda per pound at their rated load. However, the
effect of warm~up is significant and can account for var-
ilationa of up to 50% in tire rolling loss from "cold" to
"warm" tires. Figure 1 is a plot of trip length verses
rolling resistance illustrating this effect. This factor
should be included in the trade-off analysis with the
value selected based on the mission profile.

D__Total Vehicle Drag.

Summing the effects outlined above, the expressions for
the drag of the hybrid vehicle in the equilibrium con-
dition {wamm tires]) can be written:
F = .011 W+ .00003 W + (.00249) (ACq)V?
= 011 W + .00003 WV + .02 Vv
where

W
v

vehicle wt. (pounds)
vehicle speed (mph)

E Effective Vehicle Weight.

The weight of the venicle must be increased effectively
for acceleration calculations to account for the rotat-
ing inertia of the wehels and tires. This amounts to
approximately 70% of the wheel and tire weight. Utiliz-
ing the factors developed in section I, the weight of
the vehicle must be increased by (.(028) (Wg) for the pur-
poses of acceleration calculations.

3-11
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HEATER AND AIR CONDITIONER FERFORMANCE

In order to provide "eguivalent value" in the hybrid vehicle
relative to the reference vehicle, the heater and air con-
ditioning systems should have the same or similar performance.
Tests were conducted on a 1979 Malibu 4-door sedan with 200
cubi¢ inch 6 cylinder engine to establish these performance
levels. The vehicle was instrumented with thermocouples and
air flow measuring apparatus in order to measure the heat
transfer to the passenger compartment.

HEATER FERFORMANCE

After an overnight socak at ambient temperatures of between S
and 11 degrees F., the reference vehicle was started and
driven at 20 mph with the heater blower on maximum. Air tem-
peratures across the heater core and blower air flow were
measured as a function of time. "Breath level” interior com-
partment temperatures were also monitored in order to place
some measure on the vehicle warm-up time. Figure 1, illus-
trates the breath level temperature as a function of time,
and the heat transfer to the compartment as a function of
time.

AIR CONDITIONER PERFORMANCE

Similar instrumentation to the heater tests was used to meas-
ure the heat transfer from the air acioss the evaporator.
Figure 2 i{illustrates the "pull down™ capability of the sys-
tem as a function of time after a hot scak. The engine was
at idle and the vehicle not in motion. Figure 3 shows the
heat transfer from the air across the evaporator for the air
conditioning system while operating at its maximum capacity.

3-13
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ACCESSORY POWER REQUIREMENTS

Accessory power requirements for the hybrid vehicle were de-
rive@ from measurements on the reference vehicle, Power re-
quirements for the air conditioner, the alternator, and the

power steering pump were determined by measurements made on

a Chevrolet Malibu using a strain gauged crankshaft pulley.

The results of these tests follow.

A Air Conditioner Power Requirements. (Drive Ratio* 1.4:1)

Figure 1 is8 a plot ot compressor horsepower as a

function of compressor speed. The compressor is

operating at its maximum load. The ratio of com-
pressor speed to vehicle speed is 50.4 rpm/mph.

B Al-ernator Power Reguirements. (Drive Ratio 3.1:1)

Figure 2 is a plot of alternator power require-
ments as a function of speed and charging current.
The ratio of alternator speed to car speed is
111.6 rpm/mph.

C Power Steering Power Reguirements. (Drive Ratio 1.2:1)

Pigure 3 is a plot of road load power steering

pump requirements with zero steering effort applied.
In addition to these losses, which are essentially
parasitic, there is an additional requirement for
parking and high speed maneuvers. Figure 3 also
presents the instantaneous power required by the
power steering pump for maximum performance.

Although these power levels are high, they represent
instantaneous values. Tests run on simulated city and
highway driving cycles yield more realistic power
steering system power requirements for the purposes

of range calculations.

Losgses on the city driving cycle are approximately
+75 horsepower while the highway driving cycle will
drop these values to about .65 horsepower on the
average.

*Ratio to engine speed

3-19
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TRIAD SERVICES INC. » 32049 HOWARD ST. ¢ MADISON HEIGHTS, MICH. 48071 « 313/589-2358

Pebruary 6, 1979

Dv. A. F. Burke

General Electric Company

Corporate Research and Development
Building 37 - Room 2078

P.O. Box 43

Schenectady, New York 12301

Dear Andy:

The following chart summarizes the resulte of the accessory
power system tests run on a 1979 Malibu vehicle.

Accessory Power Reguirements {(Watts)

Parking Ligyhts 101
Low Beam Headlights 203
High Beam Headlights 254
Turn Signals {(avg.) 84
Hazard Lights (avg.) 179
Interior Lights 45
Windshield Wipers

dry - low speed 98

wet - low speed 90

dry = high speed 83

wet = high speed 70
Ventilation Fan

low speed 32

2nd speed 73

3rd speed 112

high speed 159
Rear Window De-fogger 231
Radio 10
Cigarette Lighter 62
Horn 25
Engine Ignition System 25
Air Conditioner Clutch 14

3=-23
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Page 425 of 572

WEIGHT RELATICNSHIP

W, = .85 - 1[733 - (21,2 x 107)KL
10,6 x 107°

WHERE
Kl = K + 1,180 + 23,2P + 1.4L + 1.53F

AND

K= 1017 + LuceaGe + PASSENGER LoAD +
Max. FueL Loap + BatTery LoaD
+ Motor WEIGHT + ConNTROL WEIGHT

D = EncINE D1SPLACEMENT (CU.IN.)
P = NuMBER OF PASSENGERS
L = WHEELBASE (INCHES)

F = FueL CapaciTy (GALLONS)
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AUXILIARY POWER REQUIREMENTS

Accessory Power Requirements (Watts)

Parking Lights 101
Low Beam Headlights 203
High Beam Headlights 254
Turn Signals (avg.) 84
Hazard Lights (avg.) 179
Interior Lights 45
Windshield Wipers

ary - low speed 98

wet - low speed 90

dry - high speed 83

wet - high speed 70
Ventilation Fan

low speed 32

2nd spced 73

3rd speed 112

high spced 159
Rear Window De-fogger 231
Radio 10
Cigarette Lighter 62
Horn 25
Engine Ignition System 25
Air Conditioner Clutch 44

i-29
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ACCESSORY POWER SYSTEMS

SYSTEMS

. POWER STEERING

» POWER BRAKES

« AIR CONDITIONER

» LIGHTING

. HeAaTER & DEFROSTER

. WINDSHIELD WIPING

»  TRANSMISSION CLUTCHING

. CoMFORT & CONVENIENCE [TEMS

3-30
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CONVENTTONAL ACCESSORY POWER SYSTEMS

 SYSTEN,

Power STEERING

Power BRAKES

AIr CONDITIONER
LIGHTING

HEATER & DEFROSTING
WINDSHIELD WIPING
Transmiss1on CLUTCHING
ComrorT & CONVENIENCE
ENGINE STARTING

Rage 430 of 572

3-131

POKER SOURCE

Open CeEnTERED HyDRAULIC

ENGINE ManiFoLp Vacuum BoosteD
VaPorR-CoMPRESS 10N-ENGINE DRIVEN
ALTerRnATOR (14.6Y)

WAsTE HEAT AND ALTERNATOR
ALTERNATOR

Open CentereD HyDRAuLIC
ALTERNATOR

AccESSORY BATTERY

FORD 1234



HEATER/DEFROSTER

. WaSTE ENGINE AND MoTOR HEAT
»  AUXIL1ARY BURNER
. Storep Hear (MouLTEN SALT?)

« HeAT Pump AuGMENTED BY WASTE HEAT

3-32
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POWER STEERING SYSTEMS

Open-CeENTERED HYDRAULIC SYSTEM

CLosep-CeNTER HYDRAULIC SYSTEM WITH
CHARGING VALVE

CLosep-CENTER HyDRAULIC SYSTEM WITH
VARIABLE DiSPLACEMENT Pump

3-34
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ACCESSORY ELECTRICAL SYSTEMS

. SEPARATE ALTERNATOR DRIVEN FROM
PriME MovERS

« ALTERNATOR INTEGRAL WITH DRIVE MoTOR

. DC/DC CoNVERTER

» HieH VoLTAGE AcCESSORIES - POWERED
FrRoM MAIN BATTERY Pack

3-35
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TRANSMISSION CLUTCHING
Open CENTERED HYDRAULIC
» DRIVELINE INTEGRAL
» ACCESSORY PACKAGE

CLosep-CenTer HYDRAULIC

ELECTRO-MAGNETIC

3-36
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ENGINE STARTING SYSTEMS

. Low VortAaGe SysTeEM/SmaLL MoTor/
CRUDE GEARSET. INTENDED FOR
INFREQUENT UsE,

. HieH VouTAaGE SysTEM/LUBRICATED GEARSET/
Hicn MoTor RATING FOR FREQUENT USE

. DRIVE MoToR STARTS ENGINE THROUGH DRIVE-
LINE (VZHICLE MUST BE IN MOTION)

. DRIVE MoTorR STARTS ENGINE INDEPENDENT
OF VEHICLE DRIVE

3-17
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POSSIBLE SYSTEM ALTERNATES

. Hear Encine IpnLine
. Accessories DRIVEN BY HEAT ENGINE
» HeaTer AND A/C CONVENTIONAL
. ENGINE STARTING CONVENTIONAL
. AcceLeraTiON ResPonse BETTER

. ELectric Motor IDLING
. No ARMATURE ELECTRONICS
» OvER-RUNNING CLUTCH ACCESSORY DRIVE
« Drive Motor STARTS ENGINE
. Heater ?

. NEITHER PRIME Mover IbLING
+  SEPARATE Accessory Drive MoTtor?
. SEPARATE ENGINE STARTING MoTOR?
. Heater anp AC?
. STORAGE FOR POWER STEERING AND
TRANSMISSION SHIFTING
. Accessory Power Source?

3-38
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BASIC INTERIOR DIMENSIONS-REFERENCE VEHICLE

Front Compartment

DEGREES IN MM

W20 Centerline Occupant to

Centerline Cayxy 14.48 368
Hél Effective Headroom 38.70 983
Lé4 Maximum Effective Leg Room 42.75 1086
H30 B Point to Heel Hard

(chair height} B.97 228
L40 Back Angle 26.5
142 Rip Angle 99.5
L44 Knee Angle 131.
L46 Foot Angle 87.0
L53 H Point to Heel Point 35.07 891
L17 H Point Travel 6.73 171
H58 H Point Rise .98 25
W3 Shoulder Room 51.32 145¢
WS Hip Room 52.20 1326
W1lé Seat Width 49.49 1257
Rear Compartment
L50 B Point Couple 32.56 827
W25 Conterline Occupant to

Centerline Car 13.27 337
H63 Effective Head Room 37.68 957
L5l Maximum Effective Leg Room 38.00 865
H31l H Point to Heel Point

{chair height) 11.73 298
L41 Back Angle 27
L43 Hip Angle 82
LdS Knee Angle 102
L47 Foot Angle l1g.5
wWé Shoulder Room 57.08 1450
wé Hip Room 55.59 1412
Control location

DEGREES IN MM

H18 Steering Wheel Angle 19.5
L? Steering Wheel Torso Clearance 13.38 340
L13 Brake Pedal Knee Clear 24,42 595
L52 Brake Pedal to Accelerator 4.48 114

3-40
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CRITERION FOR SELECTION OF PACKAGE

(1) CRASHWORTHINESS

(2)
(3)

1)

(5)

(6)

»  STRUCTURAL REQUIREMENTS
. DynaMics
. FueL SysTem PROTECTiION

VEHICLE Mass

HANDLING CHARACTER
. WeiGHT DisTRIBUTION
+ PoLAR MOMENT OF INERTIA
. Suspension Types

SERVICEABILITY
.« ENGINE
. ConTrOL SYSTEM
»  BATTERY

LUGGAGE COMPARTMENT
Si1ze
+ LOCATION

PaSSENGER COMPARTMENT INTRUSION
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MOTORS AND CONTROLS FOR HYBRID VEHICLES
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Sectlon 4
MOTORS AND CONTROLS FOR HYBRID VEHICLES

4.1 BACKGROUND

In 1978, General Electric Corporate Research and Development
began a long-range program to make substantial improvements in
motors and controls for electric and hybrid vehicles,

Initially, a1 comprehensive survey was made considering all
types of motors and controls which were amenable to electric and
hybrid vehicles depending upon the time frame in which they were
used. Thieg survey was presented orally to the Department of Energy
(then called Research and Development Administration) as part of
a comprehensive plan to develop advanced electric vehicles (see
Attachment A). The General Electric Company, Electric Storage
Battery Inc., and Triad Services Inc., recommended the overall
program and offered to submit an unsolicited proposal. This offer
was declined, and the proposal was never formalized., The survey
of motors and controls was not published, but the draft version
has been used heavily by General Electric in program definition,
proposed preparation, and reports in this, as well as a number
of other subsequent projects.

Several major developments either planned, under way, or com-
pleted which followed this comprehensive design are:

1. Development of an electric vehicle designed from the ground
up to demonstrate the state-of-the-~technology drive system
and to establish a ba?f}ine against which to identify and
measure improvements. This was actually built with
a commercially available General Electric direct current
series motor and SCR chopper direct current armature con-
trol and is identified as the GE-100 Centennial Electric
(see Attachment B).

2. Development of an inductor motor/alternator with flywheel
and load inverter for accelerat1on ?nd regenerative brak-
ing for the Department of Energy.

3. Development of a Department of Energy Near-Term Electric
Vehicle with improved perfcrmance and utilizing regenera-
tion advancements in the state-of-the-technology in the
separately excited direct current motor (Figure 4-1), the
regenerative armature chopper utilizing new transistorized
power modules, microcomputer controls, and on tle improved
lead~-acid battery. (3

4, Development of a high-speed induction motor being huilt
for National Aeronautics and Space Agency (NASA) Lewis
Researsh Center featuring low volume, low weight, and low

cost. ( This development is aimed at electric vehicles

4-1
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Figure 4-1, Direct Current Separately Excited Motor
Used in Near-Term Electri¢ Vehicle

that will succeed the Near-Term Vehicles perhaps in the
mid 1980's. A proof-of-concept motor is shown in Fig-
ure 4-3, which compares it to the equivalent direct cur-
rent separately excited motor developed in Item 3.

S. Development of an advanced permanent magnet disc motor
on a General Electri¢ program intended to produce very
lightweight, low volume, and very low-cost electric drives.
This work is aimed at the truly advanced electric thé?le
in the latter part of the 1980's and early 1990's,‘'>’
A proof-of-concept motor has been developed and is shown
in Figure 4-2 which ¢compares it to the equivalent direct
current separately excited motor developed in Item 3.

Each of the items listed above was accomplished after exten-
sive modeling and analysis. These studies were consulted exten-
gsively in the sections that follow to make the required design
trade-off studies for the hybrid vehicle program.

4.1,1 PREVIOUS TRADE-OFP STUDIES

The overall drive system requirements and the detailed eval-
vation of alternate direct current drives were made for the Near-
Term Electric vehicl: Program, Phases I and II. These will not
be repeated in this study. Specific designs and ratings will be
scaled to accomplish the trade~otf using direct current drives
for the hybrid vehicle.

TRIGINAL PAGE '8
OF POOR QUALITY
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Flgure 4-2., Comparison of PM Disc Synchronous Motor
with d¢ Separately Excited Motor

[
o‘é.
.y
- f'\,
Fial (Y
“ ,%
R
e ‘tﬂ
h -
-y in

Figure 4-3. Comparison of High-Spced Induction Motor
and Gear Reducer with dc¢ Separately Ex-
cited Motor

4-3
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Table 4-1
DC MOTOR DATA
Continuous Duty Rating 20 hp
Base Speed 2500 rpm
Max Speed 5000 rpm
Rated Current 175 A
Rated veltage 36 Vv
Rated Field Current 4.9 A
Armature Winding
Wirding Resistance 0.0240
Winding Inductance Unsaturated 0.92 mH

Field Winding - Separately Excited

Wwinding Resistance 4,39
Winding Inductance Unsaturated 2.3 H
Turns per Pole 330

Torque Constant kt = 0,352 lbft/A-megalinc
Voltage Constant ke = 0.05 V/rpm-megaline

Page 458 of 572
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Table 4-7
AC MOTOR DATA

Continuous Duty Rating 20 hp

Base Speed (60 Hz) 1800 rpm

Voltage per Phase (LN) 266 Vv

Line Current 23,32 A

Power Factor 6.87

Slip 0.0297

Stator Resistance o 0.3322Q
(pet Phase at 95 ~C)

Rotor Resistance 0.24662
(per Phase Referred to Stator}

Stator Reactance 1,153¢Q

Rotor Reactance 1.1840
(per Phase Referred to Stator)

Magnetizing Reactance 42.45Q
{per Phase Referred to Stator)

kagnetizing Brance Resistance 1.467Q

(in Series with Reactance)

4-10
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4.3 CONCLUSIONS

The motors and controls to be used in the detailed trade-off
studies are as follows:

4.3.1 DC _DRIVE SYSTEMC

® Alternate A
- S.parately excited dc motor
Transistorized regenerative armature chopper
Transistorized field control
Flxed-gear reduction

® Alternate B
- Separately excited dc motor
- Transistorized field control
- Shifting transmission and clutch
- Armatyre resistor for motor starting at no load

4.3.2 AC DRIVE SYSTEM

@ Alternate A
- AC induction motor (5000 rpm)
- Transistorized voltage inverter
- Filxed-gear reduction

® Alternate B*
~ AC induction motor/gear reducer (15,000/5,000 rpm)
= _ransistorized voltage inverter
- Fixed-gear reduction

*Note: Alternates A & B are considered to be so nearly equivalent
that all calculations will be made using Alternate A since
detalled motor characteristics are available for Alternate A.
Should Alternate B become available as a result of the NASA
program, then it will be considered for this application.

4-11
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Section 4 Attachment A
PROPOSED DEVELOPMENT PROGRAM

ON ADVANCED ELECTRIC VEHICLE
OCTCBER 1975
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PROPOSED DEVELOPMENT PROGRAM
ON
ADVANCED ELECTRIC VEHICLE
for
Energy Research and Deveinpment Administration

Washingten, D.C.

Oztaber 2, 1375
by

Electric Storage Battery, Inc.

General Electric Company
Triad Services, Inc.

A 1
e 4 S
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Al quexsdons regarding this proposed
*  program should be submitted to:

Mr. MW. Goldmon

Representative — Science and Technology
General Electric Company

777 14th Street N.W.

Washington, D.C. 20005

Telephone: 202-837-4275

4p-2
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ADVANCED ELECTRIC VEHICLE REQUIREMENTS

e |IMPROVED RANGE
- Higher Overall Drive System Efficiency
- Improved Battory Performance, KWHI#
- Recovery of Braking Energy
- Reduce Battery Peak Power Drains
- Better Aerodynamics
¢ IMPROVE ACCELERATION WITHOUT AFFECTING
BATTERY CAPACITY
e REDUCE VEHICLE WEIGHT AND COST
- Smaller Motor and Electronics
- Better Battery Utilization
- Lighter Vehicle Materials
* IMPROVE RIDE QUALITY AND HANDLING
CHARACTERISTICS

o MEETS SAFETY REQUIREMENTS

4A- 13
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ADVANCED ELECTRIC VEHICLE
DEVELOPMENT PROGRAMS

Immediate — 0 to 1 Year
Near Term ~ 1 to 1% Years
Mid Term — 2to 3 Years
Long Term — 3 to b Years

4050
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VEHICLE SPEED — MPH
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BATTERY ELECTRIC VEHICLE MID TERM DEVELOPMENT

4r-9
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ADVANCED ELECTRIC VEHICLE DEVELOPMENT PROGRAM
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Section 4 Atlachment B
CENTENNIAL ELECTRIC CAR
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FACT SHEETS
GE-100 CENTENNIAL ELECTRIC VEHICLE

DRIVE TRAIN DESCRIPTION

Armature Chopper & Controls EV-1 (GE)

Chopper Efficiency > 95%

DC Series Motor - 24 HP, 2304 5BT2364 (GE)

Maximum Motor Efficiency 86%

Propulsion Battery (3-year life) (18) GC=-419 (6V lead-acid)
108 v - 1225 % Globe~Union

Battery Recharge Time 6 -~ 8 hours
230 vV - 30 A

Power Wiring Resistance 0.002 @

Drive Train Mechanical Efficiency 98%

Fixed Gear Ratio 5.62:1

Motor/Vehicle Speed Ratio 80.5 RPM/MPH

41~y
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FACT SHEETS

GE~-100 CENTENNIAL ELECTRIC VEHICLE

GE PRODUCTS

EV-1 Controls, Contactors
5BT2364 Motor
Lexan@windows* & 'leadlamp Covers

NorleDInstrument Panel, Dash,
Console, Wheel Covers

Connectors, Plugs, Receptables
Instruments & Shunts

Wire & Cable

Radio

Head, Rear & Marker Lights

Interior Surface Finish
Microswitches & Switchettes

Lubricants & Sealants

Windshield by Pittsburgh Plate Glass

4n-7
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DEPARTMENT

Industry Control Dept.

DC Motor & Gen. Dept.

Plastic Sales Dept.

Plasti¢ Sales Dept.

Wiring Devices Dept.

Meter Dept.

Wire & Cable Dept.

Audio Products Dept.

Miniature Lamp Deépt.

Laminated & Insulating
Products Dept.

Appliance Control
Products Dept.

Silicone Products Dept.
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FACT SHEETS
GE 100 CENTENNIAL ELECTRIC VEHICLE

ENERGY CONSUMPTION - EKWh/Mile

(Battery and Charger Efficiency ~ 70%)

Type of Driving

® SAE J227a - Schedule D

e 40 MPH Constant Speed

Page 486 of 572

Input to Charger
From Wallplug

Fnergy Consumption

(Kwh-mi)

From Battery

0.429
0.285

0.300
0.193
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VEHICLE SUMMARY DATA SHEET

1.0 Vehicle manufacturer General Electrie/Triad Services, Inc.
2,0 vehicle GE Reference Electric Vehicle
3.0 Price and availability One of a kind - experimental prototype $250K
eatimated replacement value
4.0 vehicle weight and load
4.1 curb weight, kg {1lbm) 1475 (3250)
4.2 Gross vehicle weight, kg (lbm) 1747 (3850)
4.3 cargo weight, kg (lbm) 0=
4.4 Number of passengers 4
4.5 Payload, kg (lbm) 272 (600)
5.0 Vehicle Size
5.1 wheelbase, m (in.) 2.34 (92)
5.2 Length, m (in,) 4.06 {(160)
5.3 wiath, m {in.) __ 1.68 (66.1)
5.4 Height, m {in.) 1.36 (53.6)
5.5 Head room, m {in.) .97 (38,.3)
S.6 Leg room, m (in.) 1.06 (41.9)
5.7 Frontal area, m2 (;:5) 1.77 {19)
.8 Road clearance, m {in.) .15 (6)
5.9 Number of seats 4
6,0 Auxiliaries and options
6.1 Lights (number, type, and function) Dual Beam Headlights {4},
Front Parking & Direction, Front Side Markers (Parking &
Direction), Rear Tail Lamp Assembly (B3ackup, Taillight, Di-
rectional, Stop), Rear Lic. Plate Lamp, Rear Side Markers
(Tail) - Dome light, 2 courtesy lamps, Dash cluster illumina-
tion lamps.
4n-9
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7.2.3 oOperating voltage, V 12

7.2,4 capacity, Ah 20 hour rate 30

7.2, sSize, m {(in,} L=197 (73/4), Wal30 (51/8),
H=187 (73/8)

7.2.6 Weight, kg {(lbm) 10 (21.8)

8.0 Controller
8.1 Type and manufacturer SCR EV-1C General Electric

8.2 Voltage rating, V B4 - 144 volts
8.3 Current rating, A 850 Peak, 375 Max Avg Batt, 150-200 Motor on_duty
cycle

8.4 8Size, m (in,) L = 36.56 (14), w = 20.47 {8.06),
H-17.68 {6.96) - H over hinged control 27.89 (10,98)
8.5 Weight, kg {lbm) 23.1 (51)

9.0 Propulsion motor
9.1 Type and manufacturer DC Series SBT2364 General Electric

9.2 Insulation claass P

9.3 Voltage rating, V 108

9.4 Current rating, A 195

9.5 Horsepower (rated)}, kW (hp) 17.9 (24)

9.6 sSize, m (in.) OD=0.29 (11.38), L (over shaft)=0.51 (20.00)
9.7 Weight, kg (lbm) 104.36 {230)

9.8 Speed (rated), rpm 3000

10.0 Battery charger
10.1 Type and manufacturer Lab Model - Ferro Resonant, GE-CRD

10.2 On- or off-board type of f
10.3 Input voltage required, V 1l -0 220V
10.4 Peak current demand, A 27.58A
10.5 Recharge time, h 6 - 8
NOTE: On-Board Accessory Charger

- = EVA DC~-DC Traneformer Iso.ated

- +2 = On Board

- .3 - 85=125V DC (Main Battery)

- 04 - 2.5A

« .5 = 4=06 hours

- .6 =L = .32 (12.5), W= 0.1 (4), H = 0.08 (3)
- .7 = 2.7 kg (6)

- .8 - Yes, Regulated 4p-11
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12.4.2 Gear ratios Chain 1.36 to 1,0, Differential 4,11% to 1
12.4.3 Driveline ratio Overall 5,620 to 1
12,5 Steering
12.5.1 Type and manufacturer New - Triad Services, Inc,
12,5.,2 Turning ratio 18.5 to 1
12,5.3 Turning diameter, m (ft) 9.75 (32)
12,6 Brakes
12.6.1 Front Inboard Chevelle with copper drums
12,6,2 Rear Subaru drums
12,6.3 Parking _Vega coupled to front Chevelle

12.6.4 Regenerative None
12,7 Tires
12.7.1 Manufacturer and type Michelin radial
12,7.2 BSize B78 - 13
12.7.3 Pressure, kPFa (psi):
Front 165.5 ~ 179.3 (24 - 26)
Rear 165.5 - 179.3 (24 - 26)

12,7.4 Rolling radius, m {(in.) 0.30  (11.8)
12,7.5 Wheel weight, kg (lbm):
Without drum Front brakes inboard - wheel 6.81 (15)

With drum - wheel & tire 14.07 (31)
12.7.6 Wheel track, m (in.):

Front 1.38 (54.5)

Rear 1.47 {58.0)

13.0 Performance
13.1 Manufacturer-specified maximum speed {wide-open throttle),

km/h (mph) 96.5 (60)
13,2 Manufacturer-recommended maximum cruise speed (wide-open
throttle), km/h (mph) 88.5 (55)
13.3 Tested at cruise speed, km/h (mph) 96.5 (60)
4B-113
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Section 4 Attachment C
ELECTRIC VEHICLE AC DRIVE STUDY
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GENERAL & EckCTRIC

ITI. RECOMMENDATIONS
NEAR~TERM

For the near-~term the induction motor with a transistor in-
verter is recom:wended. The induction motor features include light-
weight, high-efficiency, rugged construction, and low cost. The

transistor inverter features lightwelight, high-efficiency power

modules,

Developments recommended include:
e High-power transistors
e Simple base drive
® PHWM generator

® Control strategy to minimize currents

FAR-TERM

For the far-term an innovative PM synchronous motor with a
load-commutated SCR inverter is recommended. The PM synchronous
motor would feature low magnetic loss, A feature of the load-com-

mutated SCR inverter would be its high-voltage capability.

Developments recommended include:
® Theory of motor design
® Mechanical construction designs

® Smooth-starting capability with load commutation

4C-12
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Section 4 Attachment D
PRAOPULSION SYSTEM DESIGN TRADE-OFF STUDIES
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Figure D-1. Maximum Drive sShaft Torgue Specification
for a Nominal Design Motor
® Vo is the corner point voltage (0.632 < v, < 1.0)
® S is the pu speed or pu rpm

® ¢ is an exponent (0 < ¢ < 0.5)

At maximum speed, Nyax and SMAx, the motor voltage is the highest
ac voltage attainable when using a battery. It is designated Vnx
for convenience, It is assumed that power conditioner kVA is propor-
tional to current and motor torgque is proportional to DZL or weight.
These assumptions are satisfactory for small pertu.bations. When given

TMAK' No, and SMAX' the lowest subsystem motor~controller cost occurs

for the condition:

4D-3
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CORNER PCINT LIMITS { NOMINAL + 26%)

§ - GENERAL DESIGN
& #1 2-? - NOMINAL DESIGN
-
:
1]
& g1 gl |
N ITh i
J |
Ny Nyax oM
| |
1.0“-'—52 N-—SMAX pu

Figure D-2. General Specification for D.S, Torque

where:

Mc = motor cost for a corner point voltage Vo = 0,632

PC_= power conditioner cost for a corner point voltage
of Vo = 1.0,

40-4
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MOTOR VOLTAGE FOR NOMINAL DESIGN

Figure D-3, Motor Voltage for Nominal Design

The exponent is:

1n MAX
Vo
In Syax
Me
The limits of e in the above cquation arce:
c
iols
Smax_ .M 2
2 PC, 2 SMAX

Results outside these limits must be evaluated on their own merits,

4-5
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cEnERaL &P siecTRic

The lowest cost system will favor the more expensive controller,
There fore, the motor will be heavy. Weight may be reduced by
using a gear motor {or its equivalent). However, motor shaft
torque-to=inertia diminishes diroectly with r. Self-accelerating

torgue will be an important consideration for the final design.

Surface speed of the rotor which is related to rotational

stresses has been ignored in the mathematics model.

Motor envelope dimensions are calculated using a volume density

of 13.5 in.3 per pound and an overall length-to-diameter of 1.45.
A blower is needed to cool the motor, but blower dimensions and
mounting are not included in this envelope. Gears for a gearmotor

have not been sized.

Efficiency at the corner point will be 87 to 91%. Efficiency
over the duty cycle may be calculated from its eguivalent circuit,

Typical data might be used until the final design is started.

B. SUMMARY STATEMENT

These equations and their constants will enable the designer
to focus on a design which should be just short of a final design.
All egquations and their constants should then be re-evaluated using
new cmpirical data. This will minimize the uncertalinty of the

results by shortening the sealing range.

4ND-8
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F. LOWEST COST SUBSYSTEM

M

PCc

v 3
Lowest Cost BAT \JE X Mc xS

C_ 286,83 _ o 4006

Vo pcc MAX

Vo

= 1.28116 or 7 = 0.7805
BAT
1n JBAT
? Vo
MAX
PC-kVA = [%2 x (%%% x %%%%)] x 2.50-2704
= 79,43
Motor Weight (1b) = [133 x (%%g.)] x 2.5L-2 % .2704
= 210.19 1b
Total Cost = PC-kVA x (}2_) + Motor Weight x (s)
kVA 9 15

= 79.43 x 11 + 210.19 x 2,0785 = $1311

PC-kVA (é{;x) + Motor Weight

Subsystem Weight

79.43 x 1.4 + 210,19 = 321 1b

4D~12
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GENERAL ) ELECTRIC SCHENECTADY. . ¥. 12301
CORFORATE RESEARCH AND DEVELOPMENT DIAL COMM 87236-
T0: MEMO FOR THE RECORD
FROs C.B, Somuah
DATE ; March 14, 1979

SUBJECT: TEST DATA ON AC INDUCTION MOTOR

As part of the Hybrid Vehicle Simulation studies, char-
acteristics of ac induetion motors in the horsepower range of
18 - 25 are required, The following list gives the specifica~
tions for the motor and also the type of test data reqguired.
The data is reguired for the computation of the winding resis-
tances, leakage reactances, and the motor friction, windage and
core losses., Alternatively, if these parameters are already
available from test data or computer calculations, then they
can be supplied instead of the test data.

MOTOR SPECIFICATIONS (3 Phase)

Continuous Duty = 18-25 hp at 1800 rpm
Peak Power = 2 x continuous duty
(20 sec.)

Voltage Rating = 80~ 250 volts rms
{1~-L)

REQUIRED TEST DATA

(1) No_load (Light Running) Test

Power versus voltage
Current versus veoltage
Power factor versus voltage

Slip versus voltage

{2) Short Circuit (Locked PRotor) Test

® Power versus currentc
® Pownr factor versus current
® Voltage versus current

S b

/a1l c.Bn.s.
ce: A. Rurke
R. Quoss
AD=16
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6.

10.

1.

12,

13,

14.

I
Volume = dc rms kVA over duty cycle ft3
483 42.23
2
Idc Idc
Power conditioner losses = 100 + 1954 — | + 54 | —
483 483
{constant I 1. \2
B 3.5 (-2CU LV 4 a0 2) [ L) w
region) 483\ 200 183/ \ 200
Idc Idc
Power conduction losses = 100 + 1952 | — 1+ 54 —— +
483 483
{(constant 1 i
torque region) + 50{ 9¢ chop) ,
483 720

1dc 2 fcho
504 | =% S0P}
483 720

Faarr * Yac ~ Piosses

Eparr ~ lac

Efficiency = 100 %

Power concitioner cost = 11.25 ($M)+$250, $M = power tran-
sistor module cost

Power conditioner cost/kVA peak = [11.25(SM)+250)/62

. cost

if SM = 37.350, then g~ = 1l $/kVA peak
PCU weight/kVA = 1.4 lb/kVA peak

PCU Volume/kVA peak = 0,003 ft3/kVA peak

Battery voltage level, 1In order to reduce weight, volume,
and cost and in-rease efficiency, one may increase battery
voltage to the limits imposed by power transistor switch-

ing voltage ratings.

EBATT max - 150 for reqenarative systems
Epapr max 216 for nonrejenerative systems

4n-18
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In the constant torque mode of operation:

2

= 100 + 1952 T%E + 54 E%i

+ 50 T%? £4§%22 + 504 T%T

. (9) (£)
with £ Chop = apeei ratioo

PLosses

2

Power Conditioner Efficiency

(Byed (I40) -

Echdc

PLossea

Efficiency 100

_(108) (483) - 2249 _
(100) [108) (487) = 95.7

The part~load efficiency is calculated and plotted as follows.

(Figure D-6)

1.0 PER UNIT =483 A

i

EFFICIENCY %
c3B8ELEBIBES

I L 4 | i | N |
01 02 03 04 05 06 07 08 09 10

PER UNIT OF dc CURRENT
Figure D-6, Calculated Rfficiency Versus per Unit dc Current

o

4D-27
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2000

i

T

1500

1000 -

TOTAL COST IN DOLLARS

Jd 1 ) i 1
50 100 160 200 260

MODULE COST IN DOLLARS

Figure D-7. Total Cost as a Function of Module Cost
If $M 37.50, then Total Cost = $675
If SM 50.00, then Total Cost = $825

W

Weight/kVA Peak

Weight/kVA = 88/62 = 1,4 1lbh/kVA peak constant over 25% range

of variables.

Weight/kVa Continuous

Weight/kVA continuous = 88/31 2.8 1b/kVA continuous.

Volume/kVA Peak

Vol/kVA peak = 2.04/62 = 0,03 ft3/kVA peak

4D-29
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Section 4 Attachment E
PRODUCIBILITY ANALYSIS
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PROJUCTIBILITY ANALYSIS OF ELECTRICAL DRIVE SUBSYSTEM
FOR NEAR TERM ELECTRIC VEHICLE

Robert D. King

General Electric Company
HMED - Advanced Development Engineering
Syracuse, N.Y,

April 2, 1979

Lo A g -
f‘wr. Fry B T I .,,‘T
I e
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{.  INTROQUCTION

This productbility analysis estimates the sallinqg price of a production
Electrical Drive Subsystem, EDSS, for the Near-Termm Electric Vehicle, Results
from this cost estimate wil]l be integrated with the cost estimate of the
vehicle, to be provided by Chrysler Corporation, to establish the selling
price of a production version of the Near-Term Electric Vehicle. Production
quantities of 100,000 electric venicles per year starting in 1982, are assumed

for this cost analysis.

Manufacturing cost, for this analysis, is defined as the sum of the
material cost, material handling, labor (direct and indirect), and factory
overhead. Acquisition {selling price) includes the manufacturing cost plus
payback of investment for plant, equipment, research and development, and
profit (after taxes). EDSS selling price does not include any cost of sales
adders, since it is only a subsystem that will be intngrated into the total

vehicle.

Major components (using Integrated Test Vehicle, ITV, terminology) of
the EDSS include: Microcomputer (u computer}, Power Conditioning Unit (PCU),
electric drive mgtor, on-board charger power unit, and propulsion batteries.
Additional EDSS components include: fnternal EDSS electrical interface,
component temperature sensing and control, plus cooling fans. Figure 1-1
f1lustrates a functional block diagram of the major EDSS corionents and elec-

trical inter’ace. Operator interface with EDSS are all assumed to be elec-

45 -5
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trical; i.e., a voltage proportional to accelerator pedal posjtion, brake
differential pressure transducer, and logic levels corresponding to selec-
tor switch positions, atc. Conversely, EDSS provides electrical signals

with sufffcient power to drive indicator lights and the fuel gauge in the

instrument panel.

Redesign and simplification of the ITV EDSS is necessary to achieve a
low cost electrical drive subsystem for a high volume Production Electrical
Vehicle (PEV). Producibility of the redesigned EDSS is improved via system
simplification, Large Scale Integration (LSI), alternate packaging concepts,

and high volume automated production/testing techniques.

EDSS producibility analysis manufacturing and selling price results pre-

sented in the report are appropriate only for the following assumptions:

1) Costs are in first quarter 1979 dollars

2) 100,000 EDSS systems (vehicles) are produced per year starting
in 1982

h ]
3) Major plant and equipment investments are amortized over 10
years (1,000,000 vehicles)

4) R&D and production prototype programs are amortized over three
years (300,000 vehicles)

S) Vehicle R&D and production prototype programs have been completed
prior to 1982 production

6) Automated manufacturing and computerized testing techniques are
used extensively to reduce productfon costs

7)  Production Electric Vehicle, PEV, performance equal or superior
to Integrated Test Vehicle, ITV

4r-7
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8} Drive motor cost based on a GOZY index of 100 in General
Electric's Apparatus Handbook

9) Drive motor length dimension and wefight can be optimfzed for
minimal EDSS system cost

10)  EDSS cost optimization allows alternate component packaging
techniques.

4E-8
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I1. EUSS PRODUCIBILITY ANALYSIS HESULTS

Electric vehicle Electrical Drive System {EDSS) productibflfty analysis
results presented in this section are appropriate only for the assumptions
stated in Section I. Table 2-1 provides a functional summery of the esti-
mated manufacturing cost of the EDSS. Material costs are obtained from
vendor quotes/estimates of the components in production quantity. Labor
estimates are based on typical assembly times for similar General Electric

Electronic systems. Table 2-2 i1lustrates that the selling price estimate
of a Production Electric Vehicle {PEV) EDSS is $2,697.89.

In this study, propulsion bat*:ries and drive motor are obtained via
subcontracts. These subcontracted items are assumed delivered directly to
the vehicle manufacturer for installation. Therefore, no overhead adders or

prrofits are attached to these subcontracted items.

The following section provides detail on the cost methodology, 1TV simpli-
fication, and packaging techniques used in obtaining the PEV EDSS costs.

41:~9
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TABLE 2-1
EDSS FUNCTIONAL COST SUMMARY

MATERTAL LABOR EST. MFG. COST

FUNCTION CoST($) (MINUTES) {$), 100X QTY.
EV Integrated Control 38.88 27.6 73.58 +
Battery Chargers & Logic 106.03 119.4 233.72 PCU
Power Supply Brd.
PCU Backplane & Housing 9.1 29.7 34.66 '
Armature/Field Base 48.68 63.5 113.83 s
Orive Brd. pU
Armature Chopper Pwr. Ckt. 218,26 23.8 314.68 +
On-Baord Charger Pwr. Unit 58.49 18.0 93.08
Battery Cable/ 16.40 4.0 25.30
Connectors
Misc. (Fan, Wiring, 36.46 36.0 76.59
Sys. Test, etc.)
PCU/PU/OBCPU Subtotal $532.3 322.9 Min. $965.41
Propulstion Battertes/Connectors 693.00
Drive Motor 820.00

Total Manufacturing Cost $2,478.41

Equipment/Development Amortfization 22.00
TOTAL EOSS MANUFACTURING COST + R&D $2,500.41

4E-10
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I11. ELECTRIC DRIVE SURSYSTEM COST METHODOLOGY

Electric Drive Subsystem production cost reduction fs achieved via sys-

tem simplification, large scale integration (LSI}, alternate packaging con-

cepts, and high volume automated production/testing techniques. The follow-

ing sections outline the methodology leading to cost models used for obtain-

ing EDSS production ¢ost estimates presented in Section II.

A. EDSS System Simplification

EDSS design and packaging of these units for the present Integrated Test

Vehicle (ITV) are not conducive to low cost, high volume producibility. After

reviewing the presant 1TV design, the following simplifications were assumed

for the Praoduction Electric Vehicle (PEV) cost models:

1)

2)

3)
4)
5)
6)

7

Separate the field chopper and 108 volt battery charger func-
tions

Combine the 108 volt and accessory battery (12V) charger
functions with redesigned circuitry

Expand the functions of the u computer in the PEV

Simplify base drive functions via VMOS circuitry

Reduce the armature chopper rating via different drive motor
Simplify Logic Power Supply

Simpl11fy on-board Charger Power Unit

4F-12
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Separating the field chopper and the 108 volt battery charger functions

simplifies control circuitry and utilizes lower cost power semiconductors.

The 108 volt battery charger for the PEV is an UP/DOWN chopper design
that is controlled via the u computer. Improved power factor and more efffc-
fent utilization of the battery charger power source results from this redesign
concept. With the addition of a transformer and control system modifications,
the 108 volt and 12 volt battery charger functions can be combined and, thus,
reduce the battery charger costs by using common components. Figure 3-1
i1lustrates the combined battery charger block diagrams. This configuration
agsumes that the 12 volt accessory battery is charyed and maintained at full
charge from the 108 volt battery during normal driving. Input 120 VAC power

is used only to charge the 108 volt battery bank.

Increasing the number of functions performed in the u computer and ded-
fcated digital interface cfrcuitry reduces EDSS system costs. With rapidly
declining costs of u processors and u computers, due to extremely high volume
commercial, industrial, and automotive applications, expansion of L computer

functions to replace dedicated hardware reduces system rosts.

Pulsa Width Modulatfon (PwWM) functions, including field chopper, arma-
ture chopper and fuel gauge in the PEV, are performed with dedicated digital
ctrcuttry under u processor control. Since the desired output of the PHM
circuitry is a one-~bit digital signal; i.e., on or off, Digital to Analog
(D/A) conversfon is not necessary. Fuel gauge PWM output signal is Jow pass

fiitered in the analog fuel gauge. Therefore, the p computer output interface

4F-113
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ifn the PEV 1s simplified and all D/A converters used in the ITV have been
eliminated., Figure 3-2 11lustrates the p computer hlock diagram with general
fnputs and outputs. The CPU portion of this p computer requires from J to 6
IC's, dependine on the configuration selected. Integrated packaging, discussed
fn greater detail below, significantly iiuplifies the input interface cir-

cuitry.

Simp11fied base drive circuitry for armature and field choppers reduce
EDSS system costs for the PEV. Off-the-shelf VMOS power transistors provide
the 1nterface and power amplification between the logic level control signals
and the power semiconductors. Optical isolation circuits plus {solated base
drive power supplies achieves an efficient low noise, low volume implementa-
tion. Figures 3-3 and 3-4 1llustrate the block diagram of the armature and
field chopper with the VMOS interface between the control logic and power

semiconductors .

Simplification of the armature chopper power ctrcuit of the ITV is neces-
sary to reduce the EDSS system cost. However, due to the relatively smal)
number of high cost items, including high power semiconductars, capacitors
and contactors, 1t 1s difficult to achieve the dramatic cost reductfon neces-
sary for the PEV in its present configuration. Two possible approaches to
reductng costs include: utilization of a single higher current rated power
module that is presently being developed, or select a different motor that
i$ designed with a Tower base speed which essentfally halves the current

rating of the armature chopper. The initfal technique reduces the power

4F-15
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semiconductor cost by 1/3, but no reduction in capacitor cost. The latter
design provides increased torque per amp at lower speeds. Armature chopper
bypass mode is utilized at a lower speed than the ITV design. In addition,
this design concept is expected to increase gradabilfty of the vehicle.
Halving the current rating on the armature chopper fncludes: 1/3 power semi-
conductor, 1/2 rating of snubber circuit, and 1/2 rating on base drive cir-
cuit (3 amp instead of 6 amp base drive circuit). Disadvantages of this
concept include: the required motor is physically larger, has increased
weight, and 1s more costly than a production version of the ITV drive motor.
Preliminary tradeoffs indicate a 1750/5000 RPM motor reduces PEV system cost
and is the design assumed for this producib{lity analysis. However, future
device development may warrant a reevaluation of this armature chopper/motor

tradeoff.

Reduced logic power supply requirements, due to reduced u computer and
I/0 power requirements, reduced base drive requirements, and low power inte-
grated control circuits, allow a lower cost, reduced weight and smaller
volume implementation. Three DC LPS outputs (+5V, +15V}, compared with the
five required for ITV (+5V, +15V, +12V) have estimated power requirements
less than 20% of the ITY design. Using a 1750/5000 RPM motor with a 50%
derated armature chopper, as discussed above, the required base drive power
supply output power s approximately 40% of the ITV design. As a result cf
the reduced LPS input power requirement, it is possible to use the accessory
battery (12V) to power the LPS. Since the accessory battery voltage varia-
tion, +17%, is considerably less than the +46% existing on the 108V propul-
sion battery, less regulation simplifles the design., An additional option

(although not exer:ised for this study) available when the LPS is operated
41=-19
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from the accessory battery uses off-the-shelf modular printed circuit board
mounted DL/DC converters to supply the +5V, #15V logic power. LPS operation
from the 12V battery yields reduced noise with fewer transient conditions

compared to operation from the 108V battery.

Figure 3-5 {1lustrates the block diagram of the LPS used for costing
the EDSS for the PEV.

Productization of the On-Board Charger Power Unit requires packaging
and component modifications. Figure 3-6 illustrates the unit's block dia-
gram. Its primary functions include: EMI filtering, ground fault current
fnterrupter circuit, detection of either 15 A or 30 A power source, and
safety power circult breakers. Cost reduction of the On-Board Charger Power
Unit is primarily due to quantity discount on components and automated

assembly.

B. Large Scale Integration Reduces System Costs

Large Scale Integrated Circuits (LSI) as well as Medium Scale Integra-
ted Circuits {MSI) reduce material and labor cost for the PEV EDSS. Nearly
511 discrete semiconductor devices have been eliminated in the control funce
tions. Initfally, in the redesigned circuit, the control functions were
configured with low power MSI circuitry using a minimum number of discrete
devices {resistors, transistors). VMOS devices are used with this design
to intarface the logic control functions with the power semiconductors,
eliminating magnetic components from the ITV design. Further cost reduction
ts achieved by replacing multiple MSI devices for particular functions with
custom LSI. In other portions of circuitry, Hybrid Integrated Circuits

(HIC's) integrate several MSI circufts and discrete resistors into a single
4r~-20
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IC. LSI 1mplementation reduces the number of components, which reduces both
assembly and testing labor. LSI also tends to require less power, reducing

the size and cost of logic power supplies.

Production cost estimates for the LSI implementations were obtained
from vendors and by comparison with similar LSI components used by General
Electric's manufactured electronic systems. Detailed information of integra-
ted circuit packaging and functional partitioning is presented in the follow-

ing section.

C. PEV EDSS Component Packaging

Reduction of the physical size of the EDSS components in the PEV allows
alternate low cost packaging concepts. Cost optimizations, presented in pre-
vious sections, suggest that PEV functional partitioning different from the
[TV EDSS are utilized. This section presents these packaging concepts at

the module and board level.

Produgtion Electric Vehicle (PEV) EDSS contains three electronic modules;
i.e., Power Conditfoning Unit {PCU), Power Unit {PU), and the On-Board
Charger Power Unit. The PCU module contains the Electric Vehicle Integrated
Control function, battery charger functions, and logic power supply. The
Power Unit module contains the base drive functions and power component
function. Power semiconductors, for armature and field choppers, power
filters, plus main and bypass contactors are included in the power component
function. Figure 3-7 i1lustrates the interrelationship of each module in
the EDSS of the PEV.

4E-23
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Electric Vehicle Integrated Control (EVIC} function contains the u computer
with 1ts input/output fnterface circuitry plus all the armature chopper logic
and field reversing logic. The complete electric vehfcle integrated control
function is fmplemented on a single board containing 13 Dual In-Line Package
(OIP) 1C's. Since there are no discrete devices on this board, automated

manufacturing, assembly and testing fs used extensively.

The second board in the PCU contains the combined battery charger
{108V and 12V) and the logic power supply. Transformers are potted and
mountud directly on the rear of the board with leads protruding through the
Printed Circuit (PC) board to be manually soldered. All electronic rompone
ents are mounted, reflow soldered and tested prior to mounting the megnetic

components on the rear of the board.

Both PC boards in the PCU plug into a PC backplane containing sockets
and required terminal blocks for interconnecting wiring harnesses. This mod-
ular PCU design facilitates system testing and vehicle field mafntenance.

PCU field trouble shooting requires replacing a particular board with a
“known good" board and shipping the fafled board back to the factory for re-
work. The PCU is housed in a low cost 1ightweight molded case.

Low cost power unit packaging for the PEV includes the following:
adequate power semiconductor cooling capabfility, minime) cable resistance
and inductance from batteries to power unit to drive motor, lightweight,
and convenient accessibility for assembly and meintenance. A power unft

package solution, incorporating the above features, integrates the PU into
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the drive motor end bell. Hewever, to minimize the affect of the power unit
on the motor design and mounting, the power unit is packaged 1n a low cost
aluminum die cast snield that is bolted to the existing end bell. Cooling
{s provided vfa natural convection using finned construction and forced c¢on~
vection by diverting a portion of the air from the motor blower fan through
the power unit. Using a 50% derated armature chopper, resulting from a
1750/5000 RPM motor as discussed in Section 3A, the entire power unit, in-
¢luding the base drive PC board is mounted within the motor end shield.
Power filter capacitors and power contactors with built-in shunts are also
mounted within the shield. ODepending on the total resistance of the battery,
cable and motor, an additional bypass contactor with series power resistor
may be necessary to limit the current. This mode would provide additional

torque for starting from "pot holes" or on very steep grades,

The on-board charger power unit is mounted in its own housing as a
safety feature to avofd fnjury 1n event of a 120 VAC grounding problem.
$1ight modifications in the design reduce the assembly and testing labor.

Component mounting is factlitated via a molded base plate and housing.

Although the drive motor used fn the PEV is heavier than in the ITV
design, the estimated EDSS net weight 1s 25 pounds 1ighter than the ITV de-
sign,
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Two cost estimation techniques were used to estfnate manufacturing costs
in this producibility znalysis. The first technique, used for PEV EDSS major
subcontractors {propulsfon batteries and drive motor), obtained direct vendor
quotes for 100,000 units per year. The second technique was used for the
PCU, PU, and On-Board Charger Powe~ Unit (UBCPU). This technique estimated
base material cost and labor time required for each function. These estimates
ware multiplied by appropriate overhead factors to arrive at the manufacturing
cost for each function. The acquisition (selling) price added amortization
costs for plant, equipment, research and develepment, and profit {after taxes)

to the manufacturing cost of the PCU, PU and OBCPU.

Base matarfal costs {1st quarter 1979 dollars) of hardware required for
the simplffied {cost reduced} design were obtained via vendor quotes for
100,000 quantities. In cases where the vendor would not provide a quote for
100K quantities, an estimated material cost 1s extrapolated from vendor cost
data for lower quantities. Appropriate overhead fcr material handling and
labor costs (dfrect and indirect} are based on typical high quantity feneral

Electric electronic manufacturing factors.

Required fnvestment and development costs assumed for this producihil-
fty analysis are summarized 1n Table 3-1. Major manufacturing facility
fnvestments are required to efficifently produce EDSS's drive motors and
electronic control systems in quantfties of 130,000 per year. Automated
assembly and testing 1s used extensively to 'educe manual labor and min{-
mize Targe quantfty production coats. Two amortfzatfon schedules are
assumed; f.e., 10 years for major plant and equipment fnvestment, and three

years flor required development and component test equipment. Thus, payback

4E-27

Page 562 of 572 FORD 1234



for manufacturing facility investment is added in the selling price of the
first million cars, whereas payback for R&D and test squipment 1s added to

the first 300,000 systems.
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- ITEM

Motor Manufacturing
Facility

Electronic Assembly
Facility

Custom Chip Development

Software Development/
Modifications

System and Component
Automated Test Equip-
ment

Production Proictyss
Development

TITALS
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TABLE 3-1
REQUIRED ENVESTMENT/DEVELOPMENT AMORTIZATION COSTS

ASSUMED
INVESTMENT

($M)

10.0

6.0

.50
o3

1.0

$20.8M

4E~29

NUMBER OF
YEARS

AMORTIZED

10

10

ADDITIONAL
COST PER
YEHICLE $

== {Included 1n
Motor Quote)

6.0

1.67
1.00

.33
10.00

$22.00/EDSS
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ITI. CONCLUSIONS

Manufacturing and selling price estimates for a Production Electric
Vehicle (PEV) Electrical Drive Subsystem, with vehicle performance equal
or superfor to the [TV, are presented. Cost estimate results 4re based on
a cost reduced version of the EDSS for the ITV. Typical overhead rates
for material and labor were used. Automated assembly and testing proced-

ures are used to educe labor costs.

Cost estimates presented, based on simplified models, are believed to
be reasonably accurate. However, test data from the ITV and the development
and cost optimization of a production prototype electric vehicle are required

to establish an {mproved cost estimate of the EOSS for a PEY.
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Section 4 Attachment F
REQUIRED MOTOR AND CONTROLLER DATA
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FOREWORD

In order to conduct the hybrid vehicle design trade-off
studies, congiderable input information and data were
needed. This section contains the motor and controller
data which were requested.
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Dr. A.F., Burke 2= November 10, 1978

*specifac” values of the characteristics (ox, 1b/KW, in3/KW,
$/k¥, etec.) and/or models (i.e. analytic expressions) for cur-
rents, voltages, losses, etc. referenced to a bascline component
gize,

I necd this information on ac drive systems by the end
of November, if possible, and by mid-December at the latest.
The information can, of course, be updated and cxpanded over
the following fow months.

ACF.BI

/4d1}
Enc.
cc: R.H. Guess
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TARLE X

INFORMATION/DATA FOR AC MOTORS FOR VENICLE DRIVE SYSTEMS

(L)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

{9}

(10}

Weight vs., KW-continuous rating

Volume (dimensions are preferred} vs. KW-continuous
rating

Qver-load factor for accelerations (30 seconds)
Normalized maximum torgue curve {T/To vs. RPM/(RPM)]
Current-voltage vs. torque and rpm using optimum control
Scaling rules (sizing and losses)

Voltage level trade-off considerations

Loss calculation procedure or efficiency vs. torgue and
rpm wsing optimum control

Efficiency for regencrative braking

Estimated cost vs. KW-continuous rating

4F=-5
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