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Near-Term Hybrid Vehicle, Three-Dimensional Cutaway
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Section 1
INTRODUCTION AND SUMMARY
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Page 16 of 572

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,

Identify 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.

FORD 1122
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PROFPULSION BATTLAY

MEATER

FUEL TANM

HEAT EMGINE

ELECTRIC  MOTOR

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

e=15
Page 50 of 572 FORD 1122
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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 Vechicle
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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

Page 71 of 572

Figure 3.2.1+2. Bchematic of Drive Packagce
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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.
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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.
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MOTOR
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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
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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.
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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*

Estimate Relative
Factor to ICE Vehicle

Pl4 Reliability
Pl14.1 Mean usage between failures - | same as or less fre-

power train guent failures

Pl4.2 Mean usage between failures - | less frequent failures
friction brakes

Pl4.3 Mean usage between failures - | same as or less fre-
vehicle guerit failures

P15 Maintainability

P15.1 Time to repair - smaller
mean

P15.2 Time to repair - smaller
variance

Plé Availability

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

¥Compared with an ICE vehicle atter the hybrid vehicle 1s well
developed and road-tested

7-4
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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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BE
4
wt
<
2
L)
z

HATCHBACK

NEW UNDERBODY

Hybrid Vehicle Body Structure,

Exploded View

NEW FRONT STRUCTURE

CHEVROLET mALIBY
WITH CATWALK

Figure 8.2-2,

NOSE

NEWLY STYLED
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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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+ CONVENTIORAL DRIVE (SIMULATIOR)
A CONVENTIORAL DRIVE (VEST AVERAGE)

0 DS HYERID
O LDS HYERDD
a._ . . .
L 3
ol . .. . .
: 8il -
i +1 . : .
M | . L S .
zn " . -
8 A o129 ) .
3 b1 Cents o %"
u 10
-1 » - - - 1) - - » B -
d" 07 ) a2 86
g 3 :
a -
. .
%a. - - - L]
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x .
5 . . )
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E L 1 _p _;
0 5 ) i5 )

MAXIMIN PASSENGER COMPARTRENT INTRUSION CIN)

Figure B8.3-1, Maximum Deceleration as a Function of Max-
imum Intrusion (Refer to Table B8.2-1 for
Run Identification)
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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,

o |
000
.'
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0.0 LM 2 LANE
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Figure 3-2., Power-to-Weight Ratio Regquirements
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MISSION DESCRIPTION, CHARACTERIZATION,
AND IMPACT ON POTENTIAL SALES
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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

5-1
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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
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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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P? Cargo Capacity -

0.5 m® (17.7 €&
100 kg (220 1b)

pa 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 lssue.)

Consumer Life Cycle Cost (1978, $)
12¢/km (19¢/mile) based on 10,000 miles/year. ({(Reference:
Automotive News, 19768 Market Data Book lssue.)
P9 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  Noy
1878 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 SMSAs. 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. 8Since 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 alsco meet requirements inside SMSAs. Thus, it would
seam reasonable to let Table 6-2 rapresent the mission date for all
vehicles. Howaver, inasmuch as the purpose of the hybrid vehicle
study is to azsess 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 reascnabie. A final decision on whether
vehicle use patterns inside or ocutside SMSAs dictate the final de-

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

6-4
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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

6-5
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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
Persconal business only
S0th percentile 4,400 2% k1. 52
75¢th percentile 6,500 31 49 67
90th percentile 9,300 43 64 ¥
Personal business plus
work trips
50th percentile 6,273 23 36 54
75¢th percentile 8,378 31 49 60
90cth percentile 11,178 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
73th 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

Ml

L

M4

NS

Daily Travel -

Dagly travel requirements are summarized in Tables 6-1 and
6"0

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.

Trip Lengtha, Trip Frequency, and Trip Purpose =

Trip purposes were subdivided only as needed o obtain de-
sign constraints for the hybrid vehicle. 1In thie regard,
only to/from work travel, local random personal travel,
all-purpose travel, and intercity travel were considered
separately. Werk 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 langth were calculated as indicated in Section 4.).
Results are summariged in Table 4-18.

Driving Cycles -

It was concluded that all trave]l 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” portien 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 PUDC 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-
eaat. 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.

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 required
to interpret and apply the random trip computer results to

the various mission sets. It was necessary to make a "best
judgement” estimate of the annual miles traveled distributions
for personal and all-purpose travel. Estimates were made for

6=7
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inside 8M3IAe and outside SMSAs for both 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 as a Percentage of Tntal
Vehicle Fleet -

It is not possible as yet to ustimate the function of mid-
size vehicle sales 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 Refcreonce ICE Vcochicle selected for comparison with the
mid-gize hybrid vehicle is the Chevrolet Malibu with a V-6,
211 CID engine and a three-speed avtomatic transmission.
This vehicle ie a popular (high sales volume) S-passenger
car meeting the performance requirements determined for the
hybrid electric design. A brochure describing the Chevy
Malibu is included in the Appendix.

M6 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

Vvl Capacity (Passengers and Cargo) -

S passengers
17.7 ft3 or 200 1b of cargo

v2 Range, Speed, Acceleration, and Gradability =

(a) Range

Range, primarily on stored electrical energy utilized through
the electric drive esystem 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/eluctric 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
gasolina, If that is not the case, the owner would not realize the
cost advantage of electrical energy. Range requirement results from

6-8
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the mission and trip analysis satudiea (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 315 and 40 m'‘tes ware required so that at least 50% of
the mid-s!ze car users could operate on atored electrical energy
for between 50 and 75% of their annual vehicle miles in urkan driv-
ing, The results given in Figures 4-11 through 4-23 wiil be uti-
lized on a continuing baeis in the design trade-o2ff atudies (Task 2)
to further refine the “electric™ range of the hybrid vehicle.

(b) Speed

There le little uncertainty regarding specd 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 y:% to attain speeds well in exvess of the speed
limit for paseing. 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 cime., 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 Bection ) indicates that safe operation of the vehicle ¢n 2-lane
suburban and rural roads and on some limited-access expresiways ro-
quires a power-to-weight ratio (HP/1lb) 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 consatraints are not set by the mission analysis, but cer-
tainly will greatly influence the marketability of a hybrid mid-
size vehicle. The purchage 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 Refercence 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/electrie 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 ncot considered in Task 1. They will be considered
in Tasks 2 and 3.

6-9
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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.

6-10
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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).
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{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.
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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 sections of this report. Those
areas are summarized below:

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

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

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

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

{5) Interpretation of the GPSIM computer results for the ICE
reference vehicle {Chevrolet Malibu with V-6, 231 CID engine} will
be needed after the computer results have been received from Gen-
eral Motors,

7-3
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APPENDIX

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

Government.

A-1
Page 257 of 572 FORD 1122


nchevalier
Sticky Note
None set by nchevalier

nchevalier
Sticky Note
MigrationNone set by nchevalier

nchevalier
Sticky Note
Unmarked set by nchevalier


sanenaL @ recraee

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 to the occupant seating package
would be utilized in the hybrid vehicle. Listed below are thea in-
terior dAimensions of the reference ICE vehicle (1979 Malibu 4-door
sedan) which will be used in the preliminary packaging exsrcises.

Front artment Degrees Inches Millimetera

W20 Centerline Occupant to Centerline Car 14,498 368

Bél Effeactive Headroom 38.70 983

L64 Maximun Effective leg Room 42,75 1086

H30 H Po‘nt to Heel Hard (chair height) 8.97 229

L40 Back Angle 26,5

L42 Bip Angle 99.5

L4¢ Knes Angle 1)1.¢0

146 Foot Angie 87.0

L53 H Point to Heel Point 35.07 891

L1? B Point Travel 6.73 171

HS8 H Point Rise .98 25

k] Shoulder Room 57.33 1456

WS Hip Room 32.20 11326

W16 Seat Width 49.49 1287

Rear Compartment

LS0 H Point Couple 33.56 827

W25 Centerline Occupant to Centerline Car 13.27 n

H6) Effective Head Room 37.68 957

1L81 Maximum Effective leg Room 18.00 965

H31 H Point to Heel Puint (chair height) 1.1 498

141 Back Angle 27

L43) Hip Angle 92

L45 HKnee Angle 102

L47 Foot Anglas 118.5

Wl Shoulder Room $7.08 1450

¥S Rip Room 55,59 1412

Contzrol Location

H18 GSteering Wheel Angle 19.5

L7 Stearing Wheel Torso Clearance 13.38 340

L1} Brake Pedal Knee Clear 24.42 598

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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Section 1
HEAT ENGINE TRADE-OFF STUDY
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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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