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PREFACE

The Electric and Hybrid Vehlcle Research, Developmant, and Demonstration
Act of 1976 (Public Law 94-413) authorized a Federal program of research and
development deslgned to promote electric and hybrid vehicle technologles. The
Department of Energy (DOE), which has the responsibility for implementing the
act, established the Electric and Hybrid Vehicle Research, Development, and
Demonstration Program within the Office of Transportation Programs to manage
the activities required by Public Law 94-413,

The Natlonal Aeronautics and Space Administration (NASA) was authorized
under an inferagency agreement (Number EC-77-A-31-1044) with DOE to undertake
research and development of propulsion systems for electric and hybrid vehicles.
The Lewis Research Center was made the responsible NASA center for this project.
The study presented In this report is an early part of the Lewis Research Center
program for propulsion system research and development for hybrid vehicles.
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SUMMARY

The objective of this study was to evaluate a number of hybrid propulsion
systems for application in several different mission/vehicle types. The program
was divided Into three major tasks during which the varlous system configurations
were parametrically evaluated and compared, design tradeoffs performed, and a
conceptual design produced.

The objectives of Task | were to examine and compare five propulsion system
concepts In five different types of vehicle, weigh their relative merits, and
recommend two propulsion conflgurations for a more detalled design tradeott
evaluation. The propulsion systems studied incliuded heat engine/battery hybrids,
heat engine/battery/flywheel hybrids, and a pure heat engine/flywheel syste.

The mission/vehicle types studied were a 2-passenger commuter car, 4-passenger
local sedan, 6-passenger intercity sedan, 8-passenger van, and a 50-passenger
city bus.

Each vehicle/propulsion system concept was analyzed using common ground
rules and analytical procedures so that relative comparisons could be made.
These Task | comparisons led to the selection of two candidate propulsion
system concepts for further detall study. A flve-passenger famlly sedan was
also selected as the recommended vehicle.

In Task 11, design tradeoffs were made on the two candidate propulsion
systems to find the optimum component characteristics for meeting all perfor-
mance goals. Comparisons were made in terms of fuel usage, electric range, and
acquisition and |ife-cycle costs. The most cost effective system was chosen and
optimized to further reduce costs and fuel usage.

The final propulsion system selected to be conceptually designed In Task I}
had the following principal features: spark ignition gasoline engine (65 kW),
brushless dc permanent-magnet motor (20 kW), variable frequency inverter (40 kW),
continuously variable traction transmission, ISOA lead~acid battery pack (386 kg),
and a transaxle.

The final propulsion system was sized to meet all the performance goals
established in the study for the five-passenger sedan, including acceleration
from O to 90 km/hr in 12 s and sustained 90 km/hr climb on a four-percent
grade. This propulsion system features two automatic operational modes, i.e.,
an electric mode and a heat engine mode. Mode determination is based on the
state-of-charge of the battery. |n the electric mode the battery is load-
level led by the heat engine during periods of high power demand such as those
which occur when the vehicle Is acceleratings During periods of low power
demand, such as those encountered during steady-state operation, the battery
supplies all the power. In the heat engine mode the roles are reversed; l.e.,
the heat engine is load-levelled by the battery during high power demand
periods and supplies all the power during steady-state operation. In both
modes, regenerative braking energy is absorbed by the battery.
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The pertformance, cost, and design features of the final propulsion system
are summarized as follows:

Vehicle test welght, kg

Battery weight, kg

Propulsion system welght, kg

Maximum acceleration, 0 to 90 km/hr, s

Maximum speed, km/hr

Prime electric range, km
Battery usage, percent depth of discharge
Fuel usage, km/|iter

Extended range (engine mode)

Fuel usage on speclal test cycle, km/liter
Fuel usage at constant 90 km/hr, km/|iter
Propulsion system |ife-cycle cost, $/km
Propulsion system acquisition cost, $
Annual fuel usage, |iter

2032

limited by fuel
capacity

14

18

0.054

3214

590




INTRODUCT ION

The program described In this report was initiated to identify and evaluate
advanced hybrid propulsion systems for a spectrum of mission vehicies. Hybrld
vehicles are of Interest because thelr use will reduce petroleum consumption.
Today about half of the petroleum consumed in the United States Is used for
transportation. The introduction of hybrid vehicles could significantly shift
the transportation energy base to other sources such as coal, nuclear, and solar,

Background

In 1976 the Electric and Hybrid Vehicle Program was established within
the Energy Research and Development Adminlistration (ERDA), now the Department
of Energy (DOE). In September Congress passed the Electric and Hybrid Vehicle
Research, Development, and Demonstration Act of 1976 (Public Law 94-412), This
act is Intended to accelerate the Integration of electric and hybrid vehicles
into the nation's transportation system and to stimulate growth In the electric
and hybrid vehicle industry.

Program Objectlves

There are two overal| program objectives:

) Determine vehicle type/propulsion arrangement/propulsion components
that minimize the nation's use of |iquid petroleum.

° Design the selected propulsion system/vehicle in such a way that when
compared with its equivalent conventional counterpart, the hybrid
system has:

(a) Competitive acqulisition cost
(b) Lower |ife-cycle cost (10 years)

All propulsion system design concepts were based on propulsion components
that could be developed by 1983.

Program Tasks

The program effort is discussed in this report in terms of the three
principal tasks:

o Task |--Parametrical investigation of 15 vehicle type/hybrid pro-
pulsion system concepts in terms of acquisition and |Ife-cycle costs,
electric ranges, and petroleum usage. Included in this investigation
were two battery types and three heat engine types. This work
resulted in the recommendation of two propulsion systems and one
mission/vehicle designation for further study and definition.
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° Task |i-~Performance of design tradeotf studies of the two ¢andidate
systems on the basis of cost and fuel savings to su:lnct the one that
is most cost effective. Included In the system selection was the
battery type. The selected system was optimized to maximize Its
cost benefit to the consumer.

. Task |1 1-~Preparation of a conceptual design of the selected system,
documenting welight, performance, design features, method of operation,
and acquisition and |ife-cycle costs.

Task |, parametric studlies.~-Five mission/vehicle designations were Included
in the parametric Investigations:

° Two=passenger commuting

° Four-passenger family use (local)

° Six=passenger family use (intercity)

° Cight-passenger van (varjable route)

° Fifty-passenger clity bus (variable route)

Three different baslic propulsion system types were comblned with the
Identiflied vehicles to form the Task | study matrix. The propulsion system
types that were evaluated are:

() Hybrid
° Hybrid with mechanical energy storage (MES)
° Mechanlical energy storage/heat engine only

Al'l the hybrid and hybrid-with-MES propulsion concepts were evaluated
using an Improved state-of-the-art (1S0A) lead~acid battery and an advanced
nickel=zinc battery. The basic heat engine for the study was a spark-ignition
gasoline types |t was used with all systems. |n addition, a naturally aspir-
ated diesel engine and an advanced gas turbine engine were substituted into
selected vehicle/propulsion system arrangements for comparison with the basic
engine. The flywheel MES/heat engine propulsion system concepts were treated
Independentiy of the other two propulsion system types. This special type
system was evaluated |In the heavier vehicles of the study (the intercity sedan,
van, and bus) to parametrically determine wall-plug (electric) range vs fly-
whee| storage capacity.

The effect of poweir sharing between the battery and flywheel MES (i.e.,
load-level ing the battery) was examined as part of the parametric work to
determine Its Impact on propulsion system costs and energy efficiency.




Each vehicle/propulsion system concept was designed to meet the specifled
performance goals that were ostablishec for the Individual vehicles as part
of the contract. In addition to maintaining constant vehicular pertormance,
a structural growth factor »f 1.3:1 was used to determine each new vehicle
test weight as a function of parametric changes In the propulsion systems.
The vehicle/propulsion system concepts were evaluated over a modifled SAE 227a
schedule D cycle to determine their electric ranges, fuel usage, and |ife cycle
costs.

Task |1, deslgn tradeoff studles.~-Design tradeof{ studies were performed
on the two candidate propulsion systems that were selected from the Task |
study, One system was & pure hybrid type and the other was a hybrid with fly-
whaal MES type. Both systems have parallel power paths between the heat engine
ond battery. The mission/vehicle was designated as a flve~-passenger family
sedan with performance requirements that are in |ine with currently available
automobl les,

The systems were evaluated using both lead=-acid and nickel-zinc batteries.
Power sharing between the heat englne and battery was Introduced Into the
SfUdYa

The tradeotfs were performed by varying battery welght, power sharing
split, and heat engine size. The systems were renked In terms of & cost benefit
detinition that was developed for the study. A single system (including battery
type) was salected to be optimized.

Information was generated in terms of electric range, annual fuel usage,
and acquisition and |ife-cycle costs. Electric range and fuel usage were also
predicted using the federal urban and highway driving cycles for the optimized
system.

Sensitivity studies were performed on the optimized system to determine
the effects of engline operation (on-off or continuous), engine type (spark-
ignition or diesel), petroleum costs (gasoline and diesel), and electricity
costs. In additlon, a cursory Investigation was made on the effects of varying
one of the performance goals, such as the 0- to 90-km/hr acceleration time.

The effect of changing the basic driving cycle of the study was also examined
in terms of costs, electric range, and annual petroleum usage.

Task |1, conceptual design.--The propulsion components for the optimlzed
system were geometrically defined, their performance was specified, and
conceptual design drawings were made that included an installation drawing.

A method of operation was prepared that included a definition of the power
and energy management schedule. A summary of the propulsion system costs,
welghts, and performance data is a part of the design description.

This document also presents a discussion of the effects of on-off opera-
tion on the durabllity of a spark-ignition heat engine.
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CONCEPTS FOR TASK | PARAMETRIC STUDIES

The Task | work Is described In the following subsections. Includad is
the information used to perform the Task | effort as well as a description of
the analytlical work, results, and conclusions.

To complete the Task | effort, AlResearch performed parametric studies on
a total of five propulsion system concepts that were configured to comply with
the contract ground rules and requirements. The propulsion concepts were com=
bined with the five contract-specitled mission/vehicles to arrive at the matrix
of vehlcular systems shown in figs. 1 through 5. The fifteen identiflied
vehicle/propulsion system combinations were parametrically examined to deter-

mine the best candidates to carry into the Task Il effort for further analysis
and retfinement.
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STUDY GOALS, REQUIREMENTS, GRUUND RULES, AND DEFINITIONS

A number of goals, requirements, and ground rules were Imposed by the
statement of work and subsequent agreements to constrain the latitude of the
investigations. These constraints were applied throughout the contracted work.

Design Goals

The advanced hybrid propulsion systems considered in this study were conflig-
ured to conform to the basic ground rules and requirements that are specifled In.

the following subsections, with the objective of meeting the goals listed below
when Incorporated Into the Identified mission/vehicles.

Cost goal.--A major goal of this work was to provide a hybrid propulsion
system design characterized by Iittle or no Initial and |ife-cycle cost penalty
to the consumer In comparison with conventional vehicles of similar utility.

As a reference point the Iitfe-cycle-cost goal for misslon/vehicle B In figs. |
to 5 is $0.05/km ($0.08/mi). This is the cost of the propulsion system with
the primary energy storage device and the fuel and electric energy.

Propulsion energy efficiency and vehicle range goals.~-The major goal of
this contract was to reduce petroleum consumption and minimize total propulsion
energy usage but still provide the range and basic performance of a conventional
vehicle. Quantitative goals were not specified; however, in Tasks | and ||, the
calculation of vehicle yearly fuel and electricity use, energy requirements as
a function of range, and energy distributions in the propulsion system are
predicted.s This information will assist in setting future goals.

Vehicle performance goals.--AjResearch was instructed to attempt to design
all vehicle/propulsion system combinations (figs. 1 to 5) such that the per-
formance goals listed In table 1 could be met. AiResearch Interpreted these
goals, with NASA concurrence, as requirements, and thus all configurations will
meet them. The specified requirements apply at an ambient temperature of 20°C
(68°F) and for a new traction battery.

A basic goal for all reference vehicles is that their range be |imited only
by the quantity of on-board fuel.
Design Requirements

The design requirements described below were imposed on all the vehicle/
propulsion system combinations that were studied.

Reference mission/vehicle design constraints.--Table 2 |ists the con-
tractual design constraints that were specified for each of the designated
mission/vehicles.

1
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Propulsion energy sources.--The advanced hybrid propulsion system must
use at least two sources of propulsion energy:

(1) Wall-plug electrical energy, storable within the vehicle

(2) Gasolline or diesel fuel

The device that stores or contains the wall-plug energy on board the
vehicle Is called the primary energy storage system. This system will be
chargeable using wall plug electricity In the following ways:

(1) On-board charging system that uses a 60-Hz, 120- or 240-VAC, 15-A
and/or 30-A supply outlet.

(2) Off-board charge system that receives Its power from a 50-Hz, single=-
phase, 240-VAC or 208-VAC, 60-amp supply outlet.

Required level of technology.=--The level of technology required for work

under this contract is defined as advanced, and It conforms to ‘the following
definitions:

(1) Advanced technology: A product, system, or process that is concep-
tualized and Is predicted to be achievable through the application
of applied research followed by engineering development with the
hardware being avallable at the end of fiscal year 1983.

(2) Technology utilization: The conceptual propulsion system design
shall emphasize technology that can take advantage of our country's
domestic raw material resources. The concept must not exchange
our present problem of a domestic petroleum shortage for some other
potential material supply crisis beyond our national control.

Control characteristics.~~The operation of the advanced propulsion system

(response time, driveabllity, and complexity) should be similar to that of
a conventional propulsion system/vehicle.

Reference battery characteristics.~-The battery characteristics defined
in table 3 were used. The state-of-the-art (SOA) lead-acid battery is |isted
for reference only and was not used. The characteristics of the improved
state~of -the-art (1SOA) lead-acid battery and of the nickel-zinc battery were
used for all work involving the use of batteries for primary energy storage.
The characteristics for the 1SOA battery and the nickel-zinc battery are goals
established by the DOE for battery development to be completed In 1981,

Propulsion system emissions.==Although the prime objective of the work
is the reduction of petroleum consumption, such reduction must be accomplished
within the framework of acceptable pollutant emission levels as defined by
those Federal statutory standards applicable to this work.

ORIGINAL PAGE I8
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TABLE 3.-~BATTERY CHARACTERISTICS

Battery Types
L.ead-acld
Parameter SOA SOA Nickel=zinc

Specltic energy, W-hr/kg 251 40! 8012
Specific power, W/kg 903 1003 15024
Cycle life? 300 800 500
CostS, $/kW-hr 50 50 75
Energy efficliency >0.6 >0.6 »0.7

At a 3-hr discharge rate and an 8-hr charge rate.

(2) Rated at 100 percent discharge.
(3) Peak from battery, 15 s average.

(4) At 80 percent discharged state.

Number of discharges to 80 percent depth of discharge from

rated capacity. Duty cycle Is 4 to 8 hr charge, 2 to 4 hr
discharge rate.

(6) Price delivered to auto dealer with a production of 10 000 vehicle

units per year. Dealer markup is 30 percent above his cost.

Safety.~-All applicable Federal motor vehicle safety standards were applied
to the study work.

Maintenance and rellability.-- The maintenance and reliability will be

equivalent to that of a 1977 conventional vehicle of a similar mission/vehicle
type.

Environmental capability.-~The propuision system will be operable over an
ambient temperature range from -29°C (~20°F) or less to +52°C (+125°F) or more.

Avallability.--The propulsion system will not contain technology so
advanced that it could not be available for Inclusion in an engineering model

of the propulsion system in 1983.
Study Ground Rules

in addition to the previously stated goals and requirements, a set of
ground rules was also established by NASA.




special test cycle.~--The specific petroleum fuel consumption and the
specific wall plug recharge energy consumption were predicted as a functlion
of distance traveled for each of the vehicle/propulsion system combinations
identified in figs. 1 to 5. The calculations assumed a fully charged primary
eneryy storage system and a full tank of fuel at the start of the mission. The
continuous execution of the special test cycle described In fig. 6 was used
for mission/vehicles A, B, C, and D. For mission/vehicle € (variable route
bus), the SAE standard procedure J227a, Cycle C, was used.

Annual energy usage.--Table 4 specifies a daily range frequency distri~-
bution for one year. The specified distribution was used to calculate the fuel
and electricity usage on a yearly basis for the vehicle/propulsion system com-
binations except for the city bus. For days with less than an 80~km range, the
special test cycle (STC) shown In fig. 6 was assumed. For days with 80~km
range or more, 10 percent of the distance was assumed to be driven over the
STC, and 90 percent of the distance was assumed to be driven at a steady speed
of 90 km/hr (56 mph). For the city bus, the daily range was assumed to be
constant and SAE J227a, schedule C, was used.

TABLE 4.--DAILY RANGL FREQUENCY FOR ONE YEAR

Dally range, No. of days Total range,
km (mi) of the year km (ml)

0 ( 0.0) 16 oj¢ 0)
10 ( 6.2) 130 1300 | ( 808)

30 ( 18.6) 85 2550 | (1585)
50 ( 31.1) 57 2850 [ (1771)

80 ( 49.7) 54 4320 | (2685)
130 ( 80.8) 12 1560 | ( 970)
160 ( 99.4) 7 1120 | ( 696)
500 (311.0) 3 1500 | ( 932)
800 (497.0) 1 800 | ( 497)
Totals 365 16000 | (9944)

Weight prediction methods.--The parametric representation of welght and
the mission/vehicle specific weight constants that were defined by NASA are
displayed in tables 5 and &, respectively. The weights of the propulsion
system elements were determined independently. A weight growth factor of
30 percent was used to adjust each vehicle's curb weight as the propulsion
system weight, and battery weight was varied from a calculated reference.

Battery pertformance.--The curves for battery performance (fig. 7) and
cycle-life (tiy. 8) were provided by NASA to be used as input data for this
study.
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TABLE 5.-~PARAMETRIC REPRESENTATION OF WEIGHT

Symbol Definition Formula

n w;l, m;x. Mak?%&g design payload ains %
WrL Test payload - ;
We ‘Fixed welght - !
We Gross vehicle welght Wg = Wg + Wp + Wp + Wp
We Curb welght We = W = WpL, max.
Wy Test weight Wr = Wo + Wrp
Wg Structure and chassis welght | Wg = 0.23 Wg
Wp Propulsion welght Determined by contractor

TABLE 6.~~M|SSION/VEHICLE SPECIFIC WEIGHT CONSTANTS

Mission/vehicle

Constant Units A B c D E

WoL, max. | Kg (1b) { 166(366) | 272(600) | 508(1120) |1043(2300) | 3629(8000)

WrL kg (Ib) | 83(183) [136(300) (254(560) [522(1150) [1815(4000) |

W kg (Ib) { 234(450) | 408(900)| 612(1350) | 816(1800) | 5200(11 464)

Life~cycle~cost calculations.~~The following |ife-cycle-cost guidelines
were provided by NASA as part of the contract:

(1) Costs shall be calculated only for the propuision system plus the
battery. Therefore other vehicle costs, insurance, and taxes
are not included.

(2) Use 1976 dollars.

(3) Acquisition cost Is the sum of the OEM cost (manufacturing cost plus
corporate level costs such as general and administrative, required
return on Investments of facilities and tcolling, cost of sales,...)
of components plus the cost of asgembling the components plus the
dealer markup (assume 17 percent).

(4) Annual production Is 100 000 units.
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Figure 7.-~Battery performance characteristics.

Specific energy, Wshr/kg

546279

Operating cost Is the sum of malntenance costs, repalr costs,

electriclity cost, fuel cost, and primary energy storage replace-
The Information In table 4 Is used
to determine how much of each energy type (fuel or electricity)

ment costs (1f applicable).

s required over a one-year perlod.

Three sets of fuel and electricity costs are provided and are assumed

to be valid In dollars current for the year s$hown at the top of each

L

column:
Unit cost, dollars
| +em 1980 1985 1990
Gasol ine, per gallon $ 1.00 $ 1.50 $ 2.00
Diesal fuel, per gallon 0.90 1,35 1.80
Electricity, per kW=hr 0.05 0.06 0.07

I the detalled work scope permits only one set of figures to be used,
the 1985 column should be used. Otherwise, all three columns of figures
may be used for a sensitivity study of the effect of energy costs.

(7) Vehicle Iifetime Is 10 years and 160 000 km (100 000 mi).
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(8)

(9)

(10)

(1

(12)
(13)

(14)

A constant noninflating dollar Is assumed. No inflation factor
Is included in the discount rate since It is assumed that personal
disposable income tracks inflation.

A two percent discount rate for personal cars shall be used, as it
represents only time preference (opportunity cost). For commercial

vehicles (D and E in figs. 1 to 5), a discount rate of ten percent
shall be used.

Cost of finance Is not included in this procedure, since it is assumed
that the discounted present value of the sequence of total| payments
wou |d approximately equal the original purchase price.

All expenses are assumed to be costed at the end of each year. Year
'Zero' is reserved for those costs that must be Incurred before the
vehicle is operated.

Scrap/salvage value Is 10 percent.

In determining the life of propulsion system components (such as a
primary energy storage system), assume that the vehicle is driven

16 000 km (10 000 mi) per year. For the city bus (mission vehicle E),
assume 32 000 km (20 000 mi) per year service. Assume the trip dis=-
tribution for the mission/vehicles as listed (on a yearl|y basis) In
table 4. The component |ife shall be determined based on these trip
distributions, field environmental effects, and the degradations due
to the actual conditions imposed on the components by the rest of

the system and vehicle.

The calculation of |ife-cycle cost shall follow the format shown on
worksheets 1 and 2 (see figs. 9 and 10, respectively), using the
following instructions:

(a) The purchase price [s entered on the appropriate |ine of the
life~cycle-cost worksheet as a year '"Zero" cost.

(b) Operating costs: electricity, fuel, maintenance and repair,
and primary energy storage system replacement costs (if any)
are copied from the operating cost worksheet to the same
position on the |ife-cycle-cost worksheet.

(c) Discount factor = (1/¢1 + i)t is computed for each year (where
t = year 0 to 10 and | equals the discount rate).

(d) For each year, the discount factor times the cost gives the
present value of the cost for that year. These are summed to
provide the discounted present value of the |ife-cycle cost.

(e) The value computed in step (d) is divided by the total distance

driven to provide the life-cycle cost per km and is expressed
in cents per kme
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Study Definitions
The definitions |isted below apply for the work performed In this study.

Hybrid vehicle.-~A complete self-propelled vehicle system whose propulsion

energy s derived from two or more external energy sources, one of which Is
clectrical.

Hybrid propulsion system.~-The aggregation of all components that comprise
the power train, plus accessory drives and auxillaries, Including the battery
charger and primary energy storage system, but excluding tires.

Power traln.--The aggregation of all components that comprise the drive

train, the power plant, vehicle drive axle, and all secondary energy storage
elements.

Power plant.--The basic power-producing unit (or units) that utilize an
external energy source (or sources) to generate the propulsive power required
to propel a vehlcle (excludes auxiliaries and accessories).

Energy buffer.--A device that stores energy temporarily and supplies some
or all of the stored energy in a confrolled way on demand. The form of the input
or output energy may be chemical, electrical, mechanical, etc.

Drive frain.--An aggregation of components that fransmit power from the
vehicle power plant to ‘the drive axle (l.e., transmission, differential, clutch
system, torque converter, gearing, etc.)

Carrliage.~-The complete "curb" configuration of a vehicle less the
propulsion system and any electromechanical storage batteries.

Life-cycle cost.-~-The cost per km of production hardware over its operating
life. Included in life~-cycle cost are acquisition cost, operating cost, scrap
or salvage value discounted to reflect the time value of money.

Engineering development.-~The effort that normaliy follows applied research
and is directed toward the application of established technical knowledge,
using engineering principles and practices, for the purpose of evolving, via

an iterative process of design, fabrication, and test evaluation, a new product,
system, or process.
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through 5.

of NASA/AiResearch technlical meetings.
vehicles and 5 propulsion system concepts, which have been combined to form
the 15-element Task | study metrix, as was shown in figs. 1 through 5.

possible exception of the commuter car.
were used to perform the Task | parametric studies are shown In table 7.
vehicle/propulsion concepts all use nickel-zinc batteries as the baseline, the
spark Ignition (S]) gasoline engine (water cooled, naturally aspirated (NA) with
smog controls), and an advanced electronically commutated high-speed motor.

TASK | ANALYTICAL METHODOLOGY

This section of the report contains a discussion of the five propulsion
system concepts, Task | scope, Information on the initial sizing of the vehicle/
propulsion systems, a description of the digital computer program for the pro-
pulslion concepts with thelr assoclated mission/vehicles, hardware performance
maps, and cost analysis procedures.

Discussion of Propulsion System Concepts

The vehicle/propulsion system concept combinations are shovn In figs. 1
The propulsion concepts were agreed upon during a series
Essentially, there are 5 mission/

The five vehicle types are representative of current vehicles with the
The type of propulsion components that

The;

TABLE 7.~-TASK | PROPULSION COMPONENTS

! Component type

Baseline for configurations
studied in task |

Components character!zed
In task |

Heat engine

Spark-ignition, water~
conled, naturally=-
asplrated, gasoline

(n
(2)

Diesel, naturally
aspirated
Turbine

Electric D¢, electronically -
? traction commutated
| machine
Battery Nickel~zlnc, 80 W~hr/kg, ISOA lead=-acld,

150 W/kg

40 W-hr/kg, 100 W/kg

e ——

Energy buffer

Flywheel mechanical energy
storage (MES)

(n
(2)

Steel flywheel
Composite flywheel

Electric control

Variable frequency inverter

! Transmission

(n
(2)

Electric and discrete ratio
Concepts 1.2 and 2.3 use
mechanical continuously
variable transmission (CVT)

Regenerative con-
tinuously variable
transmission (CVT)
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Task | Scope and Format of the Results

A summary of the Task | scope is shown in fig. 11 along with the format
of the results. There are 12 vehicle/propulsion system configurations that
are included in the evaluation scope. Each configuration was evaluated using
three lead-acid battery weights and three nickel=-zinc battery weights. In all
cases a structural growth factor of 1.3 was employed when a new vehicle curb
weight was being determined for each battery pack weight. The results are
determined for presentation, as shown in fig. 11. For each variation in
battery type and weight, calculations were made of the prime electric range,
driving cycle petroleum usage, annual petroleum usage, propulsion system
acquisition cost, and |ife-cycie cost.

Three heat engine/flywheel, vehicle/prcpulsion system configurations (2.3C,
2.3D, and 2.3E) were not evaluated in the same manner as the other 12 config-
urations, because their wall-plug energy Is stored in a flywheel instead of
a battery packe For each of these configurations, the electric range was deter-
mined as a function of flywheel capacity.

Task | Parametric Study Modeling Procedures

The modeling procedures that were used to guide the preparation of the
digital computer evaluation program are basically a set of energy and power
management constraints for each type of vehicle configuration. AiResearch
experience indicates that the |imitations placed on the Task | parametric
results due to the speciflied energy and power management procedures do not
effect the relative ranking to such an extent as to cause any reversal in the
standings.

One set of procedures applies to those configurations in which both a bat-
tery pack and a heat engine are used as energy sources (concepts 1.1 and 1.2).
The procedures are as follows:

(1) Minimum battery is sized to run driving cycle upaided (constant power
acceleration).

(2) Heat engine is sized to perform the steady-state hili climb.

(3) Battery and heat engine operating together must meet 0- to 90-km/hr
acceleration goal. Heat engine size is increased until goal is met
(constant power acceleration).

(4) Battery is used to 80 percent depth of discharge (DOD).

(5) Battery is load-leveled by heat engine to 80 percent DOD. At 80
percent DOD battery is used only to aid heat engine during high power
demand periods.

(6) Regeneration is into the battery during braking (not to exceed machin-
ery limit).

(7) Heat engine is off when not needed.
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(&) Accessory loads are supplied by the battery until 80 percent LOU;
then heat engine is used,

A separate set of procedures is used for those configurations where the
battery is the prime eneryy source, aided by both a flywheel energy butfer and
the heat engine (concepts 2.1 and 2.2). The following procedures cover tw
situations, defined casec A and case B. Procedures (1) through (7) apply to
both cases; procedure (8) is unique to case B,

Case As==Minimum battery is sized to run driving cycle unaided (constant
power acceleration).

Case Be==Minimun battery is sized to run driving cycle aided by flywheel
(50/50 power split; constant power acceleration).

For both case A and case D
(1) Heat engine is sized to pertorm steady-state hill climb,

(2) Gaettery and flywheel operating together must meet O- to 90=-km/hr acce
eration yoal (constant power acceleration).

(3) Heat engine and flywhee! operating together must meet U~ to 9C-km/hr
ageceleration goal.

(4) Battery is uscd to 80 percent depth of discharge (DCO).

+

(%) Keyeneration is into flywheel during braking until | is 100 percent
Y Y 4

char (“1(1 .

All excess cneryy is fu”un(,!.sh‘(i Intc :d?'r'T, (not 10 exceed machinory
capacity).

(6) Heat engine is off whoen not needed.

N

(7) Accessory loads are supplied by battery until 8C
heat engine is used.

l"“l(““ Ul T hit

For case O cnly:
() Battery is load=-leveled by flywheel to 80 percent DOD. At 80 percent
DOL heat engine and flywhec! supply energy (50/50 power split; const

power acceleration).

A final set of procedures is used for those configurations that usec a heat
engine and ¢ flywheel without a battery (concept 2.3):

(1) Flywhee!l supplies all energy until it is 75 percent discharyed. Hea?
engine is turned on to complete remainder of mission.

(z) Flywhee! is fully charged only from wall pluqg.
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(3) Wwhen heat engine Is used, flywheel Is used as a buffer.

(4) Eneryy Is recovered during braking by regeneration Into the flywhael.

Review of Propuision System Concepts

For each of the flve propulsion system concepts that were evaluated
in Task | (shown In figs. 1 through 5), the prime emphasis was placed on
arriving at & relative ranking of the vehicle/propulsion system combinations
to selocT the most promising concept. The principal features of these concepts
are reviewed In the following paragraphs. The final ranking was based on petro-
leum onorgy saved vs$ the cost savings to the consumer. The consumer costs are
determined as propulsion system initial acquisition costs (including batterles)
and propulsion system ||fe-cycle costs for a 10-ycar, 160 000~km |ife.

A secondary emphasls was placed on parametric Investigation of the sensi-
tivity of each vehicle propulsion system configuration to varliations In on~board
snergy storage capacity and storage method. This Information provides a data
base that cen be used to judye similar propulsion arrangements &s a function of
mission/vehicle designation.

Concept 1.1.-=This cencept, shown in fig. 1, Is an unbuffered configura-
tlon and represents ‘the simplest hybrid configuration that is feasible., Both
the heat engine and the electrical system are sized as described in the prece~
ding section and then evaluated over the modified SAE J227a, D cycle (fig. 6).
In the elcetrical mode and heat engine mode, the braking energy Is regenerated
back into the bLattery.

The yeneric advantages of this concept are:
(1) Simplicity

(2) Low technical risk (minimal development)
(3) Low weight (except for battery pack)

(4) Low cost

Concept 1.2.~=This concept is an unbuffered approach (fig. 2). This con-
figuration Is advantageous because it represents a hybrid derlvative of a pure
glectric propulsion system; l.e., a relatively simple and low-cost gasol ine-
driven generator is added to achieve longer ranges. Since the gasoline engine
must drive through an electrical transmission, however, fuel economy is not
good. To improve the heat engine mode ecunomy, the gasoline engine is operated
on its maximum (lean mixture) torque |ine, and the speed Is varied to change the
avallable power.

The major advantaye of this concept is that i1 would be relatively easy to

provide a small vehicle such as a commuter car with any of the following three
drive sy~tem optinns:
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(1) Standard battery pack without a heat engine, which makes the vehicle
a low-cost, low=weight commuter

(2) Large battery pack without a heat engine, which provides a simple
vehicle, but with a greater range

(3) Battery pack plus a heat-engine~driven generator, which would allow
extended cruising when needed

The concept was selected as a means to evaluate the Impact of the ceramic
gas turbine on the fuel economy. In this configuration the gas turbine (and

generator) are operated at constant speed to obtain the best efficiency from "
the gas turbine.

Concept 2.1.--In this concept (fig. 3) the flywheel acts as a buffer for
both the electrical and heat engine modes. The heat engine mode is efficlient
since the speed can be low and, hence, the frictional losses minimal. The elec-
trical mode is also efficient, but the flywheel buffering mode is only of medium
; efficiency because of the electrical transmission into and out of the flywheel;

; however, the electrical transmission efficlency can be compensated for because
of its flexibility; l.es, It allows the heat engine and traction machine speeds
| to be decoupled from the flywheel 4peed.

F In principle, this concept Is fine, but the practical {imitations, I.e.,
% cost and efficiency of the electrical flywheel transmission, limit this concept
f to special purpcse uses.

Minimal technical risk and development costs are the attractions of this
concept.

Concept 2.2.--This concept (fig. 4) is essentially a mechanical version
| of concept 2.1 that uses a continuously variable transmission (CVT) for both the
t electrical and heat engine modes. The high-speed electrical motor and the fly-
i wheel are directly coupled through a fixed-ratio gearset. In the heat engine
mode, all three [tems (flywheel, electric motor, and heat engine) are mechani=-

cally geared together. The flywheel energy level, therefore, sets the speed of
both the electric-drive motor and the heat engine.

E When the availability of a successful and rellable CVT is assumed, this
' concept looks very attractive, with the following major advantages:

k (1) High drive line efficiencies
(2) Low weight

(3) Low cost

(4) Simple system

(5) Efficient flywheel drive

ORIGINAL PAGE Lo
OF POOR QUALITY

E g e . . . - : - ‘ o o




L2

The major |imitation ot this system is that the flywheel speed sets the
speeds of the heat engine and electric traction machine, and this Imp)ies that
the two propulsion elements may be required to operate in nonoptimum perform=-
ance regions during the driving cycle. The coupling of the flywheel, engine,
and drive motor speeds also results In larger power ratings for the propulsion
elements In comparison with concept 2.1.

Concept 2.3.-=This concept (fig. 5) substitutes a fliywheel energy storage
unit for the nickel-zinc battery pack. The fiywheel essentially operates In two
modes :

e Mode 1--flywheel energy source
e Mode 2--flywheel buffer

The flywheel is charged by driving the electric motor from external utility
system power. This motor is sized as a function of the charging time require-
ment. |nitially the heat engine is not operating, so the clutch Is disengaged.
The vehicle then operates on the flywheel untii It is down to half-speed (18 000
rem). This condition represents a 75 percent DOD. When the flywheel Is depleted
to its half-speed point, the engine is started, and the clutch is engaged. The
heat engine is geared directly to the flywheel, and therefore its operating
speed range Is limited. The heat engine mede is the same as that of concept
2.2, which thus produces similar fuel con umption figures. This type of concept
shows a major benefit If rapid recharging stations can be conveniently located
along a known route every three to five miles. This requirement Iimposes a
restricted route structure on the vehicles.

Analytical Modeling

An analytical model of each propulsion system concept was derived and
programmed for the digital computer. The basic e.uations for the rectilinear
motion of a rigid body were combined with Newton's second law of motion to
establish the basic link between the velocity of the vehicle, as specified by
the driving cycle, and the net driving force at the wheels. Analytical descrip-
tions (performance maps) for each major propulsion system component (such as
heat engine, battery, and transmission) were incorporated in the programs to
determine the response of power train elements to the varying power demands
associated with vehicle operation on the specified driving cycle.

Computer simulation descriptions.=-Genera! schematic flow charts for the
five propulsion concepts are shown in figs. 12 through 19. The arrows iIndicate
the direction and sequence of the data flow. Labeled arrows Indicate particular
data that is being transferred. The program begins with calculation of the
first two velocities of the driving cycle, from which acceleration and average
velocity are found. From these results the total force is obtained. From the
tire and aerodynamic models, the torque required to overcome the road losses
and provide the demanded acceleration is calculated and transmitted through the
drive fraln components. The resulting speed and torque at the heat engine and/
or the power demand at the battery terminals define the electrical energy usage
and fuel flow at any particular time. These values, assumed constant over each
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Figure 12.-=Methodoloyy flow chart for concept 1.1.
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Usb=-s caleculation Intorval, arc arithmetically summod to obtain the wall-pluy
eneryy and petroleur usage over the driving cycle.

The battery depletion inctement, or delta (8) LOD, Is computed for each
sampla Interval. The LOL's are arithmetically summed to determine the percent
of chunge in state of charyge of the Latteries at the completion of the driving
cytive The electrical range (battery = 80 percent DOD) is then computed from
the distance traveled per cycle and percent change in LOD per cycle.

Lach driving cycle protile that was used establlshed velocity ve tire in
Leb=n intervals, as required for the proygram Input. The procedure that was
used was to set the incrumental accelerations so that the required propulsion
systern Lower was nearly constant. Fig. 20 depicts the velocity-time profile
ot o typlcal test cycle. The shaded arcas are drawn to indicate that only the
und points of each portion of the cycle are specified. Therefore, the shape of
the: acceleration portlon of the curve can bLe del iberately varicd by controlling
the power applied. The speed at the end of the coast period depends on the
vehicle drag and loss characteristics. The characterlistics of the braking
eftort can also be varled: one such way is to vary the rate of regencration to
the bLattery or flywhool.

L_._- Accelerate ....__._,}._..,,..ﬁ S P ) % Coast | Brake
-
3
g
Stop ’
A 1 1 i i I\ | . - 1 ] i 1 J
Time, s
$.46104
Figure 20.-=-Typical driving cycle format.
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Provious studles (refs. 1| and 2) have shown that vehicie range Is dufinitely
af foctud by the acceleratlion profile adopted in the driving cyc'e. |f acceleru~
tion is acconplishod at approximately constant power, the total range Is five
to ten porcent greater than If acceleration Is simply constant. Absolutely
constant power, however, requires very high acceleration at low speed (fig. 21)
which riay be beyond the capabllity of the propulsion system, or beyond the ability
of the tires to avold slipping. Therefore, the acceleration schedule used for
the driving cycle was nearly constant power, but lower at the beginning to stay
within the capabllity of the system. The acceleration schedule used for the
u»TC s presented In table b.

Preliminary machinery sizing (power and operating speeds), propulsicn sys-
tem welghts (Including battery pack sizes), and vehlcle fest weights had to be
calculated initlally to provide the computer programs with the basic Input Infer=
ratlon. The machinery power ratings, such as the heat engine, were approximately
votermined so that the applicable maps (i.e., performance characteristics repre~
sentdations) could be inserted Into the programs. The reason for having more than
one performance map for a given piece of machlinery Is that, in general, parame-
tric scaling of physical systens should be limited to rather narrow bands about
known characteristics. For example, the spark-ignition (S|) heat engine Is
cescribed with four maps, desighated A, B, C, and D. Map A describes a 37-kW

o2

-/
e

L 0
& o
E >
°

5
o Y
§ /
v "4 .,)o
v g °
- Gl \0
- A &
£ / g
3 “

[
v

Figure 21.--Velocity schedules for typical driving cycle.

Elapsed time, s 5-46103
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TABLE 8.-~ACCELERATION SCHEDULE FOR STANDARD TEST CYCLE

Time, Velocity,
S km/hr
0 0
! 11.8
2 2141
3 28.5
4 35.9
P - 40.8
6 45.3
7 49.4
8 53.3
9 56.6
10 60.3
B 63.5
12 0646
13 69.6
14 7244

$1 engine. The map was used when an enginc of between 30~-kW and 48-kW was
requireds 1f the propulsion system under parametric investigation requircd an
engine size of greater than 48-kW, Map B was substituted for Map A In the com-
puter program. Map B describes a 56-kW S| engine with a range of validity of
48 to 67 hp. These performance maps are described In a later section.

Battery simulation description.--Both the nickel-zinc and |SOA lead-acld
batteries were used in the Task | parametric evaluation. A form of the frac-
tional utilization method was used to calculate the energy usage per cycle and
the [OD per cycle for both batteries.

Battery model: The principal measure of battery performance is derived
trom the specific power vs specific energy curve shown in fig. 7. Curves of
this type are obtained by measuring the actual power/energy characteristics
of a test cell. The cell is discharged from a 100 percent charge to complete
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discharge at a constant power level. Measurement of the total energy expended
(power x time) ylelds one point on the power vs energy chart. A locus of data
points taken at various power levels yields the curves shown in fig. 7. Because
these curves measure battery discharge characteristics, a model using these
curves directly is accurate only for predicting discharge performance. A special
interpretation is required to use the conventional power vs energy curve for
charging perfcrmance that occurs when regenerative braking energy is put into
the battery.

In general, the battery was viewed as being made up of two elements (a
resistance and a capacity container) as depicted in fig. 22. The resistance
has a value in ohms, and the container capacity has a value in W-hr. The reason
for modeling the battery as shown is to be able to differentiate between the
ef fectiveness of the batteries during discharging (removing energy) and charging
(supplying energy).

F= =™ 77 Tontainer 1 |
! terminals R i Externa
| terminals
| + > J ?
I ¢ | |
| y I y Legend
} ¢ P | BATT vp » no-load voltage
|
: | VBatt = terminal voltage
| —0 O~ -0 R = Internal reslstance
! : ¢ = battery contalner
L e e e e e et - | = current

45345

Figure 22.--Battery model.

The important point in comparing charging and discharging characteristics
is that the resistance will always represent a loss of energy no matter which
way current flows. Suppose the battery is being discharged so that 10 kW is
available at the external battery terminals. The battery contaliner must be
discharging energy at a higher rate than 10 kW in order to overcome the internal
resistance losses. MNow suppose the battery is being charged from an external
source at a rate of 10 kWe The battery container will not get the full 10 kW,
but some lower value because of the internal resistance losses.

For example, during battery discharge the power available to do useful work
(at the terminals), as seen i fig. 20, is Vgl4, where Vg is external terminal
voltage and |4 is discharge current:

2
VB'd = Vp'd - 'd R
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The battery power/energy characteristic (fig. 7) may be entered directly with
the valua of Vglgy/battery weight (specific power) to determine the total amount

2
of energy avalilable. Tha term (vpld - 1gR) Is implicit In the use of the per- i
formance characteristic., The actual power supp!led by the contaliner (during
discharge) Is:

2
led = VBld "+ IdR,

2
which Is greater, by the value of 4R, than what is measured by an extaernal
ohserver.,

During battery charging the power avalilable (at the external terminals)
to tho battery is Vgl.. The question Is: "How fast is the battery capacity
replenished or charyed as a function of power applled at the external terminals
and how may the relationship between power and energy be characterized?"

The following reasoning Is presented (see fig. 22). In the case where

the battery is discharged at a rate that is defined by an external terminal
voltage of Vgy and a current of |y, then the voltage Is found as:

and the discharge power Is:

2
de'd = Vpld - 'dR

Now conslder the case where the battery Is charged at a rate that is
dofined by an external terminal voltage of Vg and a current of I, for which
the voltage Is found as:

VBe = Vp + | R
and the charge power |s:
2

For the battery container to be affected in the same manner for both charge
and discharge implies that the currents must be equal, i.e.,

g = lc H
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If the currents arc oqual and the no-load voltage during the sample Interval
Is congtant, then ‘the dlfference betwosn the charge and discharge external ter-
minal voltayes Is:

VBC - VBd » IcR hed (“lcR) * ZICP
Then the cyulvalont powor relatlonship Is:
2
Vaele = Vpgle * 2R

where:

Vel # equivalent charge power at terminals

V!¢ * discharye power that Is related to above charge pover

4]

“
21 R = equivalency factor between charge and dlscharge modes

It ls, therefore, pustulated that, "The measured power/cnergy density char-
acteristic of the battery rust be reinterpreted to be used to determine the
amount of encryy actually recovared by the battery as @ functlon of charging
power appllied at the external terminale." The effect of this reinterpretation
s shown In figs. 23 and 24 for the nickel-zinc and the lead-acid batteries,
respectively.

The difference Letwoen thu bLattery charging and discharging characteristics
are only significant at high specific powers and are due to the Internal rosis-
tance of the Lattery. The charging curve s analytically derived by shifting
the discharge characterlstic by the value of 212R. The postulated chargling per-
formance curve Implies that at any glven fixed power level and hattery weight for
which the spocific power at the terminals Is constant, nore energy is required to
charge the battery than was avallable during discharge.

The effect of neglecting the Internal resistance of the battery is only
apparont when the battery is used in an application where It recelves cnergy by
regeneration and is heavily buffered (during peak power periods) by a power source
that has a separate energy supply, i.e., a heat engine that uses petrcleum. As
the electrical energy used (discharge) approaches the electrical energy received
(charge by regeneration), the predicted vehicle electrical range becomes mathe-
matically indeterminate.
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Figuro 23.--Power and energy characteristics of the nickel-zinc battery.
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Figure 24.--Power and enerygy characteristics of the lead-acid battery.
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Batterv characteristics: Four characteristics were used to describe both
the nickel=-zinc and lead-acid batterlies in the propulsion system simulation
work that was done iIn this study. The characteristics are:

(1) Power density vs energy density discharge performance (figs. 23
. and 24)

1]

(2) No-load cell voltage vs depth of discharge (figs. 25 and 26)
(3) Internal resistance vs battery pack weight (figs. 27 and 28)
(4) Battery cycle |ife vs depth of discharge (fig. 29)

The power density vs energy density discharge characteristics for both the
I50A lead-acld and nickel=zinc batteries that are shown in figs. 23 and 24 were
suppiled by NASA as part of the contract. These characteristics were the primary
ones used In the battery performance prediction procedures that are discussed
In the next section.

; The no-load terminal voltage vs depth-of-discharge characteristics for the
g two batterlies that are shown In flgs. 25 and 26 were obtained from the following
' sources:

}

| (1) Lead~acld characteristics were developed by AlResearch from Information
y on an existing 1SOA battery, specifically, the high-energy density
Eagle=~Picher EP200AH (ref. 3).

| (2) Nickel=zinc characteristics were extracted from a Yardney design and
| cost study report (ref. 4).

by AiResearch based on packaging technology and SOA power density. Baslc¢ bat-
tery pack definitions were previously shown In table 3. The baseline internal
resistance for each battery pack (lead-acid and nickel=-zinc) was predicted
using the data In the table and the fact that the maximum power transfer from
the battery to a load, Ppax, occurs when the battery's internal resistance
equals the load resistance. Thus:

|
E The internal resistance characteristics presented In flg. 27 were developed
|
|

t 2
] Pmax = Vp/4R

For this study the battery pack voltage was held constant at the values
shown In table 9. |t was decided to maintain the voltage of the battery pack
constant for all systems to provide a standard of comparison and to scale total
energy capacity in proportion to total weight. |t was assumed that a battery
could be constructed with the exact proportion of energy capacity and weight
neaeded for each particular application. Therefore, as battery pack welght was
varied during the parametric Investigations, the internal resistance was changed
as follows:

R = Basic batt, wt. (Total Internal resistance)
New batt. wt.
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Reference battery data

R = ,D0093 ohms/cell
Ng = 80 cells

= 735 kg
Wp

\\

\\4—

Battery internal resistance, ohms
Ny

100 200
Battery weight, kg

300

hoo 500

$48106

Figure J7.~~Internal resistance characteristics of lead-acid battery.

The battery cycle Iife vs depth of discharge Is shown In fig. 2Y.

This

relationship and baseline cycle |ife for each battery type was suppllied by NAGA

an part of the contract.

The information was used to calculate the battery life-

cycle cost by determining ‘the aumber of battery pack replacements In a 10-year
pueriod as a function of how the battery Is used.

TABLE Y.~--BASELINE BATTERY PACK DEFINITIONS

Battery Weight based Infernal Varlation
Rattory pack on SOA pack- |S0A power |reslistance, ohms with battery
Py voltagel aging techniques| density |Total Per cell pack weight
735 Kg based on
Lead- 168 V | SOA Eagle~Picher |100 w/kg }0.074  0.00093 g, __ 1 __ |
Wt i EP200AH for Battery welaght
‘ 80
i cells
i
! 386 kg based
nickel- 1160 V on Yardney 150 w/kg 10.104  0.00104 g, ____ 1 _____..
zinc design, report for Baftery weight]
2033-76, dated 100
10~76 cells
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Reference battery data

R = .00104 ohms/cell
tig = 100 cells
Wg = 306 kg

] - \\-

Battery internal resistance, ohms

100 200 300 500 400
Battery weight, kg §a5340

Figure 28.--Internal resistance characteristic of nickel-zinc battery,

Battery computer methodology: The calculation procedure used to predict
the performance of both the nickel-zinc and the lead~acid batteries is summar-
ized in fiygs 30. Shown in the figure are the computer flow chart and the
equations that were used to predict the bottom-!ine-performance, i.e., electri-
cal range of vehicie. The calculation prodedure begins with the power required
at the battery terminals (Pincon). Using the relationship shown as equation 2,
the battery current is calculated. The nickel-zinc battery no-load voltage is
set at 155 V and is not varied as a functiun of depth-of-discharge (DOD). This
procedure is valid because the no-load voltage remains relatively constant up
to 80 percent DCD (see fig. 26). For the lead-acid battery, the drop in no-load
voltage with DOD (see fig. 26) is approximated by using two values, i.e., 160 V
for the DOD region deflined by 0 percent < DOD < 60 percent and 148 V for the
region 60 percent < DOD < 80 percent.

The specific power Is calculated and used to determine the battery specific
energy during the sample Interval. |f the battery is being discharged, specific
energy Is read from the discharge curve in figs. 23 or 24. |f the battery is
being charged, however, such as occurs during regeneration, specific energy is
read from the charge curve in figs. 23 or 24.

The incremented DOD, for the sample Interval, is calculated by dividing the
specific power by the specific energy and multiplying by the sample time inter-
val. An accumulated DOD value is calculated for the total driving cycle, which
is the sample interval discharge incremental DOD minus the sum of each sample
interval charge Incremental DOD. The 80 percent DOC range s then predicted.

In the case of The lead-acid battery, an accumulated DOD is calculated using

a terminal voltage of 160 V, and a second accumulated DOD is calculated using
a voltaye of 148 V. The vehicle range is predlicted as shown in fig. 30.

50




Relative cycle life

5¢

Baseline cycle life
Battery type cycles
10 ISOA lead~acid 800
Nickel zinc 500
5.0
h.0 ‘\

3.0 \
2,0 i\\\\\\\\\
\

20 4o 60 80 100

Depth of discharge, percent $.45344

Figure z9.--Battery cycle life vs depth of discharge.
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Battery performance calculation procedure comparison: There are many
mothods used for caljculating how a battery responds to the varying load demands

thet are encountered in a vehicle application. The method used In ‘this advanced 4

hybrid propulston system study ls based on the fractional utllization concept
(ref. 5).
averagling procedure being developed by NASA to determine how sensitive the

prime electrical range of the propulsion system was to the battery performance

The calculation procedure used in this study was compared with an

prediction method used. The results of this comparison are shown In fig. 31
for concept 1.1 for both a nickel=-zinc and lead~acid battery pack of 273 kg
that 1s used on a vehicle with a test weight of 2157 kg.

The propulsion system used power sharing between the battary and the heat
enyine during acculeration, used the battery only for cruise, and regenerated
into the battery durinyg braking. The special test cycle (STC), shown in fig. 6,

was used

to predict prime electrical ranges.

Prine electrical range (ordinate axis, fig. 31) Is defined as the distance
the vehicle can travel prior to the battery reaching 80 percent depth of dis-

charye.

The percent of power from the battery (abscissa axis) represents the

degree of power sharing between the battery and heat engine during the STC
acceleration leg. Thus, as the percent of power from the battery decreases, the
enyine power contribution increases, which implies increased use of petroleum
energy over the driving cycle. The reason that battery power contribution
values greater than 72 percent are not shown in the figure is that neither of
the 273=ky battery packs provide enough power to tranverse the STC without

beiny aided by the heat engine.

The

(1

(2)

(3)

(4)

tollowing conclusions may be drawn from the data presented in fig. 31:

The lead~acid battery is more sensitive than the nickel~zinc battery
to the two calculation methods discussed.

The averagling calculation method predicts longer prime electrical
ranges than does the method used in this study, as the percent of
power from the battery Increases, i.e., as the total power approaches
pure electrlic power.

The more heavily the battery is buffered by the heat engine (decreasing
percent of power from the battery), the closer the two prediction
methods agree.

For a hybrid propulsion system, the two performance estimation methods
(fractional utilization and averaging) converge in the range of power
splits of interest (convergence zone identified in fig. 31.

{1t is concluded, that for a hybrid propulsion system, The two methods
discussed will predict essentially the same battery performance.

The hybrid study battery estimation procedure was placed into the perfor-
mance model that was used In the NASA/AiResearch advanced electric propulsion
system study (ref. 16). An unbuffered proputsion system configuration from the
referenced study was evaluated using the battery model from the hybrid study,
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Figure 31.--Battery performance calculation method comparison for a
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as previously described. The SAE J227a schedule D driving cycle was used.
The vehicle power was provided by a 679-kg lead-acid battery pack, and the
'vehicle test weight was 1668 kg. Regeneration during braking was into the
battery pack.

A comparison was made between the hybrid study battery mode! used i thls
study and the "Driving Cycle Dynamic Program" used in the previously referenced
advanced electric propulsion system study (ref., 16). The advanced electric
study reported an electric range of 164 km for an unbuffered electric vehicle.
The hybrid study battery model! was then used In the advanced electric computer
program to predict the range of the same unbuffered electric vehicle. The
hybrid battery model predicted a range of 188 km. Therefore, the two calcula=~
tion procedures correlate within 15 percent.

The advanced electric propulsion system performance model, with I1ts own
battery model intact, was used to show how power demand on the battery affects
the range of an unbuffered electric propulsion sytem. This was accompl!ished
by modifying the J227a(D) driving cycle to use a higher acceleration from 0 to
72 km/hr. Several rates were selected, of which the highest rate is accelera~
tion of 0 to 72 km/hr in 12.3 s. This highest rate is representative of rates
used In the Federal Urban Driving Cycle. The results, presented in fig. 32,
show that the basic system has a considerable sensitivity to acceleration, with
a range decrease of over 50 percent at the highest acceleration rate. |t also
predicts that the nickel-zinc battery has less sensitivity to increasing power
demands than the lead-acid battery.

250
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/’ PR -
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o 671-kg Ni=Zn battery /
g
e
o /<
(8]
© 100 N
o N\
= Baslc system
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0 5 3 i i 1 \ dnd " i i L
0 2 L 6 8 10 12 14 16 18 20 22 24 26 28 30

Acceleration time, s 546107

Figure 32.~-Range comparisons with driving cycle using
varying acceleration rates
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In conclusion the battery performance praediction technique that Is used
in the hybrid study correlates well with

. The proposed NASA averaging method when used In a hybrid propulsion
system performance model as long as the battery s buffered

° The AlResearch driving cycle dynamic program used In the advanced
electric propulsion system study

In addition, the hybrid battery mode! predicts that lead-acld and nickel~
zinc batteries are sensitive to high power demand driving cycles. This conclusion
agrees with the trends that are obtained when the advanced electric propulsion
system battery model Is used.

Hardware Performance Maps

Hardware component performance maps were prepared for insertion Into the
digital computer programs that were developaed for each propulsion system concept,
These maps were based on avallable information for existing components or for
components proposed for near term (1983) development. |n most cases some

extrapolation of existing data was required to meet the desired power and
speed characteristics.

Heat engines.~-Thrae types of heat engines were characterized and used in
the study. The baseline engine was a conventional spark-ignition type. The
other two types were a modern high-speed diesel and a single~shaft advanced qgas
turbine that used ceramic technology.

Spark~-ignition engine performance: Three engine sizes were character!zed,
The basic data were for a 56-kW Internal combustion engine that was obtalned
from ref. 6. The basic engine map was scaled using the following factors to
obtain the other maps:

(1) 37-kW size, using 4.3 percent brake specific fuel consumption (BSFC)
penalty

(2) 75-KW size, using 5.0 percent BSFC improvement

(3) 112~kW size or greater, using 10.0 percent BSFC Improvement

The resulting engine maps are shown In figs. 33 through 35.

Diesel engine performance: Three diesel engine sizes were characterized.
The basic data were for a 40-kW modern high-speed engine that Is currently
used in passenger au/omoblles. The data were obtained firom ref. 7. The basic

engine map was scaled using the following factors to obtain the ~ther maps:

(1) 56-kW slze, using 2.5 percent BSFC improvement
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Figure 35.--Map of 112 kW engine.

(2) 75-kW size, using 5.0 percent BSFC improvement

(3) 112-KkW or greater using 10.0 percent BSFC Improvement

The resultiny engine maps are shown In fins. 36 through 38.

Turbine engine performance: Two turbine engine sizes were characterized.

The engine data were obtained directly from ref. 8. The engine maps are shown
In fiyse. 39 and 40. The enyine has been postulated to be avallable for demon=-

stration by 1983,

Transmissions.--Three basic types of transmissions are considered in the
varlous vehicle/propulsion system concepts:

(1) Four-speed automatic, mechanical gear

(2) Mechanical continuously variable speed ratio (tcroidal drive)
(3) Electric drive (generator, motor, and controls)

The very low power required by the automobile at normal urban cruise speeds
emphasizes the need for a highly efficient transmission. Efficlencies of a
typlcal current automoblle three-speed automatic gearbox and a typical forward
and reverse gearbox are usually between 80 and 90 percent in the norma! urban
speed range (ref. 2). Such efficliencies cah be improved by careful sizing of
capacity and design of components.
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Traction transmission: A traction transmission employs some type of
traction element in which power is transmitted through smooth rolling elements
loaded against each other. By varying the position of the rclling elements,
the speed ratio of the input and output can be smoothly and continuously varied
from the minimum to the maximum value.

The transmission of power between smooth rolling surtfaces requires a sub-
stantial normal torce, but contact loads must be low enough to ensure an adequa
fatigue life. Power transmission alsc is |imited by the possibility of slij
between the rollers, since slip leads to rapid wear failure, The method use
to increase these limits involves the use of modern traction lubricants, whict
provide high resistance to slip and high viscosity to reduce wear., These new
lubricants have considerably extended the power range of traction transmissions.

The information on proven traction transmissions is rather nmodest in power

rating due to previous limitaticns in traction capacity. Now that higher power:
are available, it appears entirely reasonable that automotive traction transmis
sions can be available by 1983. The performance map shown in fig. 42 was esti-

»

mated for this study using the computer model that was developed by AiResearch
as part of the NASA advanced traction transmission program.

Citfferentials and gearboxes.==Ail the propulsion system configurations
cuploy a differe tial to permit relative motion of the wheels during change in
vehicle direction, and to permit a reduction in drive train shaft speed. i

addition, there is a8 need for a fixed=ratico qgearbox in all of the confiqgurations
’ 1

to supplement the basic speed reduction in the differential and transmission,
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In practice, such a goarbox could be Incorporated In the design of the differ~
ontial or transmission, but to simplify the analysis procedure, it has been
consldered as a separate element,

bifferential: The design of differentials Is well advanced due to the many
years of automobile applications; however, as recent studlies have emphasized,
the deslygn criteria for typlcal automotive components are not completely suitable
for aelectric and hybrid vehicle use (refs. 1 and 2). The use of hypoid gears in
differentials is popular becausa |t permits not only a 90~deg change in shaft
direction, but an offset in the axis as well, so that the drive shaft can be low=
ered below the axle level. This arrangement Is very desirable for a front engine
drive to the rear wheels; however, for a close-coupled drive train mounted eithor
In the front or the rear of a vehicle, a differential can be constructed using
skew bovel years or chain drives, which are more efficlent than the typlcal hypoid
gearing. This Improved efficlency is particulary important for vehicles that usc
power regeneration, since hypoid gearing Is very inefficient with reverse power
flow (ref. 22). Also, improvements in lubrication ftechniques can climlnate the
oil churniny losses assoclated with the usual splash-type lubrication.

The ovorall differential and axle efficiency used in this study is shown in
fig. 43, This performance map is based on work done on gas turbine transmissions
(ref. 22) and illustrates the effect of both power and speed on efficliency. Rated
power and speed for the fransmission are the maximum vehicle conditions, and it
Is apparent they should not be overstated If maximum operating efficiency is to be
obtained. The values are considered representative of current geood design prac-
tice, and can probably be improved with careful design for a spoecific application.
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Gearbox: fixed-ratio gearboxes using straight spur or helical gear sets can
be extremely efflcent |f proper care is taken to minimize bearing and |ubrication
losses. Maximum efficiency also depends on ‘the reduction ration, with 1 to 1
being the best possible. The performance map (ref. 9) presented in fig., 41 has
been used as representative of all the required gearboxes, through actual operating
efficiency depends on the Individual power and speed ratings used In each case.

Electric motors and conirollers.--The traction motor must be considered in
conjunction with a controller to achieve a particular performance characteristic,
The motor also must be capairle of functioning as a generator to achieve regener-
ative braking. In general, the approach Is to use motors operating at a speed as
high as possible to achieve the required power with minimum motor size and weight.

In this study two types of motors were considered:

(1) Permanent-magnet, axlal=-gap motor, which is designated the baseline
design

(2) Dc, mechanica!ly commutated shunt motor.

The permanent-magnet motor was designated by NASA as the baseline machine
for the study. |t was used exclusively for the Task | and || study efforts. The
dc shunt motor was introduced Into the study for comparison with the baseline
motor. A discussjon of the results of this comparison, Iincluding a description
of the motor, is included in the sensitivity study writeup that is part of the
Task 11 section of this report.

Permanent-magnet motor.--The permanenet-magnet (PM) electronically-commutated,
dc motor is a lightweight, high efficiency motor of the required power with the
following features: The following particular features of the design contribute
to this performance:

(1) Field losses are eliminated.

(2) Fleld cooling, which can be a problem in relatively small high~speed
machines, Is not required. A

(3) Slip rings are not required.
(4) A variable-voltage field power supply Is not required.

(5) The performance equivalent of field weakening can be achieved in the
electronic commutator by varying the switching angle with respect
to motor back emf.

The disadvantage of the PM machine is the fixed field, which tends to cause
undesirable losses at high speed.s The losses can be minimized by using an
axial-gap, ironless design.

This PM dc motor produces a speed-torque curve that is |inear as the speed
is increased from stall to rated speed. The voltage applied must also vary
linear |y with velocity. For a traction motor application, it is desirable to
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have a suitable transmission so that the motor speed can be maintained within
the optimum range for all driving conditions. In addition, a variable-frequency,
inverter-type controller Is needed to tailor motor operation to the imposed load.

The estimated PM dc motor performance characteristics shown in fig. 44
were derived based on the NASA advanced dc motor currently being developed by
AiResearch. The machine scales In such a manner as to require only one perfor-
mance characteristic to cover the power spectrum that was encountered in the
Task | parametric study.

Power control unit: The controller for the PM dc motor must have a
variable~voltage, variable-frequency capabllity.

The controller can consist of six silicon-controlled rectifiers (SCR's)
plus one series transistor operated in pulse-width modulation (PWM) mode or
six transistors operated in both PWM and commutation = de. The PWM Is neces-
sary to condition the input voltage down to the requir.«d volts per Hertz that
constitutes adequate torque at the lowest current that is drawn. These con-
trollers are now practical because of recent technological advances in:

(1) Development of fast, high-surge current thyristors that can be made
Immune to high rates of di/dt and dv/dt.

(2) Development of rapid signal processing and compact logic that pro-
vides gates, time delays, counters, thresholds, memory, and conbina~
tions at rates sufficient to drive ac motors. The logic and input/
output (1/0) signal capacity In one compact microprocessor or one
large~scale-integrated (LSI) circuit can handle the ac motor/generator
plus energy management logic.

The controller losses for the performance simulation were modeled as fol lows:
Controller loss = (Battery current) x (3 volts) + 0.035 (motor power)

Flywheel energy storage device.--The energy storage device used op several
of the configurations is a flywheel. Recent studies (ref. 10) indicate the
advantages of flywheels over alternative devices, such as hydraulic or pneumatic
systems, and flywheels are currently being used in various automotive applica~
tions. Since the energy storage device is required only for maximum acceleration
conditions and not for long grade situations, the required energy storage is not
large. Based on work from previous studies (refs. 6 and 10), the baseline energy
storage capacity of the flywheel (100 percent speed) was selected as 333 W-hr.

A useful index of the energy that can be sfored in a flywheel is the specific
energy, defined as:

Kinetic energy
Specific energy = Weight
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Thero is a rolationship botween these terms and the flywheel geometry and
material, exprassed a5 follows:

Kinetic vnergy = Kg (0/8)
Woight

Kg ©# nondimensional shape factor
Where:

0 = allowable working stress
¢ = welght density

For flywheels fabricated from isotropic materlals such as steel, a varioty
vf shapes is possible; some common forms are shown In fig. 45. To toke the best
advantage of fllament composite materials having directional stress propertios,
speclal ized flywheel dosigns are required (ref. 11). Some promising design
configurations are shown in flg. 46. The composite flywheels have a relotively
low shape factor (Kg); however, the high strength-~to-weiqht ratio of composite
materials more than compensates for thelir shape factor and provides a much
higher specific energy and lower cost, as shown In fig. 47. Therefore, the
selected flywheel confliguration is a composite type.

The characteristics presented in fig. 47 do not represent specific designs,
but are considered typical based on a number of units that have been bullt
and operated (refs. 12 and 13). The relatively high containment weight for the
steel flywheel [s necessary because of the worst-case failure mode where rela-
tively large pleces of material having appreciable energy must be contained.
In contrast, the fallure of a composite flywheel results in a mass of matertal
in the form of fluff, which dissipates energy In internal friction. The cost
numbers are based on material costs projected for 100,000 units. Costs include
estimates of fabrication and assembly costs.

The loss characteristic for a vehlcular size flywheel Is shown in fig. 48
(ref. 6). This chara-tferistic Is a composite of the four major losses associa-
ted with flywheels: windage losses, bearing losses, dynamic seal losses, and
fubrication and vacuum pumping losses. This loss characteristic used In the

computer program was based on maximum full speed losses of 300 W for the 333
W-hr flywheel.
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Flywhee) conflguration

Typlcal ralative
shape factor, K
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Figure 46.--Composite flywheel configurations.
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Figure 47.--Flywheel weight and

cost comparisons.
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Cost And Welght Analysls Procedures

This sectlon documents the welght and cost analysis performed to evaluatc
the inltlal 15 vehicle/propulsion system concepts as well as the final selectud
system. [uring the Task | parametric studies, the 15 vehicle/propulsion systen
concepts wore parametrically examined by varylng battery pack weight, battery
type (nickel-zinc and lead acid), and heat englne type. Two propulsion systems
(concept 1.1 and 2.1) and one vehicle type (family sedan) were selected for a
more In detalled evaluation (Task !1, Design Tradeoff Studies) based on cost ard
potential for petroleum savings. During the Task || effort, a refercnce propul=
slon systom was developed to proved baseline weight and cost informetlon thaot
could be used to help rank and select the final hybrid system. This reference
or conventional system Is comprised of a spark-~ignition heat engine, automatic
transmisslon, and differential, all sized to provide the famlly sedan with
the porformance necessary to meet ‘the study requirements.

Weight analysis.-~To evaluate and rank the flve types of hybrld propulsion
systems shown in figs. 1 to 5, It was necessary to assoclate the sytems with
specitic vehicles to make performance estimations. NASA provided the welght
estimation prodedure to predict each vehicle tost weight for the five mission/
vehicle deslignations as a function of propuision system welght. These welght

relationships are displayed in tables 5 and 6 In ‘the study ground rules section
of ‘the report.

Each propulsjon system welght was estimated using the Information containey
in table 10. The source of the information along with the parametric weight
relationships Is also shown In the table.

A welght growth factor of 1.30 was used to adjust cach vehicle test welght
as a function of the propulsion system varlations examined. Vehicle performance
(l.e., acceleration, passing, and hill-climbing) was always maintained.

Cost analysis.--A life~cycle cost analysis was performed to aid in selecting
the recommended hybrid propulsion system. The analysis conslsts of breaking down
the |ifetime vehicle costs into three cost categories: (1) research, development,
testing, and engineering; (2) acquisition; and (3) ownecrship or operating costs.
Each category is then further defined by Its rospective elements.

A digital computer program was developed so that answer. could be generated
quickly and results could be Interpreted easily. The output of this program Is
used to display cost categories for each propulsion system considered.

In cost analysis performance the following premises were used:

(1) All costs are based on 1976 figures.

(2) Propulsion system lifetime is 10 years.

(3) Propulsion system |ifetime mileage is 160 000 km.

(4) Cost estimates assume a production rate of 100,000 vehicle/propulsion
systems per year.
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TABLL 10,~=PROPULSION SYSTEM COMPONENT WEIGHTS

Rating, Weight, |[Welght relatlonship
Component Type kw kg (WR), ka/kw
: Heat engline (1) Spark~ |(a) 56 171 3,06
! Ignition i(b) 75 213 2,84 :
(rof. 14) (c) 112 293 2:62 i
! (2) Dlosel, N.As (a) 56 222 3,97 ]l
i (refs. 7 and 15)|(b) 75 283 3,77 .
| (c) 112 358 3,20 |
} (3) Turbine (a) 56 102 1,83
(ref. 8) (by 75 137 1.83
\ Transmisslon (1) 4-speed 237 237 1,00
\ automatic
| (ref. 14)
| (2) Mechanical 237 239.6 1.07
~ CvT
: (ref. 14)
} Electric motor Electronically 220 212 0.60
f commutated, dc
| (ref. 16)
: Power control Sol id~state 20 to 60 |18 to 55 0.91
: unit inverter > 60 >46 0.76
(ref. 16)
«‘ Flywheel, Compos [ te 0.333 kW~hr| 22.7 68 kg/kW~hr i"
housing, and (ref. 12)
Jube and vacuum
system
Drive system Front wheel >40 >26 0.66
drive
(ref. 14)
Gearbox Fixed ratio >20 >6 0.30
(ref. 6)
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(5) Recurring costs are averaged over the propulsion system [lfetime.

(6) Acqulsition costs are suggested retall selling prices, which do not
Include transportation, dealer preparation, or sales tax.

(7) Propulslon system acquisition cost (purchase price) Is assumed to be
the Installed price to the consumer.

Research, development, testing, and engineering costs (RDTAE): This cost
category represents the manufacturer In-house development effort prior to com-
mitting large capital Investments required for mass production. In total
RDTAE cost estimation, the following elements have been deflned:

(1) Initial englneering

(2) Development tooling

(3) Development support

{4) Manufacture of the R&D vehicles

(5) Tast facllitles ]
(6) Test operations

(7) Contractor profit

The general calculational algorithm for RDT&E costs Is:

Total cost = (element hours) (composite rate) + (man-hour related costs)

+ (profit), ($)

RDT&E costs used In the present study are based on Initial AlResearch estimates.
The impact on vehicle Iife~cycle costs is minimal for the assumed 5-year amorti-
zation perliod and the 100 000-vehicle/year production rate. The RDT&E costs
were estimated to be about $20.00 per propulsion systems This cost element

Is Included for completeness.

Acquisition cost: The propulsion system acqulsitlon cost comprises all
cost assoclated with the manufacturing, distribution, and marketing of the
system, as reflected In the sticker price. In estimating the manufacturing
costs~--namely labor, raw materials, and capitalization--each propulsion system
was reduced to (ts components and subsystems.

The costs of the propulsion system components were obtained for existing
components from ref. 14. The costs of new components were developed by AlResecarch,
Cost estimating relationships (CER's) were based on these data. Table 1] shows
the CER used, its dimensional units, where [t was obtalined, and the total manu=
facturing cost definition.
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TABLE 11,~~COST ESTIMATING RELATIONSHIPS (CER's)

Units

Component Type CER reference | CER
Heat engine (1) Spark=-ignition Reference 14 1.05 $/kg
(2) Diesel, N.A. Reference 14 1.16 $/kg
(3) Turbine Reference 8 4.00 $/kg
Transmissions (1) Four-speed Reference 14 1.30 $/Kg
: automatic
(2) Machanical Refarence 14 1.42 $/kg
CcvT
Electrical motor Electronically | Reference 16 15,95 $/kg
commutated, dc
Power control Sol ld~state Reference 6 12.81 $/kg
unit inverter
Fiywhee!, Composite Reference 16 13.2 $/Kg
housing, and
lube and vacuum
system
Drive system Front whéel Reference 14 1.70 $/Kkg
drive
Gearbox Fixed ratio Refersnce 6 2,42 $/kg
Battery (1) Lead~acld Contract 2.00 $/kg
(2) Nickle~zinc Contract 6.00 $/kg
Total manufacturing Summa-
cost (Includes - Reference 6 tion $
variable and fixed of CER
material and labor values
costs, engineerling (see
tooling costs, and note,
qual ity control below)
costs)
n
Note: I (CER)| x (WR)| x (RATING)|
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The markup faciors, as defined In table 12, account for all costs attrib-
buted to the distribution and marketing of the propulsion system. Sample
calculations that show what the markup factors include are shown in table 12,
The cost item definitions in the table result in an overall manufacturing cost
markup factor for the propulsion system of 1,962, The battery is assumed to
be & purchased item that is marked up by .30 for both the initial and replace-
ment costs.

In Tasks | and |1 a curb weight and test weight for each base!line vehicle/
propulsion system concept under investigation was estimated, as wel!! as the
cost of each baseline propulsion system. As the variables of interest of the
study were parametrically changed, the weight and cost of each baseline pro=
pulsion system and the weight of vehicle were redefined. The new vehicle
weights were calculated using a struc*ural growth factor of 1.%0., It required
an iterative process to arrive at each new vehicle/propusion system weight and
cost detinition,

Ownership (operating) costs: This cost category was used to develop the
operating and maintenance costs for the candidate propulsion systems. The
operating cost mode! that was used was defined in terms of 10-year |ifa-cycle
cost.

Cost definitions for each propulsion system component have been based on
data from refs. 6, 16, 17, and 19, and the contract; on a history for similar
components; and on duty=-cycle environments. Table 13 lists the definitions
used in this cost cateqory.

Total propulsion system |ife=cycle cost: The sum of RDTAE, acquisition,
and ownership costs presented above is the total system litetime cost, or |ife~
cycle cost of the propulsion system. This total cost was calculated on a
system |ifetime basis and a per-kilometer basis. The |ife-cycle costs for all
the propulsion systems are presented in subsequent sections of this report.




TABLE 12.--PURCHASE PRICE OF PROPULSION SYSTEMS |

WITH BATTERY PACK (SAMPLE CALCULATION) |

Propulsion system concept X {

With With 1

lead-acid nickle~zing !

Cost Item battery battery

Mandfacfurlng cost of propulsion system 755 755
Manufacturiing overhead (22%) 166 166
Cost of sales | 921 921
General and administrative (25%) 230 230
Cost of phopu!sion system 1151 1151
Return on investment (10%) 115 115
Wholesale price 1266 1266
Dealer markup (17%) 215 215
Purchase prlbe of propulsion system 1481 1481
Battery cost 1334 2238
Buttery markup (30%) 400 672
Battery purchase price 1734 2910
Total purchase price 3215 4391
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TABLE 13.--OWNERSHIP COST DEFINITIONS (10 YEAR PERIOD)

Component Type Determination method Units Reference
Heat engine (1) Spark~ignition | 732.20 + 10.83 (kW) $ 17
(2) Dlesel, N.A. where kW = power rating
(3) Turbine
Transmission { (1) Four-speed 37.66 |/ kg $ 17,19
automatic where kg = unit weight
(2) Mechanical
CVT
Electric motor Electronically | No maintenance required| $ 6
commutated, over the |ife of the
dc vehicle
Power control Sol Id-state 36.83 / kg ¥ 6
unit inverter where kg = unit weight
Flywheel Composite 300 $/kw=hr{ 18
assembly
Drive system Front wheel No maintenance required| $ 17
drive over the |ife of the
vehicle
Gearbox Fixed ratio 14,40 / kg $ 17
where kg = unit weight
Battery (1) Lead-acid 320 $ 16
maintenance
(2) Nickel=-zinc
Battery (1) Lead-acid 2 $/kg | Contract
replacement |
(2) Nickel=-zinc 6 “/kg ! Contract
’ T
Battery (1) Lead-acid 10 percent of purchase $ | Contract
salvage price
(2) Nickel-zinc
Petroleum* (1) Gasoline 0.40 $/1iter] Contract
(2) Diesel 0.36 $/1iter] Contract
Electricity* Wali=-plug 0.06 $/kW-hr{ Contract

*¥1985 estimate
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TASK | ANALYTICAL RESULTS

A summary of the Injtial or baseline data that defines each vehicle
propulsion system concept investigated in Task | is shown In fig. 49. Para-
metric investigations around the baseline definition of each concept were
performed by varying battery weight and observing the effects on the following
parameters:

. Prime electrical range

° Heat englne fuel usage

. Annual fuel usage

® Acquisition cost (1976 $)
° Life-cycle cost (1979 §)

In addition, the importance of buffering the battery with another power source,
Identified as a 50/50 power split (flg. 49), was examined and the results

are presented below. The parametric propulsion systems were sized to conform
to both the performance requirements of the study and the Task | ground rules.

The spectrum of baselline vehicle/propulsion system concepts had vehicle
test welights that varied between 1222 kg (concept 1.1A) and 6088 kg (concept
2.2D)+ The baseline vehicle test welghts varied between 3084 and 14 061 kg.
The acquisition costs of the baseline propulsion systems varied between $2897
(concept 1.1A, lead-acid battery) to $14 927 (concept 2.1D, lead-acid battery).

Task | Hybrid Propulsion System Parametric Results

Typical results of the Task | parametric studies are shown in figs. 50
and 51 (a complete set of the results is presented in Appendix A). The results
in figs 50 are for vehicle/propulsion concept 1.1B for both nickel-zinc and
lead~acid batteries. The results are presented in terms of the five most
important parameters as a function of battery type and weight. In the upper
plot of fig. 50, the prime electric range (km) and heat engine mode fuel usage
(km/|iter) are displayed for both nickel-zinc and lead-acid batteries. In
Task |, the battery and the heat engine were sized in such a way that they
were not required to be operated simultaneously for the special test cycle.
Therefore, the prime electric range is defined as the distance the vehicle can
tfravel solely on the battery prior to the battery reaching 80 percent depth of
discharge (DOD). During the heat engine mode, the vehicle is propelled solely
by the engine using petroleum energy. The electric range and fuel usage values
were computed using the designated special test cycle.

7




*piep waysAs ucis|ndousd/a|D1ydA (duil |aseq) |21jiul | NSel--*fp aanbi g
-
- B v . . = . 1 14D - s . £ oam - . - .
T 1 T 2 g I.'J
. N _
T | Ky e | ) e A
| | e
| ! o
| | ! r 7 t
. SN S ———— — DS L jter s
| ! ) > 4 y
6065 | W . : : N
L L S | o ——— e 1 | LTy 1 “h A
[ yef | | | e . N
| i | =
— - . W — SIS SOSUR S IR ety e L L s -
U © Y £ . . _ PINOS DGR I g
LE WY it » g RIS | —e | e-pea
| (2 3 1 | | |
! . 30n il ! h e T
-+ s g n— NN, . & \ NS - - SR 1 e —————— I s c— - h e
amat T Ty 1 o~ T ) i ! e ; _ 1 2 h
iot ! - ™ ! . ! _— w B8 " 2SN . :
{06 7 | ’ 6 | e -q L
<t | . : v
Sty " i S - T LESEE e (e el X IS i)
[{*7i T ] T [§L _ 3 i Al )
(g%t ! 8/t ! et 55 x proe- 21 wepa | e
3 %S | gint
3y 5 | , fog _-e | ey
b x s B . gl i - NRD...... o —e - ey
.- U — L s = T 6~
Caz? . | e ————
13 1 5t | ° i | TR EIL -
| —_— o 1IN N
- | oes | .l CEO TR} - e i N A | A1)
M i 1 (347 90L 7914 v ﬁ (1230 epas Apreey
s ! 4 | WUt i ﬂ e{ez | pide -peay
1 ] e (P4 | 2901 ‘Q
i | £3 _ l~f| 085 w L m& A st iy
e Wi T F—t 51 = T 90
- i —_ - —
| ta | S 1 : | 102 N 123 - >
—— ! 9 { ! > ! 3 N
| T ! (8 i i 6L
] 5% { | 9§ ! 98t gl .
- e — — —————— ——— —— -+ - —_— e — 4 -
1 | 224 682 P ae » )
m M | L SR { €8S | anl > | pse-pes
| Sed %9 q |
1 B0 (X1 e - -
o - — S-Sl SERU] PSSt — i - -3 O
1 % %9 op | r——On
| f1 el - S g
’ » JUIZ=B NN .
— _— ! skt 9 L05 . i
N 91 - ®
I119% sam0d On [i:195 sam0c /05 1Es Lamod o i1ids aamod 06,/06 11105 208 Oy 11190 samod ;le 1tds samod ﬁxl. « wo:eubs sap
[ &2 19w0) 7°1 1dade0) -2 1faow 1060 11 3895603 adiy Asanieg I IYIA /UL S5 1g
— 2SN O adig
$1933u0) wa1shS wor Sindoag o 4

80




R i

— e T T & DT T R

P

(VEHICLE /PROPULSION CONCEPT 1.1B)

el | [BY 4}
S —— Pb-ACID
125} 1o
PRIME 100} | 18 FUEL
ELECTRIC 75/} FUELUSE g USAGE
RANGE  g,|. \ . 14 (H.E.MODE)
(lem) 25| eectaic 7 |, (km/)
1 ¢ ! ] ul 1 | |
1000 ANNUAL 110000
FUEL R
Sl AL 8oor “~. 8000 acquisiTiON
600} e “~ 16000 COST
usaee I T\ - (1976 $)
() 400 |- o 1a000
200’_ ACQUISITION ($)‘ 2000
{ { I § | | i ]
i LIFE (3) ]

1000} 120000
ANNUAL 800} “~.. 116000 él;"gLE
FUEL i piY IS-S B
usage 000 12000 cog7
() 400} ANnNuAL 18000 (1976 $)

200} FUEL 14000
I H | I { i i {
100 300 600 800

BATTERY WEIGHT (kg)

Sa4121

Figure 50.~-Typical Task | parametric results.
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The upper plot of fig. 50 illustrates the following;

(n

(2)

(3)

(4)

For a glven battery welight, the nickel-zinc battery provides more
range than the lead-acid battery.

The energy avallablility of the lead-acld battery |s more sensitive to
the high power requirements of the special test cycle (acceleration
from O to 72 km/hr In 14 s) than the nickel-zinc battery.

The difference between the fuel usage values for the two battery
types shows the impact of propulsion system weight on the fuel
economy of the vehicles.

A family sedan (for local use) has an electric range of 50 km with
275 kg of nickel-zinc batterles or 775 kg of ISOA lead~acid batterlies
when it Is configured with a parallel propulsion system (concept l.1).

In the middle plot of fig. 50 the annual fuel usage (|Iiters) and propulsion
system acquisition cost (1976 §) vs battery weight are displayed for both types

of batterles.
dally range frequency table (see table 14).

The annual fuel usage (petroleum) was computed using the annual
The'16 000~km annual milage Is

traversed by driving on the battery until it Is 80 percent discharged and then
turning the heat engine on and using petroleum fuel to complete the remainder
of the daily range requirement.

TABLE 14.--DAILY RANGE FREQUENCY FOR ONE YEAR

Dally range, No. of days Total range,
km (mi) of the year km (mi)
0 ( 0.0) 16 0 ¢ 0)
10 ( 6.2) 130 1300 ( 808)
30 ( 18.6) 85 2550 (1585)
50 ( 31.1) 57 2850 (1771)
80 ( 49.7) 54 4320 (2685)
130 ( 80.8) 12 1560 ( 970)
160 ( 99.4) 7 1120 ( 696)
500 (311.0) 3 1500 ( 932)
800 (497.0) 1 800 ( 497)
Totals 365 16000 (9944)

The middle plot of fig. 50 Illustrates the following:

(n

With nickel-zinc batteries the annual fuel usage reaches a minimum

of 150 liters at a weight of 475 kg; however, the propulsion system
acquisition cost is $6300. The fuel usage begins to increase for
higher battery weights mainly because of the increased power required
by a heavier vehicle, especially for the 90 km/hr cruise condition.
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(2) 11 costs the consumer $1400 in increased acquisition cost to save
370 liters of petroleum per year by increasing battery weight from
315 to 500 kg.

(3) With lead-acid batteries the minimum annual fuel usage of 600 |iters
occurs at a battery weight of 800 kge The propulsion system acquisi~
tion cost is $4800.

(4) |1 costs the consumer $800 to save 225 liters of petroleum per year
using ISOA leao~-acid batteries.

Examination of the lower plot of fig. 50 reveals the following:

(1) The propulsion system configured with nickel-zinc batteries uses a
minimum of 1500 liters of petroleum per 10-yr period and costs $15 500
to own and operate. The use of lead-acid hatteries increases the fuel
consumption to 6000 liters over a !0-yr pericd and decreases the cost
of ownership to 13 500.

(2) Use of nickel=zinc batteries saves fue! in comparison with the use of
lead-acid batteries, but the petroleum savings cccur at an increase
in acquistion and life-cycle cost to the consumer.

Fige 51 displays the affects of power sharing betwsen a battery and a
second energy source for a parallel-power-path propulsion system that uses
mechanical energy storage (MES), concept 2.2, and is sized for the intercity
family sedan (vehicle C). In the example shown the second enerqgy source is a
flywheel MES device. The 50/50 power split means that during the STC accelera-
tion period 50 percent of the power is supplied by the battery and 50 percent
by the fiywheel. The results presented are for the ISOA lead-acid battery and
are shown for no power split (no flywheel) and a fixed 50/50 power split,

The tollowing trends are illustrated by the upper plot of fig. 51:

(1) A 50-km electric range is provided by 650 kg of batter ies when powe
sharing (50/50 split) is used, while it takes 1500 kg to attain the
same range without power sharing.

(2) As the battery weight increases, the heat engine mode fuel usage
(economy) decreases. This trend shows the effect of vehicle weight
on fuel economy.

(3) The magnitude of the difference between the 50/50-power=split and
no-power-split heat engine fuel economy is an indication of improve-
ments in fuel economy that are obtainable by load-leveling a spark-
ignition heat engine with a flywheel.

(4) The large difference in electric range between the 50/50-power-split
and no-power=-split cases is due to the following effects:

(a) Sensitivity of the energy available from the lead-acid battery

to the power lcading. Nickel=zinc batteries are not as sensi-
tive to this effect as lead-acid batteries.
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(b) The reduction in the relative power contribution by ‘the battery
(speciflic power) as the battery welight was Increased because of
the constant 50/50-power-split ground rule.

Examination of the second graph of filg. 51 Indlcates both a reduction In
petroleum usage and a lower acquisition cost for a power sharing system In
compar ison with [ts no-power=-split equivalent. The lower graph of flg. 51
reveals the same trends exist between the power sharing and no-power-split
systems when thelir Ilfe-cycle costs are evaluated.

All the parametric vehicle/propulsion systems were examined to determine
the battery welight that results In the minimum |ife-cycle cost for each vehicle/
propulsion concept. The performance and cost data for each of these minimum
cost configurations are presented In figs. 52 to 54.

In all cases the nickel-zinc battery (in comparison with the I1S0A |ead-
acld battery) provides the best performance (electric range and englne mode
fuel economy) and requires the smallest battery welight. The concepts that use
lead-acid batteries, however, are less costly to purchase and operate for 10
yr. This longer operating life Is due to the relatively poor cycle Iife and
high acqulsition cost of the nlickel-zinc battery.

Task | Flywheel MES/Heat Engine Parametric Results

In addition to the pure hybrid propulsion systems ‘that use a storage
battery and heat englne, a flywhes! MES/heat engine propulsion system was
evaluated In mission vehicles C, D, and E. The results of thls parametric
investigation are shown In fig. 55.

The design Iimit Iine In the figure represents a boundary of feasibility.
For example, a flywheel with an energy storage capability larger than 3 kW-hr
becomes Impractical for an Intercity sedan (vehicle C); l.e., the volume required
for a larger flywheel would infringe on the existing passenger and/or luggage
compartments of the vehicle; and therefore it could no longer be considered the
same class of vehicle. The practical llnit for vehicle D Is estimated to be
5 kW-hr and vehicle E, 15 kW-hr. To make maximum use of wall-plug energy
(electricity), this type of system is restricted to use on a fixed route that
has charging stations located at Intervals that are within the flywheel range

of the vehicle.

Task | Heat Engine Comparison

An alternate engine comparison was made by the substitution of a modern,
high-speed, naturally asplrated diesel engine and an advanced, single-shaft,
ceramic gas turbine engine into the vehicle/propulslion system concepts shown
in fig. 56. The propulsion systems are configured with nickel-zinc batteries,
and the battery paclk weight was selected to minimize the |ifu-cycle cost.
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Figure 56.--Task | alternate englne comparison.
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The comparisons are summarized Iin terms of heat engine mode fuel economy, annual
petroleum usage, and propulsion system acquisition and |ife-cycle costs.

The spark-ignition engine was operated In an on-oft (on-demand) mode; the
diesel and turbine were allowed to idle continuously. There is no noiiceable
difterence in the fuel economy and annual fuel usege for the three engines,
because the idle losses of the spark=-ignition engine were eliminated, and the
turbine engine was used only in a configuration in which It could operate at
near|y constant speed. Both the acquistion cost and |ife-cycle costs are com-
parable for each vehicle/propulsion system concept, independent of engine type.
The diwsel system would be easier to develop because no new technology is
needid.
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TASK | RECOMMENDAT IONS

in Task |, 15 vehlcle/propulsion system concepts were Investigated. The
maln purpose of the Investigation was tc determine which combination of vehicle
and propulsion system had the best chance of meeting the overall cost and fuel
usage objectives of the study.

It was recommended that propulsion system concepts 1.1 and 2.2 be carrled
into Task || for a more detalled evaluation. The Task | data indicated that
these two systems had the greatest potential of meeting the cost objectives
of the study. |t was recognized that cost has a stronger influence In the
hybrid propulsion system selection process than petroleum usage.

A second recommendation was made that the simultaneous mixing of heat
englne and battery power be investigated in Task Il. The Task | results of
the comparison made between the 50/50 power split and no power split indicated
- large cost and fuel savings benefit for power sharing between the battery
and a second energy source.

A third recommendation was that the mission vehicle to be used in the
remainder of the study be designated a five-passenger family sedan, since It
has the greatest protential for petroleum savings. This class of vehicle lies
between the local family sedan (vehicle B) and the intercity family sedan
(vehicle C) of the study in terms of its size, welght, and payload, and is
fn line with the scaling down trends that are currently occurring in the auto-
motive industry. Historically, a family sedan vehicle has been the largest
consumer of liquid petroleum (primarily, gasoline). Figs. 57 shows the recent
petroieum usage by vehicle type for the five mission vehicle designations of
the study. These data were obtained from ref. 28 and show that currently the
full size family sedan is the largest petroleum user, followed closely by the
intermediate/compact sedan.
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Figure 57.--Potential petroleum savings vs vehicle type.
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PART B
TASK |, DESIGN TRADEOFF STUDIES




TASK |} DESIGN TRADEOFF STUDY METHODOLOGY

This section describes the Task Il tradeoffs and the modifications to the
propulsion system concepts and to the analytical procedures. Computer simu-
lation results of performance and cost for the two propulsion system concepts
recommended in Task | are presented in the following section, Cost and Per-
tormance Tradeoffs. Final propulsion system performance is presented in the
subsequent section, Cost Optimization Tradeoffs. Following that the section,
Performance Sensitivity Studies, presents results of analytical work that shows
how certain study procedures and goals affected the design and performance of
the recommended final propulsion system.

Revised Vehicle Characteristics

A review of current automotive markets and size trends in Task | showed
that a five-passenger vehicle has the greatest potential for petroleum savings.
Tradeoff studies Iin Task 11 were specifically directed toward a propulsion
system for this flive-passenger vehicle. The basic design constraints provided
by NASA are reiterated in table 15 for the selected configuration, and the
performance goals that apply to this vehicle are presented in table 16.

TABLE 15.--BASIC DESIGN CONSTRAINTS

Mission/vehicle designation BC

Pay load:
Number of passengers D
Cargo, kg (Ib) 75 (165)
Total, kg (Ib) 415 (915)

Carriage characteristics:

Test payload, kg (Ib) 207 (456)
Fixed weight, kg (Ib) 510 (1124)
Aerodynamic coefficient, CpA, M2 (f+2) | 0.60 (6.5)
Tire rolling resistance (V = km/hr) 0.008 + 1 x 1079y +
8 x 1072 vZ
Tire rolling radius, m (ft) 0.30 (1.0)
Accessory |oad (maximum), W 600
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TABLE 16.--VEHICLE BC PERFORMANCE GOALS

Min. top speed on level road, km/hr (mph) 105 (65)
Max. accel. time:

0 to 50 km/br (0 to 31 mph), s 5

0 to 90 Km/hr (0 to 56 mph), s 12

40 to 90 km/hr (25 to 56 mph), s 10
Gradeablility at speed for specifled distance:

3% grade, 90 km/hr (56 mph), km (ml) 1.5 (0.93)

8% grade, 50 km/hr (31 mph), km (mi) 0.5 (0.31)

15% grade, 25 km/hr (16 mph), km (mi) 0.3 (0.19)
Min. ramp speed attainable from a stop

on uphill 6% grade in 300 m (984 ft), km/hr (mph) 90 (56)
Min. sustained speed up 4% grade, km/hr (mph) 90 (56)

Revised System Concept Definition

Propulsion system concepts 1.1 and 2.2 were chosen as the systems with the
greatest potential for Improvement in Task || tradeoff studies. Modifications
were made to both concepts based on the experience gained from the Task | para-

metric studiese.

Modified concept 1.1.--Concept 1.1 was chosen for simplicity, low weight,

and good overall efficiency.

it was modifled for the Task || tradeoff studies

by replacing the discrete four-speed transmission with a continuously variable
mechanical transmission. The modified concept 1.1 Is shown in fig. 58.

Heat

engine

Continuously
variable
transmission

Drive wheel
differential

Battery pack

Variable-
frequency
inverter

Electrically
commutated dc
electric motor

46492

Figure 58.--Modified concept 1.1.
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The continuously variable mechanical transmission (CVT) provides a more
flexible propulsion system. Heat englne speed and motor speed are not locked to
the differential speed by discrete ratios, but can be set to the most efficlent
operating speed for the required power output. Differences in cost and weight
batween the CVT and the four-speed automatic transmission are minimal. The CVT
is slightly less efficient at all operating points than the four-speed trans-
mission, but the Increase in efficiency of the heat engine ahd motor, due to the
better speed range, more than makes up for this decrease In transmission eff|-
ciency. The transmission Is capable of a range of ratlos from 0.3:1 to 3:1. A
schematic diagram and efficiency curves for the CVT are shown in figs. 59 and 60.

The variable action of the CVT Is achleved in the double-cavity torolidal
drive. The main shaft of the transmission has a drive disc attached to each
end; the discs have a section of toroidal shape. Two similar discs are located
inboard of the outer discs, and form the two cavities. The Inboard discs are
mounted on separate bearings and are capable of a limited amount of axlal motion.
Rol lers, mounted on swivel shafts, contact each set of Inboard and outboard
discs. The drive ratio is changed by swivellng the contact rollers from contacts
close to center on the drive discs and far from center on the driven discs to the
other extreme of far from center on the drive discs to close to center on the
driven discss The rollers are not forced into ratio position but are steered
as the wheels of a car by low=-pressure hydraulic pistons that balance internal
tangential forces that are generated at the roller contacts.

In —4— -

546286

Figure 59.--Continuous|y variable transmission (CVT).

Modified concept 2.2.--Concept 2.2 was chosen for its high efficiency and
potential for improvement. A regenerative continuously variable transmission
(CVT) was added to decouple the flywheel from the heat engine and electric
motor. The modified concept 2.2 is shown in fig. 61.
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Regenerative, ;
Flywhee] continuously Contl?ug?s!y Drive wheel
buffer variable variabje differential
transmission transmission
Heat Electrically Variable-
engine commutated dc frequency Battery
motor Inverter

546272
Figure Gl.==Modified concept 2.2.

The original concept required the flywheel, heat engine, and electric
motor to be mechanically geared togethars The major Iimitation of this previ-
ous system Is that the flywheel sets the speed of the heat englne and electric

motor near thelr maximum speed polnts, and therefore precludes efficlent opera-
tion of the two power sources.

The addltion of the regenerative CVT In the modified concept 2.2 allows
the flywheel speed to be independent of heat engine speed and motor speed.
The heat engine or motor can be operated at the best operating speed using
the primary drive CVT. The flywheel Is always avalilable at the driveline
through the regenerative CVT.

The variable action of the regenerative CVT is achlieved in the double-
cavity toroidal drive as was described for the primary drive CVT. The main
shaft of the transmission has a drive disc attached to each end, and two similar
discs are located inboard of the outer discs, forming the two cavities. Rollers,
mounted on swivel shafts, contact each set of Inboard and outboard discs, and
the drive ratio Is changed by swiveling the contact rollers. The contact force
Is adjusted by a loading cam located between the two central discs that provides
a separating force, thereby generating equal forces for the two cavities. The
contact forces are balanced within the end discs, and no heavy thrust bearings
are required for the rotating assembly.

The output from the inboard discs is taken through a gear train to a final
planetary gear set with the sun on the main shaft and the output taken from the

planet carrier. This final CVT output then goes to the output drive and differ-
enfial .
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A schematic dlagram of the regenerative CVT Is shown in fig. 62. The
‘additlion of power regeneration, using an epicyclic gear set, expands the ratio
range of the transmission to Infinity. The high reduction required to match
flywheel speed to driveline speed Is possible with this regenerative CVT. The
efficlency, shown in fig. 63, Is lower than the primary drive CVT because of
internal losses In the regeneration path.

The regenerative and primary CVT would be built using a common housing
and controls. The additlion of the regenerative unit would add about 14 kg
to the transmission weight and $50 to the cost.

— ‘ ,3 Out

L\ A

546206

Figure 62.--Regenerative continuously variable transmission.

Power ‘and Energy Management Tradeoffs

The power and energy management scheme for computer simulation of concepts
1.1 and 2.2 s presented in tables 17 and 18. The systems are in the electric
mode until the battery depth of discharge reaches 80 percent. The battery pack
Is the main energy source in this mode, supplying 100 percent of all energy
requirements in all vehicle states except acceleration. The acceleration state
is the most critical as the large power drain required can quickly discharge the
battery. The power taken from the battery during acceleration can be |imited
to any value from zero to the maximum battery capacity. Any power requirement
over the battery power |Imit is supplied by the heat engine In concept 1.1 or
the flywheel in concept 2.2. Thus, the power required at the fransmission can
be split between the battery pack and the heat engine or flywheel. This power
split is an important analytical tool that allows the battery fo be used effi-
clently and leads to smaller battery packs and lower costs. The distance that
the vehicle can travel In the electric mode on the test cycle to 80 percent
depth of discharge .js defined as the prime electric range.
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TABLE 17.-~POWER AND ENERGY MANAGEMUNT Frk CONCEPT 1.1

Mode Yehicle state Power and energy flow
Electric | Acceleration Battery supplies all power up to a praeset |[Imlt.
Heat engine supplles any excess power requlrement.

Crulse Battery supplies all power.

Brake Braking energy regenerated Into battery.

Engine Acceleration Heat englne supplies all power up to a preset limit.
Battery supplies any excess power requirement.

Crulse Heat englne supplles all power.

Brake Brakling energy regenerated Into battery.

Stop Heat enjine wsed To charge battery to 80 percent
YA

TABLE 18.~~POWER AND ENERGY MANAGEMENT FOR CONCEPT 2.2
Mode Vehicle state Power and energy flow
Electric | Acceleration Battery supplies all power up to a preset |imit.
Flywheel suppllies any excess power requlrement,

Crulse Battery supplies all power.

Brake Braking energy regenerated into flywheel. When
flywheel 1s at full speed, braking energy regen-
erated Into battery.

Stop Heat engline used to charge flywheel to full speed.

Engine Acceleration Heat engine supplies all power up to a preset |imit.

Crulse

Brake

Stop

Flywheel supplles any excess power requlrement.

Heat engline supplies all power.

Braking energy regenerated Into flywhee!l. When
flywheel is at full speed, braking energy regen-
erated into battery.

Heat englne used to charge flywheel to full speed.
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The propulsion system Is In the engine mode after the battery has reached
80 percent depth wt discharges The same type of power split can be made between
tho heat ongine and the battery pack In concept 1.1 or the flywheel in concept
2.2+ The power spilt nllows the heat engine to be operated in a low BSFC reglon
and thus reduce the expended fuel. The heat englne supplies 100 percent of

all power requirements for all vehicle states except acceleration in the engine
modo.

Scope of Task |l Analysis

The Task || analysis was completed In two phases. Cost and performance
tradeoffs were done to choose between concept 1.1 and concept 2.2. Optimization
tradeotfs were performed once the best concopt was chosen.

Acquisition cost, |ite~cycle cost, and annual tuel usage were viewed as the
most Important characteristics of each propulsion system. These characteristics
were heavily dependent upon three Input parsmeters: engine size, battery pack
size, and power split, The effects of two of these parameters, battery pack
size and power split, were Investigated In the initial cost and performance
tradeoffs of Task 1]+ A heat englne slize of 56 kW was chosen and kept constant
throughout the Initial comparison. A minimum battery pack size to meet the
design performance goals was found for concepts 1.1 and 2.2, using both nickel=

zinc and lead-aclid batteries. Thus, four different propuision systems were
deflined.

Battery pack slze was Increased so a total of nine propulsion systems were
Investigated In the Initial comparison as shown In table 19, The power spiit
was varled for each of the nine propuision systems to find the optimum operating
condltlons. Comparisons of the analytical results show concept 1.1 with lead-

aclid batteries to be the mest cost effective, as shown in the Cost and Perform=-
ance Tradeoffs sectlion.

The cost optimization tradeoffs were performed to Investigate the following
major input parameters: ongine size, battery size,.and power splits Three
engine sizes were chosen. A minimum battery pack slze was found for sach engline
slze, Thus defining three propulsion systems. Additlonal systems were defined
with incroased battery packs, as shown In table 20, Optimum operating conditlons
were found by varying the power split in each propulsion system. A system with
a 65-kW engine and 386 kg of lead~acid batteries was chosen in the optimization
subtask, as shown [n the Cost Optimization Tradeoffs section.

The optimization continued, once the heat engine and battery pack size
were chosen, by accurately sizing all system components, based on maximum power
loads and hardware efficlency characteristics. A study was made of the sen-
sitivity of the propulsion system to electric motor type, heat engline type,
acceleration rate on special test cycle, and vehicle performance goals.
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TABLE 19,-~SCOPE OF COST AND PERFORMANCE TRADEOFFS

‘Concept Englne rating, kW Battery pack welght, kg Battery type
204*% Nickel=zinc
272 Nickel~zine
1ol 26 365 Nickel=zine
A99% Lead=acld
204" Nickel«zine
) 272 Nickel=zinc
2.2 56 3C3 Nicke!l~zinc
363% L.ead~acld
499 Lead~acid

"Minimum battery pack slze to meet performance goals

TABLE 20.~~SCOPE OF COST ORTIMIZATION TRADEQFFS

Concept

Engline rating, kW

Battery pack walght, kg

Battery type

1.1

56

499 %
612
125

65

272%
386
499

15

136*
249
363

Lead-acld

*Minimum battery paci welght to meet per‘formance geals
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COST AND PERFORMANCE TRADEOFFS

This section contains results of the initial tradeoffs.

These tradeoffs

were performed to show the effect of varying power split on vehicle cost and
pertformance, and to choose between concept 1.1 and concept 2.2 as the final
concept.

figs. 64 to 67,

Prime Electric Range and Fuel Economy

Prime electric range and fuel economy are plotted against power split in

Each curve represents one propulsion system operated on the
special test cycle varying the power |imit on the battery pack during accelera~-

tion. The effect of reducing the battery power is to increase electric range
and reduce fuel economy. The 100 percent battery power |ine represents an all
electric mode of operation. Not all propulison systems studied are capable of
running the STC on battery alone, so the 100 percent battery power |ine cannot

be

Prime electric range (80% DOD), km

achieved In all cases.
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Figure 64.--Concept 1.1 electric mode performance (nickel-zinc battery).
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Figure 66.--Concept 2.2 electric mode performance (nickel-zinc battery).
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Figure 67.--Concept 2.2 electric mode performance (lead-acid battery).

Concept 1.1 shows more extreme changes in both electric range and fuel
economy than concept 2.2 as the battery power s reduced.

The heat engine Is heavily used to meet acceleration power requlrements
In concept 1.1 when the battery power Is reduced. The battery receives all the
regenerative braking energy. Thus the lightly loaded battery recelves the full

benefit of regenerative braking energy to increase electric range at the expense
of using more fuel during acceleration.

The flywheei Is used to meet power requirements as battery power s reduced
during acceleration In concept 2.2. The regenerative braking energy Is used to
restore flywhee| speed. The heat engine is only used in concept 2.2 to bring
the flywheel up to full speed if the regenerative braking energy Is Inadequate.
Thus the lightly loaded battery does not recelve the benefit of regenerative
braking energy to boost the range, but less fuel is used.

Annual Fuel Usage

Annual fuel usage for various power splits is shown in figs. 68 and 69.
There are many factors that affect the annual fuel calculation. The specific
fuel consumption in the electric mode, engine mode, and cruise at 90 km/hr,
as well as the prime electric range, cruise range, and daily range frequency
are all considered to obtain the annual fuel usage. The miminum point on the

annual fuel usage curves occurs at a different power split for each propulsion
system.
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Figure 68.--Concept 1.1 annual fuel usage vs power split.
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Life-Cycle Cost

Life-cycle cost vs power split curves are shown in figs. 70 and 71. These
curves show that the most economical operation of a particular propulsion system
occurs at low battery power. Systems with lead-acid batteries have lower ||fe~
cycle costs than those systems with nickel-zinc batteries.

Fuel Usage and Cost Comparison

Minimum annual fue! usage, acquisition cost, and |ife-cycle cost for, the
nine propulsion systems studied in the initial comparison are shown in figs.
72 to 74. The power split chosen for minimum annual fuel| usage and ||fe-cycle
cost Is that power split that glves the least annual fuel usage. The acqui-
sition cost is not dependent upon power split for a fixed battery weight and
engine slize. These charts |llustrate the Inverse relationship between cost and
fuel usage. Lower cost systems use more fuel.
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Figure 70.--Concept 1.1 life-cycle cost.
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Cost Benefit Comparisons

Acquistition cost benefits and |ife-cycle cost benefits are presented in
figs. 75 and 76. Cost benefits compare fuel savings as a function of added
cost to the owner for the different propulsion systems. The performance of a
conventional, all-gasoline propulsion system was estimated using the analytical
methods used throughout the study. The conventional propulsion system welghs
322 kg, which leads to a vehicle test weight of 1411 kg. The conventional
system uses 1416 |iters (374 gal) of fuel annually, costs $767, and has |ife-
cycle costs of $7600. Fuel savings and added costs are computed for each hybrid
propulsion system by comparing it to the conventional ali=-gasoline propulsion
system. Acquisition cost beneflits are the ratio of fuel saved to added acqulsi-
tion cost. Life-cycle cost benefits are the ratio of fuel saved to added |lfe~
cycle cost.

The acquisition cost benefits general|y show concept 1.1 to be more cost
effective than concept 2.2. The lite-cycle cost benefits shuw concept 1.1 with
lead-acid batteries to be far superior.

Concept 1.1 was selected, with NASA concurrence, as the selected propulsion
system for optimization in this study.
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Figure 75.--Acquisition cost benefits vs battery weight and type.
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COST OPTIMIZATION TRADEOFFS

The Initial comparison subtask showed concept 1.1 with lead~acid batterles
to be the most cost effective. The purpose of the optimization subtask was to
size the final propulsion system components. The engine size and battery pack
size were the most important varlables. Nine different propulsion systems were
Investigated, as shown in ‘table 20. Analysis was made on the nine systems in
the same manner used in the initial comparison. The cost benefit charts for
the nine propulsion systems showed the 65-kW heat engine and 386 kg of batteries
to be the best system. All other components could then be sized based on the
maximum power loads that occur In each component.

Cost Benefit Comparison

Acquisition cost benefits and |ife-cycle cost benefits are shown in figs.
77 and 78. The 65-kW (87-hp) heat engine with 386 kg (850 |b) of lead-acid
batteries is clearly the most cost effective systems This system yields the
most petroleum saved for each dollar spent.

Final System Performance

The remaining propulsion system components were sjzed to permiy maxlmum
power Joads during the acceleration goal of 0 to 90 km/hr in 12 s. The final
propulsion system design summary Is shown in table 21, along with the weight
and cost statement of each component in the final propulsion system. The
guidel ines used in calculation of component costs and weight can be found in
tables 10 and 11.

The final propulsion system performance summary Is shown in table 22. The

; special test cycle (STC), shown in fig. 6, represents the urban driving cycle,

} and the constant vehicle speed of 90 km/hr represents the highway driving cycle.
Performance was also calculated using the federal urban driving cycle and the

tederal highway driving cycle. Battery |ife, annual fuel and electricity con-

sumption, and |ife-cycle cost were calculated using the dally range frequency

; specified In table 4. For days with an 80-km range or more, the highway driving

cycle is used exclusively. For days with more than an 80-km range, the highway

driving cycle is used 90 percent of the distance, and the urban driving cycle

is used 10 percent of the distance. There is electric recovery in the engine

mode, because more energy is put into the battery during braking than is removed

during acceleration. The annual fuel average is the annual mileage divided by

total annual fuel usage.

Additional results and cost worksheets are presented in figs. 79 through
83 and table 23.
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TABLE 21.~=FINAL PROPULSION SYSTEM COMPONENT COST AND WEIGHT SUMMARY

Weight,

Acquisition
Component Rating kg cost, §
Heat engine, 65 kW at 199 410
spark-=ignition 4000 rpm
Electrical 20 kW 12 375
machine 14,000 rpm
Inverter 40 kW 26 905
and controls
Mechanical 90 kW 96 267
VT 331 to 0.3:1
ratio
Gearbox 40 kW 12 57
3053'
ratio
Differential (fwd) 90 kW 59 196
4:) ratlo
I1S0A 100 W/kg 386 1004
Lead-acid 40 W-hr/kg
at 3=hr rate
Total propulsion system 800 3214
Vehicle test waight 2032 -
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TABLE 22.--FINAL PROPULSION SYSTEM PERFORMANCE SUMMARY

Test cycle STC FUDC/FHDC
Heat engline/battery power split during 30/70 30/70
acceleration
Urban driving cycle electric mode;

Prime electric range, km 218 101

Electricity usage, W=hr/km 88 98

Fuel usage, km/liter 30 26
Urban driving cycle engine mode:

Fuel usage, km/|lter 14 15

Electricity recovery, W=hr/km 20 51
Highway driving cycle electric mode:

Highway electric range, km 39 93

Electric usage, W=hr/km 183 105

Fuel usage, km/|lter 0 26
Highway drlvfng cycle engine meode:

Fuel usage, km/|lter 18 17

Electricity recovery, W~hr/km 0 12
Battery pack |ife, yr 7.9 5¢5
Annual electricity usage, KW-hr 1475 1659
Annual fue! usage, |lters 590 666
Annual fuel average, km/liter 27 24
Acquisition cost, $ 3214 3214
Life~cycle cost, #€/km 5.8

5.4
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PERFORMANCE SENSITIVITY STUDIES

A study was performend to measure the sensitivity that some of the ground
rules had upon final vehicle design, performance, and cost. This sensitivity
study was by no means exhaustive and further work In this area might be pro-
ductive.

Electric Motor Sensitivity

Both Task | and Task || studies used a permanent magnet dc electric motor.
The effect on the final propulsion system of substituting a mechanically commu~-
tated dc shunt motor was Investigated.

Shunt=-wound dc motors are particulary well-sulted as traction motors where
¢lose speed control is desired. Usling a separately excited field, with the
field winding shunting the armature winding, the speed control |s achieved
by varying the relatively low power in the shunt circuit.

The dc motor with a separately excited fleld can provide constant horse-
powar from base speed to rated speed. This feature shapes the torque-speed
relationship so that the torque at base speed is approximately 250 percent of
the torque at rated speed. Base speed is defined as the lowest equllibrium
speed reached by the motor when full armature voltage Is applied and the field
Is fully excited. Below base speed, the torque can be held constant by decreas-
Ing the armature veltage in proportion to the speed reduction. The motor
develops full power at base speed, with maximum efficlency. Above base speed,
the power that can be developed remalns nearly constant, using field weakening
to control velocity, subject to the power constralints of commutation limit,
saturation limit, and thermal |imit. The motor performance map used for the
de shunt motor Is shown in fig. 84, and it Includes the losses associated with
fleld control. This map represents the estimated performance for a motor with
100 percent rated power of 20 kW. The map Is accurate for motors that are rated
within 410 percent of the basic machline.

Direct current machinery is |imited by the requirement for a commutator
and brush network to supply armature power. The brushes wear and require peri-
odlc maintenance, and the limitation on periphera! speed of the commutator In
turn 1imits the amount of size reduction, with speed Increase, which can bte
accomp | ished to improve power density. The estimated motor size to achieve the
performance in fig. 84 Is 55 kg. This size and performance is based on current
high~performance motor designs. There is no overall welght penalty compared to
the permanent magnet dc electric motor because no electronic inverter is required
for the dc shunt motor.

it is apparent that the optimum dc shunt motor performance is achieved at
base speed. When the motor is used in a system with a variable transmission,
the transmission is employed to allow the motor to reach base speed as soon as
possible, and to operate close fo base speed over as much of the driving cycle
as possible. |n this case the motor starting operation can be accomplished
by the simple expedient of reduced voltage applied to the armature in steps
to timit current, and this regime of operation is so short, up fo a vehicle
speed of approximately 6 km/hr, that the efficiency of operation is not a
significant concern.
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Flgure 84,--Uc shunt motor performance.

The results of this investigation are shown in table 24 and figs. 85 and
86. The lower efficliency of the dc shunt motor results in a shorter electric
range and niore electric energy usage compared to the final propulsion system.
The fuel consumption Is stightly lower with the dc shunt motor because in the
electric mode the best operating speed is lower for the dc shunt motor than

for the permanent magnet motor that Is used in the final system. When the heat
engine is required to buffer the electric motor, the lower speed of the dc shunt
motor allows the heat engine to operate at a better etficlency. The greatest
eftfect of substituting the dc shunt motor into the final propulsion system is

in the reduction of the acquisition cost by $717.

Heat Engine Sensitivity

The final system was evaluated with four different engine/operating mode
combinations: (1) gasoline, on-off, (2) gasoline, Idle, (3) diesel, on-off, and
(4) diesel, idle. The final propulsion system uses a gasoline engine operated
in an on-off mode. In this mode the engine does not idle. No fuel Is consumed
if no power is required frorm the engine. This on-off operation leads t¢ reduced
fuel usage, but some technical risks are involved in developing such a system.

The results for the four propulsion systems operated on the special test
cycle are shown in table 25. The diese! engine vehicle weighs 85 kg and costs
$190 more than the gascoline engine vehicle. The diesel engine is capable of
a much lower idle fuel flow than the gasoline engine; thus annual fuel usage

does not increase with the diesel as much as with the gasoline engine when the
engine is allowed to idle.
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TABLE 24,--PERFORMANCE SUMMARY FOR PROPULSION SYSTEM WITH DC SHUNT MOTOR

Test Cycle §TC FUDC/FHDC

Heat engine/battery power split during 30/70 30/70
acceleration
Urban driving cycle electrical mode:

Prime electric range, km 195 87

Electricity usage, W-hr/km 95 116

Fuel usage, km/l|iter 29 30
Urban driving cycle engine mode:

Fuel usage, km/|Iter 13 13

Electriclty roecovery, W=hr/km 18 46
Highway driving cycle electric moda:

Highway electric range, Kkm 42 91

Electricity usage, W-hr/km 179 107

Fuel usage, km/|iter 0 33
Highway driving cycle engline mode:

Fuel usage, km/llter 18 17

Electricity recovery, W~hr/km 0 11
Battery pack life, yr l 7.5 5.0
Annual electricity usage, kW~hr 1579 1913
Annual fuel| usage, |iters 602 590
Annual fuel average, km/liter 27 27
Acquisition cost, $ 2411 2411
Life~cycle cost, &/km 5.0 5.3
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TABLE 25.~=SENSITIVITY OF VEHICLE PERFORMANCE TO HEAT ENGINE TYPE AND
MODE OF OPERATION

Heat engine type Gasol Ine Diesel
.; Operation of heat engine " on-0tt] Idle on-0ff| Idle
Heat engine/battery power split 30/70 | 30/70 30/70 | 30/70

during acceleration i

Urban driving cycle electrical mode:

Prime electric range, km 218 218 236 236
Electriclty usage, W=hr/km 88 88 89 89
f Fuel usage, km/lliter 30 19 31 23

Urban driving cycle engine mode:

Fuel usage, km/|iter 14 14 15 15

Electricity recovery, W-~hr/km 20 20 20 20

Highway driving cycle electric mode:

| Highway electric range, km 39 39 37 37
g Electricty usage, W-hr/km 183 183 185 185
; Fuel usage, km/liter 0 0 0 0

Highway driving cycle engine mode:

; Fuel usage, km/liter 18 18 17 17
Electricity recovery, W-hr/km 0 0 0 0

! Battery pack |ife, yr 7.9 7.9 8.1 8.1
Annual electricity usage, KW-hr 1475 | 1475 1480 | 1480
Annual fuel usage, |iters 590 804 507 628
Annual fuel average, km/liter 27 20 32 25
Acquisition cost, $ 3128 3128 3318 3318
Life-cycle cost, £/km 54 5.8 5.2 5.4
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Fuel and Electricity Cost Sensitivity

Three fuel and electric cost scenarios were postulated by NASA for the
future. The mid values of projJected costs were used to calculate |ife-cycle
costs and operating costs throughout Task | and Task Il. The |ife~cycle cost
for the final propulsion system was computed using all three sets of projected
energy costs. These results, along with the cost upon which the results are
based, are presented In fig. 87. The four propulsion system/operating mode
comblnations presented In the heat engline sensitivity were operated on the
speclal test cycle. A conventional, all~heat-engine propulsion system was
olso evaluated for comparison.

The sensitivity to energy costs Is quite apparent. The three cost scenar-
los Indicate a 100-percent Increase In fuel cost but only a 40-percent Increase
in electric cost. Under these circumstances propulsion systems using more fuel
rise In cos! more rapidly than systems using less fuel. The proposed final
propulsion system will becomé |less costly than a present-day conventional sys-
tem when the energy costs of the third scenario are realized.

¢ F
Gasolline, ldlewg //
: F Diesel (on=-off)
% Gasoline (on-off)
o
)
(8]
%,’ - Conventiona! (base!llne)
"’7 ‘
&
et s b
3 | | }
' 26 4o 53 Gasolline cost, $/)iter
24 .36 48 Diesel fuel cost, $/1lter
.05 . 06 .07 Electricity cost, $/kW=hr

Figure 87.~-Life~cycle cost sensitivity to petrsieum and
electricity costs.
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Test Cycle Sensitivity

The special test cycle, fig. 6, requires an acceleration from 0 to
72 km/hr In 14 s. The time to sccelerate was extended successively to 20 s
ond 28 s to measure the effect of acceleration time upon vehicle performance.
Cruise, coast, brake, and dwell time and vehicle, battery, and propulsion
system were kept constant. The performance of ‘the final propulsion system was
?alculafad using the three different acceleration times. The results are shown
n table 26.

These results do not show great variations as a function of acceleration
time. The prime electric range varies only slightly. This can be explained
by plotting battery depth of discharge (DOD) agalnst time (fig. 88), The depth
of discharge profile |s the same aftor the acceleration phase for each test
cycle. The only dlfference occurs during the acceleration phase. Each accel-
eration ends at approximately 0.4 percent DOD. The lower acceleration rate
requires less power from the battery, but the time Is longer. The energy to
accelorate a car at any rate ls essentially constant. The battery Is buffered
by the engine In all three cases 1o keep battery power low. The specific energy
is noarly constant at low specific power (see figure 7).

Tho fuel consumption Is reduced by 10 percent as accele*ation [s increased
to 28 s. The lcwer power required In the slower accelerations allows the engline
to be used at a speed and torque nolnt that is mere fuel sfficient.

Performance Goal Sensitivity

The basic performance goals for The new misslon vehicle designated BC are
presented In table 16. The maximum accaleration goal of 0 to 90 km/hr In 12 s
was used to slze the propulsion system components. The sensitivity fo this
acceleration goal was Investigated by designing two new propulsion systems,
one capable of 0 to 90 km/hr acceleration in 16 s and The second In 20 s. |t
was assumed that, as the 0 to 90 km/hr acceleration goal was reduced, all the
other performance goals were lowered so that the 0 to 90 km/hr acceleration
goal still slzes the components. Two more systems were designed with small
engines (22 kW) and larger battery packs that could accelerate to 90 km/hr In
15 s and 18 s« All five propulsion systems studied are presented in table 27.
Each of the new propulsion systems was evaluated on the three test cycles used
In the test cycle sensitivity. The performance results arc shown In tables 28
and 29. .

The propulsion system that allowed O to 90 km/hr in 16 s had a 37-kW heat
engline, 272 kg of lead-acid batteries, and a test weight of 1824 kg. The pur-
chase cost of $2705 included $707 for batteries. This price represents a
decrease from the final propulsion system cost of $423. The annual fuel usage
does not change a great deal (5 percent) when compared to the final propulsion
system.
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TABLE 26.==FINAL PROPULSION SYSTEM PERFORMANCE SENSITIVITY TO TEST CYCLE,
CAPABLE OF ACCELERATING 0 TO 90 KM/HR IN 12 S

Acceleration time to 72 km/hr 14 20 28
In test cycle, s

Heat englne/battery power split during X0/70 30/70 30/70
acceleration
Urban driving cycie electric mode:

Prime electric range, km 218 219 227

Electricity usage, W-hr/km 88 20 87

Fuel usage, km/|lter 30 33 35
Urban driving cycle engine mode:

Fuel usage, km/llter 14 14 15

Electricity recovery, W=hr/km 20 10 4
Highway drlvlng'cycle electric mode:

Highway electric range, km 39 39 39

Electricity usage, W=hr/km 183 183 183

Fuel usage, km/|!tor 0 0 0
Highway driving cycle engline mode

Fuel usage, km/|iter 18 18 18

Electricity recovery, W-hr/km 0 0 0
Battery pack |lfe, yr 7.9 7.9 8.0
Annual electricity usage, kW=hr 1475 1491 1462
Annual fuel usage, llters | 590 553 538
Annual fuel averago, km/lIter 27 29 30
Acquisition cost, § 3128 3128 3128
1er—cycle cost, ¢/km 5.4 vé:;”m" 5;2
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Figure 88.--Battery depth of discharge vs time for final propulsion
system on throeo different test cycles.

TABLE 27.--SCOPE OF PERFORMANCE GOAL SENSITIVITY

Maximum acceleration to 90 km/hr, s 12*% 16 20 18 15
Heat engine rating, kW 65*% 37 22 22 22
Battery pack size, kg 386% | 272 (181 |363 |544
Test weight, kg 2078% 11824 1324 | 1560 |1785
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TABLE 28.--PERFORMANCE SUMMARY FOR A PROPULSION SYSTEM WITH 37-KW HEAT
ENGINE AND 272 KG OF LEAD-ACID BATTERIES, CAPABLE OF ZERO

TO 90 KW/HR ACCELERATION IN 16 S

Acceleration time to 72 km/hr 14 20 28
on test cycle, s N
Heat engine/battery power split during 35/65 30/70 30/70
acceleration
Urbai driving cycle electric mode:
Prime electric range, km N 141 146
Electricity usage, W=hr/km: 93 84 83
Fuel usage, km/|lter 34 32 32
Urban driving cycle engine mode:
Fuel usage, km/liter 14 15 15
Electricity recovery, W=hr/km 8 3 4
Highway driving cycle electric mode:
Highway electric range, km 21 21 el
Electricity usage, W-hr/km 174 174 174
Fuel usage, km/!iter 0 0 0
Highway driving cycle engine mode:
Fuel usage, km/liter 18 18 18
Electricity recovery, W-hr/km 0 0 0
Battery pack life, yr 541 6.5 6.6
Annual electricity usage, KW-hr 1446 1312 1297
Annual fuel usage, liters 560 579 583
Annual fuel average, km/l|iter 29 28 27
Acquisition cost, $ 2705 2705 2705
Life-cycle cost, ¢&/km 5.0 4.9 4.9
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TABLE 29.--PERFORMANCE SUMMARY FOR PROPULS! . 0
ENGINE AND 181 KG OF LEAD~ACID LAi w15 CAPABLE OF ZERO
TO 90 KM/HR ACCELERATION IN 20 §

STEM WITH 22-KW HEAT

Acceleration time to 72 km/hr
on test cycle, s 14 20 28
Heat englne/battery power split during 50/50 40/60 30/70
acceleration
Urban driving cycle electric mode:
Prime electric range, km 13 42 57
Electricity usage, W=hr/km 106 88 79
Fuel usage, km/l|ter 54 38 35
Urban driving cycle engine mode:
Fuel usage, Km/liter 15 15 14
Electriclty recovery, W=hr/km 0 6 0
Highway driving cycle electric mode:
Highway electric range, km 9 9 9
Electricity usage, W-hr/km 157 157 157
Fuel usage, km/liter 0 0 0
Highway driving cycle engline mode:
Fuel usage, km/liter 19 19 19
Electricity recovery, W-hr/km 0 0 0
Battery pack life, yr 2.6 3.5 4.0
Annual electricity usage, kW-hr 671 964 1012
Annual fuel usage, liters 791 651 621
Annual fuel average, km/!liter 20 25 26
Acquisition cost, $ 2385 2385 2385
Life-cycle cost, &/km 5.3 4.9 4.8
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The prime electric range was shorter in the new propuision system than In
the final propulsion systems This is caused primarily by the fact that there
are fewer batterles In the new system. Therw Is another factor that further
reduces the range in the test cycle with 0 to 72 In 14 s. The battery pack
must operate at a higher specific power (50 W/kg) to accelerate to 72 km/hr in
14 s, compared to the 20- and 28~s acceleration cyclies (30 W/kg). The higher
specific power leads to lower specific energy. The battery used at 50 W/kg is
discharged much quicker than the battery used at 30 W/kg. The battery depth
of discharge vs time curve is shown in fig. 89.

The propulsion system that couid accelerate to 90 km/hr in 20 s had a
22-kW heat engine, 181 kg of lead-acid batteries, and a vehicle test weight of
1324 kge The propulsion system is underpowered and, for all but the slowest
acceleration (0 to 72 km/hr in 28 s), both engine and battery operatéd near
their maximum. This resuited in short electric range and a relatively large
fuel usage. The test cycle with the siowest acceleration did allow both heat
engine and battery to be partly loaded, but the electric range is still quite
short, and large amounts of fuel are required. The short electric range leads
to more miles in the engine mode. A smail underpowered engine operated near
full power is not very efficient.

3.5
3.0
2.5
od
&
o 0 to 72 km/hr in 1h s
& 2.0} :
g 0 to 72 km/hr in 20 s
o
> 1.5
b
At
o
L O 0 to 72 km/hr in 28 s
B
N ] L 1 L | | J f |
4] 10 20 30 40 50 60 70 80 90 100

Time, s
548288

Figure 89.--Battery depth of discharge vs time for propulsion system
with 37-kW heat engine and 272 kg of lead-acid batteries
capable of zero to 72 km/hr acceleration in 16 s.
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There has been interest in propulsion systems sized similar to the last
system with very small| gasoline engines. Two additional propulsion systems
were drawn up with the same 22-kW heat engine and increased battery weight.
The propulsion system shown In table 30 has a 22-kw heat engine, 363 kg of
lead-acid batteries, test weight of 1560 kg, and an acquisition cost of $2858.
The propulsion system shown In table 31 has the 22-kW heat engine, 544 kg of
lead-acid batteries, test weight of 1785 kg, and acquisition cost of $3332.
These two systems were included for completeness, and rigorous optimization
of the systems was not attempted.
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TABLE 30.--PERFORMANCE SUMMARY FOR A PROPULSION SYSTEM WITH A 22-KW HEAT
ENGINE AND 363 KG OF LEAD-ACID BATTERIES CAPABLE OF ZERO TO

90 KM/HR ACCELERATION IN 18 §

Acceleration time to 72 km/hr

on test cycle, s 14 20 28
Heat engine/battery power split during 60/40 50/50 30/70
acceleration
Urban driving cycle electric mode:

Prime electric range, km 62 109 182

Electricity usage, W=hr/km 114 100 77

Fuel usage, km/|iter 52 38 28
Urban driving cycle engine mode:

Fuel usage, km/llter 13 13 13

Electricity recovery, W=hr/km 0 0 0
Highway driving cycle electric mode:

Highway electric range, km 42 42 42

Electricity usage, W-hr/km 165 165 165

Fuel usage, km/liter 0 0 0
Highway driving cycle engine mode:

Fuel usage, km/liter 19 19 19

Electricity recovery, W-hr/km 0 0 0
Battery pack life, yr 4.2 5.7 7.3
Annu§l electricity usage, kW-hr 1521 1643 1307
Annual fuel usage, |iters 526 496 602
Annual fuel average, km/liter 30 32 27
Acquisition cost, § 2858 2858 2858
Life-cycle cost, ¢/km 5.4 5.0 5.0
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TABLE 31.--PERFORMANCE SUMMARY FOR A PROPULSION SYSTEM WITH A 22~KW HEAT
ENGINE AND 3544 KG OF LEAD-ACID BATTERIES CAPABLE OF ZERO TO
90 KM/HR ACCELERATION IN 15 S

Acceleration time to 72 km/hr
on test cycle, s 14 20 28
Heat engine/battery power split during 70/30 55/45 35/65
acceleration
Urban driving cycle electric mode:
Prime electric range, km 98 156 244
Electricity usage, W-hr/km 128 13 89
Fuel usage, km/liter 53 39 28
Urban driving cycle engine mode:
Fuel usage, km/liter 12 13 13
Electricity recovery, W=-hr/km 0 5 5
Highway driving cycle electric mode:
Highway electric range, km 79 79 79
Electricity usage, W-hr/km 173 173 173
Fuel usage, km/!iter 0 0 0
Highway driving cycle engine mode:
Fuel usage, km/|iter 18 18 18
Electricity recovery, W=hr/km 0 0 0
Battery pack |ife, yr 5.4 6.8 8.2
Annual electricity usage, kW=hr 2229 2013 1676
Annual fuel usage, liters 571 450 560
Annual fuel average, km/liter 43 36 29
Acquisition ocst, $ 3332 3332 3332
Life-cycle cost, ¢&/km 5.5 5.4 5.4
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TASK 111 CONCEPTUAL DESIGN ACTIVITY

The studlies conducted in Task | and || led to the selection of a vehicle

and propulsion system configuration to achieve maximum petroleum savings at

reasonable cost.

The vehicle type is a five-passenger sedan with a total test
weight of 2032 kg. A hybrid propulsion system was designed in Task I1| to power
the selected vehicle and meet the performance standards summarized in table 32.

TABLE 32.~-FIVE-PASSENGER VEHICLE PERFORMANCE SUMMARY

Vehicle test weight, kg

2032
Battery pack weight (lead-acid), kg 386
Power train weight, kg 414
Maximum acceleration 0 to 90 km/hr, s 12
Maximum speed, km/hr 105
Prime electric range, special test cycle, km 218
Battery usage

80 percent DOD

Fuel usage, km/lliter

30

txtended range (engline mode)

Limited by fuel capacity

Fuel usage with special test cycle, km/liter

14

Fuel usage at constant 90 km/br, km/!jter 18
Life-cycle cost, special test cycle $0.054/km
Acquisition cost $3128
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DESCRIPTION OF CONCEPTUAL DESIGN

The hybrid propulsion system is conflgured as a front-wheel drive unit,
and a conceptual arrangement Is shown in fige 90. The equipment |s compact
enough to fit easily within the engine compartment of a typical five-passenqger
automoblle. The power train components, including the heat engine, the trac-
tion motor, and all the mechanical power transmission devicps, are integrated
into a single compact unit. The electronic control unit, packaged as a separate
item, Is shown to the side and rear of the drive train package. A radlator,
not considered a part of the power train, is required for engine coolings The
gaffery pack is shown at the rear of the vehicle to provide good weight distri-
ution.

A side view of the drive train unit is shown In fig. 91. The unit is 759.09
cm long, and the central drive section is 53.3 cm high. The heat engine is
indicated by the maximum envelope, which is within the available clearance of
48.3 cm from axle to firewal) as measured on an actual five-passenger vehicle
(1979 Fairmont). The indicated hood |ine clearance Is also typical for a
tive-passenger vehicle. The drive train unit has an estimated welght of
414 Kkg.

A cross-sectional view of the drive train package is shown in fig. 92, and
the major components are identifiede The dc traction motor, on the left, con-
nects through a fixed-ratio speed reducer to the main shaft of the continuously
variable traction transmission. The heat engine connects through a chain drive
to the opposite end of the transmission main shaftt. The output of the CVT is
through a single gear set and then a chain drive to the differential.

Component Descriptions

The individual components of the hybrid propulsion system have been para-
metrically defined in the tradeoff studies. The following descriptions provide
the details of the construction and operation of units designed to meet the
performance definitions.

Traction motor.--The traction motor i{s a brushless dc permanent-magnet (PM)
motor, rated at 20 kW, and operates off the battery voltage of 168 V. This
motor is of the same design as a motor currently being built under a NASA
contract*, though rated power is 20 percent less.

¥NASA Contract DEN 3-77 for an Advanced Electric Motor was awarded to AiResearch
Manufacturing Company of California on October 18, 1978.
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The motor Is an axial-gap Inductor machine with an Ironless stator.
Excitation Is provided by & 15 MG-Oe misch metal magnet. To permit self-
synchronous starting and running, the rotor position of the motor will be
sensed by a six~element, sollid-state, Infrared source and sensor, reading slots
In a cylinder attached to the motor shaft. Thls is 8 proven davice used In
various self=synchronous PM motors to control inverter firing angle, and ls
contalned within the housing on the left end.

During starting and running the rotor poles and the stator magnetomotive
forca are maintained In a synchronous relationship by Inverter loglc circults
so that no slip occurs. The loglc circults respond to rotor position signals up
to approximately five percent ot rated motor speed. Above this speed the fogle
¢ircults respond to the voltage induced In the stator winding by the rotor fleld.
This method of operation takes Into account the field distortion caused by arma-
ture current and Iimproves the power factor of the motor as compared to what Is
possible by only sensing rotor position. At all times the motor Is functioning
as a synchronous machine. This type of operation Is called self synchrenous
because the system is continually self adjusting, always malntalning synchronous
operation, and pull-out cannot occur regardless of appllied load.

A primary factor favoring the axlpolar concept Is Its simplicity and
suitabl ity for low~cost production. The rotor Is comprised of two ldentlcal,
flve-fingerod sections separated by a magnet. The two rotor soctions could be
elther forged or cast. An aluminum shroud covers each rotor section to direct
the rofor=-induced airfiow over the stationary stator colls. The shroud also
reduces rotor windage loss.

The stator Is comprised of simple, machine-wound colls, and ribbon con=
ductors are used to minimize eddy loss in the conductors. The ribbon conductors
provide desired rigidity to the colis, which are bonded together and supported
a2t the stator OD. Ribbon conductors provide superlior heat transfer as compared
to round wire, mush=wound colls or substrate~-mounted, printed-circuit conductors.
Ribbon conductors also provide the most efflcient util)ization of the space
between the poles. The stator does not contain iron so the typlcal iron losses
are eliminated.

The rotor Inherently provides centrifugal fan action. Pumping loss Is
regulated automatically to stator heating requirements by using a butterfly
valve actuated by a bimetal coll actuator in the stator exit alir duct. This
Is simllar to the choke actuator on automobile engines. Thus, at higher-speed
cruise conditions with low power demand, the motor efficiency is Improved by
reducing alrflow pumped by the motor rotor,

Rated motor power Is 20 kW, and top speed Is 14 000 rpm. The 10~pole

machine has a frequency at maximum speed of 1166 Hz. The calculated motor
performance characteristics are shown in fig. 93.
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Transmission.~=The initial transmission stage is a fixed ratio 3.5:1 speed
reducer. This device is a traction unit configured in a planetary design with
the planet rollers fixed to the housing. All clements operate in pure rolling
contact., This design was chosen because it provides smooth, quiet power trans-
missior at efficiencios in excess of 97 percent. The design is similar to other
units that have been bullt and tested (refs. 20 and 21).

The variable action of the CVT is achieved in the double-cavity toroidal
drive. The main shaft of the transmission has a drive disc attached to each
end; the discs have a section of toroida! shape. Two similar discs are located
inboard of the outer discs, and form the two cavities. The inboard discs are
mounted on reparate bearings anad are capable of a limited amount of axial motion,
Rollers, mounted on swivel shafts, contact each set of inboard and outboard
discs. The drive ratio is changed by swiveling the contact rollers from contacts
close to center on the drive discs and far from center on the driven discs to the
other extreme of far from center on the drive discs tu close to center on the
driven discs. The rollers are not forced into r:tio position but are steered
as the wheels of a car by low=pressure hydraulic stuns that balance internal
tangential forces that are generated at the roller contacts.

The transmission of power betweer smoct! rolling surfaces requires a sub=
stantial normal force, but the contact lcads must be low encugh to ensure an
adequate fatigue life. Power transmission also is limited by the possibility
of slip between the rollers, since slip leads to rapid wear failure. These
limits have been Increased by the use of modern traction lubricants that pro-
vide high resistance to slip and high viscosity to reduce wear. These new
lubricants have considerably extended the power range of traction transmissibns,
permitted the use of higher forces, and extended transmission |ife. The contact
forces required are heaviest when the traction contact is close to The center-
line of the drive disc, and lower as the contact running radius becomes greater
on the drive disc. This contact force is adjusted by a loading cam located
betwaen the two central discs that provides a separating force and thereby
generates equal forces for the two cavities. The contact forces are balanced
within the end disc, and no heavy thrust bearings are required for the rotating
assembl y.

An oil pump is located within the housing to provide pressure for the
hydraulic control pistons and circulation nf lubrication. Control of the
pistons, which position the traction rollers, is accomplished by an electro-
hydraulic valve, which establishes the CVT ratio in response to an electrica
control signal. The power output of the CVT is tnhrough the centra! gear, witl
a reduction ratio of 4:1. The CVT ratio ranges from a reduction of 3.0:1 tc
an overdrive of 0.5:1. The fixed=-ratio planetary traction speed reducer at
the CVT input reduces the maximum motor shaft speed of 14 000 rpm to a CVI

input of 4000 rpme The speed of the electric motor and heat engine are var
3s 8 function of vehicle velocity and load using the CVT. The CVT ratio i
aojusted to favor the electrical motor by placing it in its ideal efficienc

region. The calculated CVT performance is shown in fig. 94.
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Qutput drive and diffential.--The output of the CVT is first through a
gear reduction, and then through a chain reduction of 3:1 to the differential.
This output speed reduction can be accomplished at high efficiency by careful
attention to gear design, bearing selection, and lubrication control.

The losses in a speed reducer are attributed to several principal effects:

(1) Meshing Losses==Sliding losses of the tooth surfaaes, proportional
to load, speed, tooth accuracy, and surface finish

(2) Bearing Losses=--Proportional to torque, bearing size, and the square
of the speed

(3) Lubricant Churning and Pumping Losses--Proportional to the square of
the speed

The design presented minimizes meshing losses by use of spur gears where the
predominant motion Is rolling rather than sliding. Bearing losses are minimized
by the use of ball bearings carefully sized for the load. Lubricant churning
and pumping losses are minimized by use of mist lubrication and avoidance of
moving elements in the oll sump. Lubrication Is common with the CVT, using the
same lubricant and with circulation by the CVT oil pump. By proper attention

to all these points, it Is possible to achleve a gear mesh efficiency as high

as 99 percent.

Chain drives have been shown to achieve very high efficiencies over a broad
range of operation. Comparative data on gear and chaln drives is shown in table
33 (ref. 22).

TABLE 33.--GEAR AND CHAIN DRIVE EFFICIENCY

Hypoid Spiral bevel gear
Torque, gear efficiency, *Hy Vo efficiency,
Nm percent Chain percent
250 96.5 98.5 98
150 93 98.5 97.5
25 89 98 ’ 94.5

*¥Chain manufactured by Morse Chain Company

Heat engine.--The heat engine selected for the power train is a standard
Ford 2300-cm4-displacement engine. The four-cylinder overhead cam engine is
of cast iron construction, with a total weight of 199 kg. The crankshaft is
supported by five main bearings, and the camshaft by three bearings. The cam-
shaft is belt driven by the crackshaft.
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The enyine ls equipped with all the required smog controls. Ventllation
of the crankcase is effected by the vacuum zrested In the Intake manifold when
the engine Is running and varies with the changes In vacuume A portion of the
tresh alr entering the air cleaner bypasses the carburetor to be drawn into
the Intake manifold via primary vent hose, cylinder head cover, crankcase, oll

suparator (on left side of enyine), ventllation control valve, and secondary
vunt hoso.

The englne lubrication system Is the force-feed type Incorporating a
full~flow oil fllter. The oll pump draws oil from the pan through a screen and
forces It via & short passage into the full flow oll filter. From the center
passage of the oil filter, the oll enters the main oil gallery. The five crank-
shaft maln bearings and the three camshaft bearings are in direct connection
with the main oll gallery. The connecting rod bearings are supplled with ofil
fron the front and rear main bearings via incilned passages. A squirt hole In
each connecting rod crankpln end supplies oil to the plston thrust side. The
auxiliary shaft Is in direct connection with the main oil gallery. Tha dis=
tributor shaft is intermittontly supplied with oll from a passage drilled in
the auxillary shatt at right anyles to the shaft axis. The cams and cam
follower arms are supplliad with ofl from the center camshaft bearing (which
is provided with a groove 180 dey around its periphery) via an oll line.

As lony as the enyine is cold, the coolant passes only from water pump
through engine and Intake manifold, automatic choke, and heater core back to
the pump. This ensures a quick warming up of the engine to operating ftempera-
ture. As soon as the engine has attalned operating temperature at a thermostat
setting of 90°C opening temperature, the coolant flows via the outlet housing
to the radiator (where [t Is cooled), back to the pump, and Into the engine.
The engine coolant drain plug Is located on the right side near the clutch
housing. The thermostat [s located in the water outlet housing.

The heat engine Is connected by a chain drive, without speed change,
to a ¢lutch. The ¢lutch Is mounted on the transmission shaft, so that the
transmission input Is at enginc speed.

Electronic control unit.~=The electronic control unit is located in a
separate package with an estimated welght of 36 kg. This welght includes
electronic components, heat sinks, and cooling fan. The electronjc control
unit consists of two main systems: +the power control unit for control of motor
power; and ‘the system controller, a microprocessor, that controls system opera-
tion in response to drive commands.

The basic control scheme for the power control unit Includes the following:
a chopper that controls the motor current; a silicon-controlled rectifier (SCR)
inverter with an auxiliary commutator for commutating the inverter switches
during the motor start sequence; and a regenerative switching scheme that
returns energy to the battery during braking. A block diagram of the elec-
tronic control unit is shown In fig. 95.
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Figure 95.-~Electronic control unit block diagram.

The electronic control unit is completely solid state. There are no
relays or mechanical switches, and the basic control scheme has been structured
so that state-of=-the-art components (e.g., pulse width modulation integrated
circuit, CMOS switches, microprocessor) can be utilized to improve flexibility
and minimize cost, size, and weight. The risk involved in mechanization of the
proposed controller is minimal since all of the major concepts involved have
been used in previously built state-of=-the-art hardware.

The inverter power section is functionally identical to those used for a
pump motor controlier. These inverter bridges are of conventional design and

require minimal development effort. A schematic of the unit is shown in fig.
96.

The auxiliary commutator is also identical to that recently developed for
a pump motor controller. As shown on ‘the diagram, this commutator utilizes
three significant components: a diode (CR5), an SCR (CR2), and a capacitor
(C2). The Inverter devices are inhibited from functioning until capacitor (C2)
is charged by the chopper. When the voltage across C2 has reached a predeter-
mined value, the inverter devices are allowed to operate under control of the
inverter logic circuit. When commutation is required, SCR CR2 is turned on
allowing the motor inductance to resonate with capacitor C2. During the first
negative half-cycle of resonance, the inverter devices that had previously been
on are commutated together with SCR CR2, and the logic drive to the inverter
is inhibited, which prevents any further activity in the inverter until the
capacitor C2 is recharged. This sequence is repeated six times per cycle until

the inverter commutation mode is changed from forced commutation to |ine com-
mutation.
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The motor controller has three basic modes of operation:
(1) Start mode

(2) Run mode

(3) Regeneration mode

In the start mode, the chopper Is actuated by the system controlier, which
uses signals from the rotor position sensors to activate the inverter switches
in the correct sequence for rotation. In this mode of operation, the motor
current is controlled by the chopper. Inverter commutation, which is required
six times per back emf cycle, Is effected by the auxiliary commutation circuit.
When the motor has attained a speed at which the back emf is adequate for
natural commutation, the control mode is automatically changed tc the run mode.

In the run mode the chopper is set to maximum duty cycle, and the motor
current is controlled by varying the p angle of the inverter. 7Thus the system
power dissipation is minimized by allowing the motor back emf to be at maximum
voltage at approximately 50 percent speed. At all speeds between 50 percent
| and 100 percent, the p angle is adjusted to alter the effective back emf of
! the motor. The result is similar to field weakening in a conventional dc
' machine. This mechanization minimizes the size and weight and maximizes the
efficiency of the system. When braking is required, the system controller
selects the regeneration mode.

When braking is required, the chopper output current is commanded to zero.
This allows all inverter devices, CR6=CR11, and the regeneration mode switch,

| CR1, to commutate. The inverter controller then selects first quadrant oper-

} ation for the inverter and the motor, which is now functioning as a generator,
and returns current to the battery through diode CR4. This current level is
also controlled by varying the inverter angle. The current path in this mode
of operation is comprised of flyback diode CR3, inductor L1, the inverter
bridge, and diode CR4.

A significant portion of the power dissipated by the motor controller is
in the chopper. The size and weight of the chopper/choke are also affected by
the chopper frequency. The optimum chopper switch has a low saturation voltage
and minimal rise and fall times. This permits high-frequency operation of the
chopper (10 to 15 kc) and minimizes the size and weight of the choke. Several
transistor manufacturers are involved in developing such a transistor.

WEIGHT AND COST SUMMARY

A summary of the weight and cost of the propulsion system components is
presented in table 34. The purchase price noted is the final cost to the
consumer. The CVT and drive train components have been combined, since they
are designed as an integrated unit.
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TABLE 34.-~PROPULSION SYSTEM COST AND WEIGHT SUMMARY

Weight, Purchase price,
Component Rating kg $

Heat engine, spark 65 kW at 4000 rpm 199 410.00
ignition

Electrical traction 20 kW at 14 000 rpm 12 375.00
motor

Electronic control 40 kw 36 905,00
unit

Transmission and 90 hW 167 520,00
drive train

ISOA lead-acid 100 W/kg, 40 W-hr/Kg 386 1004.00
batteries

Total 80O 3214.00
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SYSTEM OPERATION AND CONTROL

The following description of the propulsion system operation Is presented
to illustrate the manner in which the various components operate when the
vehjcle negotiates driving maneuvers. In general, operator commands from the
control devices, such as the accelerator pedal and brake pedal, are transmitted
to the system controller., The system controller, a microprocessor, responds
to operator commands in accordance with the preestablished control logic, and
controls the active components to produce the required system performance.

Starting Sequence

The system is activated by turning on the ignition key; however, the
starting sequence varies depending on whether the heat engine temperature |s
above or below a preset operating level.

Cold start.--When the heat engine temperature is below the preset limit,
the heat engine will automatically start and run at idle speed as soon as the
operator turns on the ignition. The engine starter Is a fast-start device
activated by the system controller, and does not require operator action.

Hot start.--When the heat engine temperature 1s above the presst |imit,
the heat engine will not start until some power output Is required. Turning
the ignition key will activate the system but not initiate any activity In
the power train.

Acceleration

To put the vehicle in motion, the operator depresses the accelerator pedal.

This action causes the controller to supply electrical energy to the traction
motor immediatiy. The CVT is spring biased to be in the maximum reduction
ratio when the vehicle is stopped. Therefore, the traction motor can rapidly
accelerate to an operating speed within the range of good motor efficiency
while the vehicle speed Is still very low, below 3 km/hr. Ouring the regime

of initial acceleration the heat engine is not connected to the CVT since the
engine clutch is not engaged.

At a vehicle speed of approximately 3 km/hr, with the CVT still In maximum
ratio, the input shaft of the CVT, driven by the traction motor, will reach
the nominal idle speed of the heat engine, at which point the heat engine Is
started and clutched into the power train. Following this action, power is
supplied by both the traction motor and the heat engine In accordance with the
power split conditions programmed into the system controller.

Power command.--The operator commands system power by use of the accel-
erator pedal, wiTh the power supplied proportionate to the accelerator pedal
excursion. The operator command goes fto the system controller, and the system
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control ler achieves the programmed balance of power by the coordinated adjust-
ment of three parameters:

(1) Electrical power flow from the power control unit to the traction
motor

(2) Input/output ratio of the CVT
(3) Throttle setting of the heat engine

Power_ split.=-The primary controller objective is to achieve the commanded
power by a 70/30 power split, where the heat engine supplies 70 percent of the
power and the traction motor supplies 30 percent. An adjustment s tirst made,
however, to ensure that the traction motor is operating at optimum efficlency;
then the heat engine is regulated to supply the balance of the required power.

An examination of table 35 shows that for any given output power from the
traction motor, maximum etficiency is achieved at a particular speed. Conver=-
sely, it the motor Is operated at one of four different speed levels through-
out the power range, It will always be at, or near, maximum efficiency. There=
fore, If the power control unit supplies a given power to the traction motor,
the CVT can then be adjusted to provide the ratio of motor shaft speed to
vehicle axle speed such that the motor is operating at top efficiency.

B atceo cndnasan SRR e At

Selecting the traction motor speed by adjustment of the CVT automatically
sets the heat engine speed. Adjustment of the throttle will then achieve the
necessary output power of the heat engine.

Power |imit.=-~The 70/30 power split condition is applied up to the point
where the traction motor is supplying maximum output. Beyond this point the
heat engine power is increased, in response to increased commands, until maximum
heat engine power Is achieved. This condition represents maximum system output.

Steady~state Operation

After a period of acceleration, the operator can adjust the acceleration
pedal position until the power level is just sufficient to maintain a constant
speeds When the vehicle Is no longer accelerating, the power source is further
regulated by reference to the battery depth of discharge, and the system operates
either in electric mode or heat engine mode, as shown in table 35.

; Electric mode.~-When the battery has not been discharged below 80 percent,
| the system operates in the steady-state condition as an electric propulsion

5 systems All propulsion power is supplied by the batteries. Therefore, if the
system were used only for short trips with periodic wall-plug recharging, the
only petroleum usage would be during acceleration. The heat engine simply
serves as an energy buffer for acceleration.

Heat engine mode.--When the battery has been discharged to a depth of 80
percent, the heat engine is used as the steady-state energy source. The heat
engine supplies energy to power the system, but no power is used to charge the
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TABLE 35.=--5YSTEM CONTROL STRATEGY

Percent of power demand (Pp)
supplied or accepted

P m—— T

Mode Vehicle state Baﬂer‘L Heat Engine
Electric VA 100% 0
(DOD <80%) ot
,%ljr. 50 Normals (Ppe0e8 HeEs rating)
30% 70%
High: (Pp < 0.8 H.E. rating)
30% < Batt. < 38 kW 1004 of rating
ALY 100 0
zr <0 ’
Heat engind &Y = g 0 100%
(DOD = 80% ) (%4
Normal: (Pp) < 0.8 HeE. rating)
308 70% ]
—AY— )0
At
High: (Pp>0.8 HeEs rating)
30% < Batt. <38 kW 100% of rating
_.A-L <0 100% 0
At
LT .%Lfr. = 0 and Pp 220 kW, then power split goes to 30% batt. and
70% HsEe (hill climb)
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battery. The battery may recover some energy in regeneration, and it will
still be used to provide power during acceleration. |In the heat engine mode
the battery serves as a buffer to the heat engine for acceleration.

Coasting

It the accelerator pedal is allowed to return to Its undepressed or nul|
position, the power output of the traction motor and the heat engine will cuase.
The heat engine will be declutched, but the CVT and the traction motor will
continue to rotate. To provide some positive deceleration force, similar to
compression braking in a conventional automobile, the traction motor Is used to
provide a low level of electrical regeneration to the battery. The regenerated
power would occur at the expense of vehicle kinetic energy, hence the vehicle
would slow down more than if there were only frictional losses.

Deceleration and Braking
When the brake is applied, electrical regeneration to the battery takes
place at a progressively greater rate, proportionate to the pressure on the

brake pedal. When the maximum capacity of the traction motor, acting as a
generator, 'is reached, further braking Is obtained by use of friction brakes.
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EFFECTS OF HEAT ENGINE OPERATING MODES

The selected propulsion system design uses the hesat engine to supply
powser to the system when needed, and to be Inoperative when not needed. This
type of on-off operation can have a significant effect on engine |ite, depend-
ing on the environmental temperature and the frequency and duration of the
intermittent operation. The principal problem Is cold operation durling which
the engine crankcase and water Jacket are operated below their optimum tempera=
ture level.

Cold Operation

Present~day engines and cooling systems are designed to prevent the crank=
case oll trom reaching excessive temperatures and to keep coolant well below
the boiling point with engine operation at maximum rated speed and load in the
hottest summer temperatures of the desert. As a result most engines are over-
cooled when run under less severe conditions, and particularly in intermittent,
moderate, or |ight duty operation.

This overcooling means that operating a heat engine in an on-off mode may
result in undesirably low water=-jacket and crankcase temperatures. Engine
Jacket and crankcase temperatures are of vital importance in controlling blow=by
of combustion products past the pistons and subsequent oll contamination with
soots, molsture, lead salts, and fuel residues. Ol contamination, in turn,
leads to both erosive and corrosive wear In the engine (ref. 23).

Engine warmup.~-After the engine has been started, the length of the warmup
period Is Influenced by the ambient temperature, the design of the engine, and
the fuel volatillity. GCenerally, the less volatile the fuel, the longer the
warmup time at a gliven atmospheric temperature. As the temperature decreases,
warmup time increases. Tests with varlious cars (ref. 24) showed that a drop
In atmospheric temperature from 10°C to =-20°C more than doubled the warmup time,
and some cars require more than 12 min to warmup at the coldest temperature.

Engine cool ing.--Tests of engines cooling affer a run indicate that the
cooldown time Is much longer than the warmup time (ref. 25). Cooldown time
may take several hours, depending on engine design and environmental tempera-
ture. Therefore, engine design for optimum warmup appears to be more critical
than protection against cooldown.

Engine Wear
Although motor oil Is commonly regarded as the chief preventive (or cause)

of engine wear, oll can effect relatively |ittle change or improvement in
engines where high rates of wear prevail. Following are three basic causes
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of engine wear; the first two, erosion and corrosion, are accelerated to even
'a greater degree by cold engine starting:

(1) Erosion: Wear caused by metal-to-metal contact from inadeqate
lubricutions

(2) Corrosion: Chemical attack of metal surfaces by corrosive constit-
uents and molsture originating from the combustion process.

(3) Abrasion: Wear caused by dust, dirt, and solid particlies in the
intake air to the engine induction and ventiiation systems.

Erosive wear.,--Engine wear by erosion has been defined as that caused by
lack ot or [nadequate lubrication. Obviously, one of the chief functions of
motor oil Is to prevent erosive wear by interposing fluld oil fiims between
rubbing surfaces to praclude metal-to-metal contact and consequent wear, scor-
ing, or seizure. In certain phases of engine operation, however, maintenance
of adequate lubricating oll films is not possible, and erosive wear results
not from inadequate qualities of the oil but from an insufficient quantity to
provide the required lubrication. Such conditions ot oll starvation pertain
in the piston and ring zones during starting of cold engines. During the
starting Interval and the first few minutes of running atter starting, engine
speeds and femperatures are too low to allow circulation of oil to the cylinder
walls, and the only lubrication available is thus from ol| remaining on the
walls and rings from previous operation. Additionally, these films of residual
oll are subject to dilution and washing by raw gasoline from the rich mixtures
during starting. In cold weather, during which the carburetor choke Is used
tor appreciable intervals, high rates of gasoline dilution and washing of the
oil prevall for sppreciable time intervals, and the rings and cylinders then
recelve Iittle If any viscous lubrication. Erosive wear is thus a major factor
during starting, and engines subject to frequent stops and starts are accordingly
subject to high wear (ref. 23).

Corrosive wear.~--The low engine temperatures that prevail until an engine
is adequately warmed up foster corrosive attack by condensation of comhustion
products. For every gallon of fuel burned in an engine, approximately one gallon
of water is formed within the combustion chambers. The combustion of fuels also
results in formation of carbon dioxide, small amounts of sulfur oxides from
organic sulfur compounds In the fuels, traces of nitrogen oxides from fixation
of nitrogen by the high combustion temperatures, and small amounts of bromine or
chiorine compounds during the use of tetraethyl lead treated gasolines. All of
these combustion by=products, on condensation or reaction with water, form acidlic
and potentially corrosive materials, comprising carbonic acid, sulfurous and
sulfuric acids, nitrous and nifric acids, and hydrobromic or hydrochloric acidss.

In engines that operate at adequately high temperature levels, these com-
bustion products are largely blown out the exhaust and thus have |imited oppor=-
tunity to cause engine damage. In engines operated unler conditions fostering
low cylinder-wall| temperatures, however, the moisture and acidic products may
readily condense and collect to promote corrosive attack of the wall and piston
ring surfaces, and to accumulate within the engine and in the crackcase oll
(ref. 26).




Cold=-Engine Sludge

If an engine |s operated with low cylinder-wall temperatures, condensation
and washing of combustion chamber products past the pistons causes oil| contamina-
tion. If the crankcase temperatures are also undesirably low, and if the engine
also suffers from poor ventilation, moisture and volatile fuel contamination
cannot be purged from the oil. The blow~by contaminants in the oll then accumu-
late and increase in quantity until a critical point Is reached at which they
begin to coagulate and separate out as coid-engine sludges. In this first phase
of formation, the sludge Is usually of the soft pasty type and can readlly be
carried by the ofl to those parts of an engine where oll flow Is siow or res-
tricted and where the sludges can then settle cut and deposit. This actlon
results In the accumulation of deposits in such places as valve galleries, over-
head rocker-arm compartments, timing gear cases, crankcase sumps, oll filter
housings, and oil pump screens.

Sludge composition.--The composition of cold-engine sludge has been analyzed
(ref. 23), and the results are presented in tablie 36.

TABLE 36.~-COMPOSITION OF COLD-ENGINE SLUDGE

\ Content In Content In
gasoline diesel

, engine, engine,

g Substance percent percent
0l 50 42

! Water 8 3

} Soot and carbon 21 34
Lead salts 10 0

ﬁ Oxidized hydrocarbons 10 19
Trace elements 1 2

Note that the composition of these sludges for the two types of engines is
very similar. The only significant difference is the absence of lead salts and
the presence of high amounts of oxidized hydrocarbons in diesel sliudge. Since
diesel fuels are considerably less volatile than gasoline, it is entirely

possible that unburned and partially oxidized diese! fuel will be even more sus-

ceptible to oxidized hydrocarbons than is the case with gasoline. Operating a
combustion engine at higher temperatures will reduce the percentage of water and
increase the percentage of lead salts.




Since diesel fuels are relatively heavy and nonvolatile, they require near
perfect conditions to assure good combustion. Any engine factor that inter-
feres with good combustion of the heavy fuel immediately results in poor burning
and formation of large volumes of soot. When a diesel is operated in such 2
tashion, the amount of oil contamination with blow-by soot can reach massive
propertions.

Crankcase ventllation.~~Adequate crankcase ventilation Is a vital factor in
sludge formation. Most engine ventilating systems function efficiently only at
high road speeds, and are ineffective at low speeds or idlings A combination of
low water=-jacket and crankcase temperatures plus poor ventilation means that
blow=by contaminants that enter the crankcase stay there and accumulate. The
low=temperature type of engine sludge deposit thus originates from excessive
oll contamination with combustion products; it is a condition that cannot be
corrected by oil or fuel alone; regardless of their qualities, and depends
essentially upon detalls of engine design.

Operating Tests

Tests have been run to determine some of the effects on a gasoline spark-
ignition engine during prolonged cold engine operation (ref. 27). The tests
were in the form of 48-hr Idling tests conducted to study the effect of pro-
viding an oll filter, forced crankcase ventilation, and modification of the
carburetor ajr-tfuel ratio. The results are summarized in table 37.

TABLE 37.--EFFECT OF ENGINE MODIFICATIONS ON OlL CONTAMINATION
AS FOUND IN 48-HR ENGINE |DLING TESTS

Jacket inlet temperature, 49°C Crankcase oil temperature, 52°C
Jacket outlet temperature, 54°C Engine speed, no load, 600 rpm
Test 3 Test 4
Test | Test 2 2400 cm?/s| 14:1 Alr-
Stock engine Oil filter Forced fuel
setup installed | ventilation| ratio
Oil drain analysis:
Fuel dilution, percent 19.0 21.0 3,0 3,6
Total insolubles, percent 3.0 0.2 1.0 0.8
Lead saits, soot, percent 2.3 0.1 0.8 0.6
Resins, percent 0e7 0.1 0.2 ’ 0.2
Engine condition:
Sludge deposits Heavy Slight Slight Slight
Moisture condensation Heavy Heavy None None
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Ol filtration.-=-Results of an idling test with a stock engine run with
a Jacket inlet temperature of 49°C and a crankcase temperature of 52°C are shown
in Test 1+ OIl contamination was severe, and sludge formation and water conden-
sation within the engine were heavy. Results of a repeat test under identical
conditions but with an oil filter installed are shown in Test 2. Oil contamina~
tion with insolubles was almost eliminated although fuel dilution was of the
same high order. Engine deposits were minor, as would be expected from the low
insoluble content of the oil, although moisture condensation within the engine
was still heavy. The oll filter did an efficient job of removing insoluble con-
taminants from the oil during the test period, but had no effect on soluble
contaminants. Of even greater interest was the fact the oil filter required
two cartridge changes (three cartridges in 48 hr) to keep the oil continuously
clean. Under these idling conditions, the rate of oil contamination with blow-
by insolubles was so high that the cartridges plugged up and lost filtering
efficiency in very short periods of time. Although the oil filter was of defi-
nite benefit in controlling the insoluble content of the crankcase oil, its
limitations are equally obvious.

Forced ventilation.=--Test 3 shows results of an idling test in which fhe
engine modification consisted of forced ventilation at the rate of 2400 cm 2/s.,
In spite of the very low engine operating temperatures in this test, the positive
ventilation reduced fuel dilution very markedly, and eliminated moisfure conden=-
sation within the engine. Oil contamination with insolubles was also reduced
very materially, although the reason for this finding is not known. Repeat tests
gave the same resuits. In line with the reduced oil contamination brought about
by positive ventilation, the sludge deposits within the engine were very slight.

Carburetion.=-=Test 4 shows results of a 48-hr test, with the engine fitted
with a special carburetor installation to produce a 14:1 air-fuel ratio at
idling (no load). Results in oil contamination and engine deposits were almost
identical to the run with forced ventilation. With the standard carburetor,
air-fuel ratios at idling cannot be determined accurately but are probably
richer than 10:1. Control of air-fuel mixtures in a more efficient range pro-
duced a most noteworthy improvement in the oil contamination-siudge deposit
characteristics.

Water condensation.=--During the engine idling tests, some 300 oll samples
were withdrawn from the engines at various intervals for anaiysis. While these
samples showed heavy contamination with fuel and blow-by solids, In no case did
the amount of water contamination ever exceed 0.3 percent. On the other hand,
examination of the engines at the end of 48-hr test intervals frequently revealed
large amounts of water condensation in the push-rod compartment, rocker arm
compartment, and crankcase sump. |n some cases the water existed as droplets
condensed on the metal surfaces, and in other cases as puddles or pasty emulsion
sludges.

The amount of water condensation found in the various idling tests corre-
lated quite closely with the engine jacket and crankcase temperatures. With
crankcase oil temperatures of 50°C and lower, free water or emulsion sludge was
found in the crankcase sump. These quantities diminished with increase in crank-
case temperatures, and were substantially absent with oil temperatures of 60°C
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and higher. Similarly, water condensation in the overhkead rocker arm compartment
was extremely low when thermostats maintaired coolant outlet temperatures above
60°C, but condensation was very heavy intests with the thermostat removed and
with coolant outlet temperatures of approximately 50°C and lower.

Water condensation in the push-rod compartment was found to correlate
closely with jacket inlet temperatures. Heavy condensation was noted with jacket
temperatures of about 50°C and lower, and became negligible with inlet coolant
temperatures of 60°C and higher. At any section of an engine in which prevailing
temperatures were below about 55°C, moisture condensation was found, and with
temperatures of 40°C and less, condensation was frequently very heavy.

Operating limit.-~Since water is known to be an essential factor in conta-
mination sludge formation, as well as rusting and corrosion of engine surfaces,
these tests present the following important indications:

(1) Water condensation tends to occur in any section of an engine where
prevailing temperatures are below 55°C. Elimination of moisture
condensation requires minimum temperat. s of 55°C throughout the
engine, including cylinder and head jackets, crankcase, and valve
compartments.

(2) Large amounts of moisture condensation can develop within an engine,
with little or no indication in the crankcase oil itself. Water
tends to accumulate on convenient engine surfaces or pockets and does
not readily circulate in the oil stream. Analysis of oil samples
alone may not indicate potential or existing emulsion sludge deposits.

In summary, the means of preventing excessive cold engine wear is to reduce
cold-engine sludge, reduce blow-by contamination with improved carburetion, pro-
vide adequate crankcase ventilation, and increase cooling system and crankcase
oil temperatures through the use of temperature control devices, such as radiatour
shutters and automatic, thermally controlled fans. Engine insulation on crank
pans and valve covers will also be beneficial. '
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DISCUSSION OF RESULTS

This report has presented a study of various mission vehicle/hybrid
propulsion system concepts. Each vehicle/propulsion system combination was
required to meet the performance goals that were established as part of the

contract.

The general results of the study are as follows:

(n
(2)
(3)

(4)
(5)
(6)
(7)
(8)
(9)

(10)

(11)

Signiticant fuel savings are avallable with hybrid propulsion
systems.

At current (1985 projected) fuel and electricity prices, the hybrid
propulsion system wil!l cost the consumer more to own in both acquisi-
tion and |ife~cycle costs than would be required for an equivalent
conventional heat engine system.

Power sharing between the two energy sources (heat engline and
battery) Is required to maximize the electric range of the hybrid
propulsion system and minimize the cost of ownership,

Addition of a third energy source such as a flywheel to an Integrated
hybrid propulsion system Is not cost effective.

A conventional spark-ignition heat engine Is a cost effective power
plant for a hybrid propulsion system.

The nickel=zinc battery is not currently cost effective for a hybrid
propulsion system.

A hybrid system is less sensitive to battery performance charac-
teristics than a purely electric propulsion system; however, the
hybrid system is still sensitive to battery purchase price and cycle
lifes

A hybrid propulsion system Is sensitive to the power control method
employed as well as the method used to manage the power sharing
between the two sources.

A hybrid system requires a more sophisticated driver control and
power management system than is currently used by the automotive
industry.

A hybrid propulsion system that uses a mechanically conmutated dc
shunt motor ls competitive with the advanced motor system of this
study in terms of fuel usage and cost to the consumer.

Reduction in the performance goals may offer a means for reducing
the hybrid propulsion system costs to the consumer.
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CONCLUSIONS AND RECOMMENDAT IONS

Based on the results of the study, an advanced hybrid propulsion system
for a five-passenger family sedan can be developed by the mid-80's. Such
a system would have both the performance comparable to current conventional

automobiles and sufficient range in the predominantly electric mode to satisfy
the majority of consumer trips.

To maximize the success of a hybrid propulsion system requires:
(1) Development of a continuously variable transmission (CVT)
{2) Development of a control and power management system

(3) Characterization of heat engine on-off operation with regard to
its effects on engine efficiency, durability, and emissions and
the possible specialization of engine designs for on-off operation

(4) Initiation of battery research and testing to accumulate knowledge
on the performance of a battery when It Is operated in a hybrid
system that uses power sharing

In general, a hybrid propulsion system is more costly to own than [ts
conventional (heat engine) counterpart. The above recommendations have been
identified as items that, if successfully accomplished, will minimize the costs
of owning a hybrid propulsion system. In addition, the recommended items will
have an impact on electric range and fuel efficiency.
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APPENCIX A
TASK | PARAMETRIC RESULTS

Task | parametric results are presented In Appendix A.
Curves of prime vlectric range, fuel economy, annual fuel
usage, |ife-cycle cost, and acquisition cost are plotted
as a function of battery welght. The vehicle/propulsion
system designation for each figure in'Appendix A was pre-
sented in figs. | fto 8. The parameters are briefly
defined as follows: prime electrlc range is the distance
the vehicle can travel in the electric mode beginning
with & fully charged battery pack until the battery is
80 percent discharged; fuel economy is the fuel consumed
divided by distance travelled in the heat engine mode;
annual fuel usage Is the total tuel consumed over a speci-
fied one-year, 16 000-km driving schedule; |ife-cycle cost
is the total operating cost of the propulsion system over
a |0-yoar, 160 000-km |ife; acquisition cost Is the retall
cost of the propulsion system alone to the consumer.
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Flgure A=6.--Task I parametric results for configuration 1,28 (no M.E.S.).
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Figure A=7,==Task I parametric results for configuration

2.18 (MOEOSO, no power Sp] it).
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PROGRAM SCOPE AND WORK PLAN

The work presented in this section describes the program established to
fulfill the requrements of NASA Contract DEN 3-91. The program for the analysis,
design evaluation, and ultimate selection of an advanced hybrid propuision
system concept for on-road vehicles was performed in six tasks accomplished
in a 10=-month periods The work plan was prepared during the first 2 weeks of
the program to refine and clarify the contract commitments. Two iterations
between AiResearch and NASA took place to arrive at the plan as described here.

PROGRAM TASKS

The program tasks and the expected completion periods are described in
the contract statement of work. The following flow diagrams and descriptions
show in greater detall| the work effort to be covered under each of the six
tasks. The flow diagram of the total contract, shown in fig. B~1, includes the
time span for task and the major objectlves.

Task |, Parametric Studies

The five vehicles considered and the five propulsion concepts that are to
be parametrically traded off to determine the vehicle/propulsion system concent
selected for further refining and analysis in Task || are shown in figs. B-2
through B-6 (identical to figs. 1 through 5).

A flow diagram of. the subtasks to be accomplished In Task | is presented
in fige B=7. The Interrelationship is shown between the subtasks, data needed
to perform the work, and the source and status of this data.

The computer parameter format for all] the major components is presented
in fig. B=-8. These formats are compatible with the simulation methodology
program called SIMHYB developed by AiResearch. Within each group of hardware
alternatives, the components are characterized using the same format. This
standardization facilitates the programming of the digital computer for each
of the fifteen vehicle/propulsion system concepts.

Task |1, Design Tradeoff Studies

A work subtask flow chart for Task |l is presented in fig. B=9. The
interrelationship between each subtask, the data needed to perform the work,
and the source and status of this data is depicted. The overall objective of
Task |1 is to optimize the propulsion system concept selected in Task |.

B-1
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Task flow dlagram

Task 1==3 months

Select propulsion system and vehicle that maximizes the reduction
of petroleum consumption and pollution

'

Task 11==2-1/2 months

Determine optimum component and control specifications for
selected propulsion system for the particular vehicle considered

'

Task 111==2-1/2 months

Design description of the optimized propuilsion system

I

Task IV=-1 month
Generate a development plan for the approved

propulsion system

Task V

Contract coordination and conference presentations

}

Task VI

Formal contractual reporting

5-46305

Figure B-1.-~Advanced hybrid propulsion system work plan.
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Figure B=3.--Hybrid propulsion system concept 1.2.
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Figure B-4 «.~~Hybrid propulsion system concept 2.1
(with mechanical energy storage).
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Figure B-5.-~Hybrid propulsion system concept 2.2
(with mechanical energy storage).
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Figure B-6 .~--Propulsion system concept 2.3 (with mechanical
eneryy storage and heat engine power).
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Work subtask

Construction of a
computer model for
propulsion concepts

Development of raquired
system gquations for
computer model

Tradeoff varlous
propulsion concepts/
flve ref, vehicles

l

Evaluation of each
propulsion system
concept

(1) Energy concept

(2) Energy distribution

:

Life-cycle cost asti=
mate of varlous
propulsion conceapts/

vehicles

Selected propulsion
system vehicle for
follow=on tasks

B-8

Data needed Source/status
b e e SO SN TR TERTTEw.

HOLhOUO100Y s muae soee s s e e e v S 1HHYB dlgital slmulation/avallable
at AlResearch

DEIVING CYCIRS mm n e v i oo oo e HOAIFI0d, SAE J227A, D cycla or SAE J227A,
C cycle, contract DEN 3»91

Concepts [dent!fied o e we sow sors me FIgure | any table [V=A, contract DEN 3=9)
liisslon/vehicle design constraints ... Table b, contract DEN 3+91
Hisslon/vehicle g0A)S mw e mew we wme TARI® 1, contract DEN 3-9)

Performance characteristics of:

HEBL 8NGINES s o soos iomie sr o wee SPAFk Tgnltlon/Pinto
Diesael/Volkswagen
Turbine/AlResearch

Transmissions e men o s s e e El@CEFICA)/AlReS€ArCH
Fluld type/AlRasaarch
Hechanlca)/AlRasanrch

Enargy 510rage devices wemme we wes Flywheel/AfResearcn
Bzttaries/Aidesaarch/para, 3.1.5

Electrical maCK i Yy we sum mos woe e DE/AIReS€Rrch
Ac=Induction/Al Rasaarch
Ac~synchronous/AlResgarch

Electrical power conversion . .. .. Stepped voltage/AlResearch
equlpment Chopper/AlResearch
Inverter/AlResearch

Annual mI1€8ge — e s se me  w == Table 11, Contract DEN 3-51
Component welght growth fHCLtOrS o we AlResearch

Parametric vehlcle walght . . .. Table A=l, contract DEN 3=31
breakdown

Vehicle welght constants ... . e . Table A=2, contract DEN 3-91
Heat englnes BSFC scale factors . ... AlResearch

No significant additiona) ... . e o AlRe$earch
Information

2

Cost eldpents defined .. e soew e wew Table 111, Exhibit A, contract DEN 3-91
Propulsion component €o8tS e sue . .. AlResearch/Rath and Strong

Cost of equivalent conventional __ ... Rath and Strong
system

Fue) consumption of equivalent .. ... AlResearch

conventional system $48309

Figure B-7.~~Task | flow dlagram.
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MaJor propulsion compor:ut

Computer description format

He;f engine alternatives
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(2) Diesel
(3) Gas turbine
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3}
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rpm rpm
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50 100
Parcent power

150 200
530ns6
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Figure B-8.--Computer parameter format for major components,
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Major propulsion

Computer description format
component

Transmiss ion

ilicrmgiv!l i e e S EREEY WOt W S GEEE M

(2) Mechanical (CvT) f '3 ? e —— !

|

|

' {

X {
: I
{ |
‘ L 4

1

! |

| |

N 3 ‘ . ' ] . * “

'“»00003
A% WA S SR I J

Energy storage
alternatives P
(1) Flywheel ¢
(2) Battery :

(lead=acid) %

e ——

: = |
.
"1 ywh e
[ o oy gy -
P —
0 P — s ) i
| - |
-~ |
e
|
FER 1. v |
]
$
% 1.0 + + ‘ {
S | |
v | |
<
2
a 4 + 4 + ‘ 1
| |
|
1 |
| |
4 J
0 0
Depth of discharge, peccent At

Lass M

Figure B=8,~~ (Continued)
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Major propulsion component Computer description format

Erergy storage alternatives
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ORIGINAL PAGE IS
I POOR OUALITY
p=11

.II-II-III===:::;__, e




Work subtask

Determine tradeoffs of
location and configuration
of the system components
against performance and cost

i

~Select and size the
propulsion system
components

l

Tradeoff feasible
operating points and
modes against petroleum
savings, system perfor-
mance, and cost:
Gear ratios
Component ratings
Component operating speeds
Energy management schedules
Control law and strategy

l

Provide updated output for
calculated energy consumption
and flow distribution

Data needed Source/status
Geometry of selected AiResearch

vehicle configuration

Refined hardware AiResearch
performance
characteristics

No significant AiResearch
additional information

Additional Federal driving
driving cycles cycles, FUDC and FHDC

§:46304

Figure B-9.--Task 1| flow diagram.
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Task 111, Conceptual Design

A work subtask flow chart for Task |1l |is presented in fig. B=10. The
interrelationship between each subtask, the data needed to perform the work,
and the source and status of this data Is shown. The overall objective of
Task {11 Is to describe the selected and optimized concept determined in Tasks |
and |l in sufficient detail that the selected system can be integrated into the
vehicle at the component level.

Task |V, Development Plan

A flow diagram of the development plan of the selected and optimized pro=-
pulsion system, previously determined and refined in Tasks |, 1|, and Il Is
presented In fig. B-11. The objective of this task is to determine the cost
and workload involved with the development of the selected system.

Task V, DOE Contractor's Coordination Conference

The work Involved with program information dissemination and coordination
conferences requires AlResearch to make two 15- to 20-min presentations of the
program achlevements in the Washington D.C. area to both government and industry
personnel .

Task VI, Reporting

The following work subtasks constitute the formal reporting processes:

(1) Monthly progress reports

(2) Two informal reviews at NASA after completion of Tasks || and |V
(3) One formal review at NASA that follows completion of Task Il!| and
that covers Tasks 1, I, and Il].

PROGRAM SCHEDULE

The 10-month program schedule shown in fig. B=12 includes amendments agreed
to during iThe course of the work.

e




Work subtask Data needed

——————————tee—aven
g

Conceptual design of approved
(selected) propulsion system

Examples of conceptual layout
drawings (see below)

Concept and configuration
description (layout drawings
and written)

Avallzole from
Tasks | and ||

I

List of potential system
and/or component problems As above
and Impact of any problems
on overall system

\ 4
Analytical results, layout
drawings, descriptions, and As above

evaluations

Source/status

AiResearch

AiResearch

AiResearch

Task 11~ Producibility layout

(1) Packaging for cooling, maintenance, driver isolation,

mass distribution, and safety for example:

(a) Vehicle considerations (b) Subsystem considerations

(2) Identification of manufacturing procedures to produce
high=cost items. :

B-14

Figure B-10.--Task |1l flow diagram.
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Work subtask Data needed Source/status

T TGRSR e T s i e TR ——

Work breakdown structure
that includes:

(1) Tasks requiring major
development effort

(2) Analysis and design
(3) Fabrication and test

of a functional model No significant AlResearch
(4) Fabrication and labor- additional data

atory test of an engi- needed other than

neering model of a already available

advanced propulsion in Tasks |, II,

system and 11|

(5) Fabrication and appro-
priate testing of a
test bed vehicle
incorporating the
propulsion system to
verify the integration
and driver control of
the system

Schedules, manpower
requirements, materials,
and facilities required to
perform above tasks

As above AiResearch

Twenty copies of this
development plan to As above AiResearch
the NASA project manager

§-46269

Figure B=11.--Task IV flow dliagram.
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