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ABSTRACT | ' ' .

This final report presents the results of Phase I-A analyses and design studies
conducted by the Ford Motor Company for the U. S. Department of Energy under
modification A005 to Contract No. EY-76-C-02-2566. The objective of the Phase
I-A effort was to evaluate the Sodium-Sulfur bat;tery, in an existing conventionai
production automobile, as a potential poWef source for an electric vehicle. "

The Phase I-A work was divided into five (5) major sub—tasks as follows:

‘1. Vehicle Specification Sub-Task -

2. NaS Battery Packaging Study Sub-Task

3. Vehicle Packaging Layout Sub-Task

4., Electrical Systém Study Sub-Task

5. System Study Sub-Tasks covering performance & ecbnomy projections,
powertrain and vehicle safety issues and thermal studies.

The major results of the Sodium-Sulfur Battery Powered Electric Vehicle
Study Program are listed below:

1. The Fiesta was chosen to be the production vehicle which would be
modified into a 2-passenger, electric test bed vehicle powered
by a NaS battery. - S ‘

2. The vehicle mission was defined to be a 2-passenger urban/suburban
commuter vehicle capable of at least 100 miles range over the CVS
driving cycle and a wide open throttle capability of 0-50 MPH in 14
seconds, or less, ' S e

3. Powertrain componeht specifications were defined,

4. Powertrain control strategy has been selected. '

5. A suitable test bed vehicle package scheme has been developed.

viii




1.

1.

~ studies.

INTRODUCTION AND SUMMARY

This final report summarizes the results obtained from the Phase I-A analyses'
and design studies conducted by the Ford Motor Company for the U, S. Depart-
ment of Energy under Contract No. EY-76-C-02-2566. .. The objective of the
Phase I-A effort was "'evaluate the Sodium-Sulfur battery, -in an existing
conventional -production automobile, as a potential power source 'for an electric
vehicle," | |

The Phase I Study Program Work Task was divided into five (5) major work

sub-t asks as follows:

Vehicle Specification Sub-Task

Na$ Battery Paekaging Study Sub-Task

Vehicle Packaging Layout Sub Task

Electrlcal System Study Sub Task

System study Sub Tasks covermg performance and ecooomy

LR

projections, powertram and vehicle safety issues and therma.l

The program strategy developed to achieve the study obJectlves and milestones

is defined by the following steps:

Develop vehicle assumptlons mcludmg such items as purpose,
size, weight, and performance. These assumptions will then be
converted into system and sub-system functional objectives, For
example, fon given vehiole performance assumption, baftery
functional objectives of weight; pow:er density, energy density,

and volume density will be established. |

Select a current f‘ord vehicle which besf xhatches the assumptions

and functional objectives.




3. Conduct analytical vehicle performance and economy (P & E) studies,
. B ) [ T T S L T S S BN

including trade-off ana}y;si‘s,,,’ to determine the effects of various

LEO

powertrain component efficiency and weight. =

4, Concurrent w1th the analytical studies, develop vehicle package

I

layouts to establish locat1on, space, and welght d1str1but10n for

the battery and powertrain systems. B N

. 5. Baged on the above analyt1ca1 and packaging studies, select the
necessary powertrain_: _and pa‘tt‘ery._ sys_tem components.

6., Conclude with a vehicle layout and study results in a final report

PR b

to DOE.

The major results of the work are présented in each of thé following sub-headings:

A,

VEHICLE SPECIFICATIONS

©

At the outset of the study progfaiﬁ‘iieiiieie' speé'i;fi’cations ‘were developed for

the NaS-powered electr1c vehicle (EV), via 1nterchanges between Ford

R . e ; ‘.,'(.

Research Staff and several long range plannmg and product planmng act1v1t1es.
within Ford. The objective was to define EV characteristics for a vehicle
which éoﬁid compete in a free market n}ith"anﬂfCE'—powered vehicle’ o-fﬁisim'il'ar
size and function.

b

The ten most significant vehicle specifications developed for a NaS b.atteryh-.-
powered EV are listed in Tablé 1. = R
These spemfications were used as program g'u1de11nes for performing
battery'sizing'smdies, vehicle pééka’igi‘hg ‘studies cox{ering vehicle installa-
tions of both battery and powert;ain édmp};ﬁ*en'té, as well as performance ’ ;
and economy studies of a:selected Ford production vehicle.

BATTERY PACKAGING

BT S

B L TR i S U D A S
Based upon the vehicle specifications listed in Table I-1, the computer

results obtained from the Ford Research NaS cell sizing and perﬁormance

>




| programs, and the computer results from the Company vehicle per-
formance and economy (P & E) program, a series of battery packaging
concepts were developed for vehicle application study. Early in the
study program, the Fiesta wis chosen as thé prefer'red'Ford production
'viehi.cle for conversion "'h',!to" a‘tes’t bed/demonstratlon vehicle for eValua-
ting the future potential of the NaS battery: as a power source for electric
'passenger vehicles. Consequently, all battery package concepts were

developed with Fiesta installation n mind. o

Conceptual designs of battery ‘paokages were deyeloped for evaluation
under the followmg trade-off condltlons |
1. 'Vehicle front end installation of the NaS battery package vs

" vehicle rear end installation,

TABLE I-1 ELECTRIC VEHICLE SPECIFICATIONS FOR PROJ ECTED 1985 1995
MARKET ‘ , .
1. Purpose’ i:-"Shopper/ commuter for multi-vehicle families

2. Seating A
Capacity ' — 2-passengers minimum

3. Cargo ‘ . 3 ' ‘ - .
. Capacity — Approx. 10 Ft” (Groceries/small packages)

4. Size — Approx. exterior dimisions: OAL - 125" width - 55
5. Range — 100 miles over CVS cycle @ 80% battery discharge

6. Performance — 0-50 MPH in 14 secs.

7. Battery o -
Specifications —~ 5 hour'(max.) recharge time

8. Vehicle o A '
Accessories — Heater and radio mandatory

9. Weight o S
Penalty — 500 1b. welght penalty over equivalent ICE powered
' ~ vehicle -

10. Vehicle o - '
Safety - . =— Meet all FMVSS requirements for EV vehicles




2, Air cooIing ana/ or heating of the battery package vs iiquid
cooling (plus resistance heating) Afor the pur;')ose'pf 1;1ain—
taining temﬁerature control of ‘the interior of vthe battéry
package; - |

Oné of the more interesting Batte;'y package design.s‘develbpe.d is the
ﬁliquid cooled and electrica.mi résistanc;e heatedAbatt:éry ;aci{age illustrated

in Figuré I—ll.,~ Table I-;2 sunrimafizes the key.'1desi.g1'1 “features ’and dimen-~

sioﬁé of fhe ;:orifiguration, whlch 1s showﬁ éackagéd in the rear of the

Fiesta, Figure IV-7, Section IV,

C. VEHICLE PACKAGING

With the vehicle specifications listed in Table I-1 as guidelines, the 1978

iy

/INTEMOR PLAN VIEW OF
* CONNECTED CELLS

OUTER BATTERY CONTAINER

BOTTOM
SUPPORT
PLATE

Figure I-1 Evacuated Liquid Cooled and Resistance Heated' Battery Package
4



Ford Fiesta was chosen to he the reference yehicle for the NaS battery
'powe'red EVA study‘ program., Thls reference veh1cle was conceptually
mod1f1ed to be a 2-passenger veh1cle powered by a sma.ll 1.1 litre
:engme (a downs1ze from the standard I»< 6 L,engme used in the U.S.
'product1on Flesta), and carrymg only enough tuel to ach1eve a CVS cycle
‘ dr1v1ng range of 125 mlles° The curb we1ght, performance, and driving

4cycle eff1c1ency projected for th1s conceptual 1nternal combust1on powered

vehicle prov1des the competitive criteria -for, the NaS—powered vehicle.

TABLE I-2 DESIGN FEATURES OF THE NaS BATTERY PACKAGE FOR THE
FIESTA EV

1 . Batter & Size: Width (Inches) L L] L L L] L] L4 L L] L) L] L) L] . . . . * * * ° L] 39
Length (InCheS) ® o o o ¢ & 6 ¢ ¢ & & 0 s s s 0 6 0 b 0 20
Height (InChes) L . . L] . . L] L] . L L L] L L2 3 . "“ t . ‘.' L] * 20

' 2. ‘Battery Weight (Ibs): & « .« . & . el 665

. ClusteredCells . . « ¢« ¢« ¢ ¢ « « « » 492,.8 lbs.
. Electrical Connections. . « . « . . « 19.4 lbs,
. Insulated Container ... ... ... 85.01lbs.
. Tie Down Structure . .. ... ... 50,01bs.
. Filler Material . ... .o ¢« .. 9.01bs.
. Bus-bars/Lead Thru's ....... 8.41lbs..
) Total (Est.) 665.0 lbs,

3. Cell & Sub-Module Détails

. Total Number of Cells . « « v v v o o v o v o v e e ... 432
. Number of Cells Per Sub-Module . . « « v ¢« ¢ 4 ¢« ¢ v ¢ o o & 9
. Number of Sub-Modules Per Battery Module . . . . . ... ... 16
. Number of Modules Per Battery Assembly ..+« . . . ... 3

A.  Cell Data: :

: . Outer Diameter" (Inches) B 1.0
. Length(Inches) .+« v v v ¢ ¢t ¢ o o o s s as o oeses 158
.We1ght(1bs)...........‘.'.._...... 1.1
. Power Density (Watts/lb) . .. v v v ¢4 ¢ v v v e oo . 82,4
. Energy Density (Watt-Hrs./lb) . « v v o v oo v .. T1.3

. 4, Pro_]ected Performance: N .
. Power Rating -kw @ Zero depth of dlscharge) e o s s e e ee. 40,6
. Energy Rating — Kw-Hrs., (100% DOD in 5,72 Hrs.) . . ... 35.2




The packaging studies began with the removal of all components from the

1978 Fiesta production drawings not required for the NaS EV, for example:

Engine, engine mounts, and cooling system;

. Fuel tank, fuel lines, and instrumentation;

. Exhaust and emission subsystenis;

. Rear spare tire (by the late 1980's it is projected that .
"run-flat'tires will be in standard production); and -

. Rear passenger seats and all rear interior trim

At the outset of the vehicle packaging program, it was believed that it

would not be practical to divide the high temperature (600°-660°F) NaS
battery into multipie and separate modules, each located at various points
within the vehicle. The increase in thermal losses due to the large increase
in exposed surface areas of multiple modules ovex; that of a single battery
package volume faVored the latter approach to vehicle packaging of the

NaS battery. The problem then became one of finding the largest available
volume within the modified Fiesta for storage of a single battery package. A
Both front wheel drive with rear battery installation and réar wheel drive
Qith front end battery installation :layouts were prepared during the course
of the NaS battery po§vered EV study. The configuration finally chosen as
the preferred method of integrating the high temperature Na$S battery with

a 2-passenger Fiesta was the front wheel drive — rear mounted battery -
installation which has the NaS battery and its support structure mounted

low in the vehicie just behind thé front passenger seats and in front of the
rear axle. Nearly all of the electrical drive and control components com-
prising the EV powertrain are packaged in the vehicle front end. Figure I-2 |

is an artist drawing illustrating the final EV configuration. Section III

of the report discusses in more detail the NaS battery packaging stud'y,



CONTACTORS -

DASH MOUNTED
QUICK DISCONNECT

.CONTACTOR
FOOT MOUNTED

12v. D.C.
BATTERY

4 SPEED
TRANSVERSE
TRANSMISSION

FIELD CONTROL,
BLOWER

. “SHUNT .
FRONT DRIVE CONFIGURATION

.Figure I-2 Sodium Sulfur.Battery Powered Fiesta Electric.Vehicle

" D. ELECTRICAL SYSTEMS
 Based ﬁpoil the contractudl requirements that the Phase I Stidy Program

) focu‘é its attention on productidn vehfcieé and noh—developrhental"bower—
train compopent's in the design study of a test bed vehicle;, ‘élécti‘ical drive
motors and éontroliers ‘which Ford has used in its bés't EV projects were
evaluated. 'It‘ was concluded that an earlier General Electric motor which
'Ford Research personnel had used i the EV conversion of a Ford Cortina
’fou'r‘ba.ss'engeli vehicle several years ago, “w:as'the best choice for the NaS

“Fiesta EV study. It has high efficiencies over a wide speed range; further-
fnore, its power rating was found to be more than adequate for' the wide
open throttle (WOT) requirements for a Fiesta size vehicle.” Its present

) weight of l1‘50”1bs.}"’could be reducedtb abpx"o;éimately 100 16s. ‘with
further develbpme’nt', thereby making this particular motor frame design

“suitable for use in'long range EV developments.”

v 4

Since the Cortina motor was extensively tested by Ford ResearCh, along

with its Ford designed controller, excellent motor input data was available



for use in the Ford developed EV performance and economy projection

computer program. The test data were essential in carrying out the P & E

analysis required to define the NaS battery size and performance criteria.

While the Cortina motor was examined with several controller schemes
and a couple of batte_ry voltage range splits, the final preferred motor-
cor.itrbller combination was chosen to be field/contactor control (parallel
connection) matched to the 96/32 volt Nas baftery package. Figure I-;‘S is
a plot of regions of stead& state Opei‘ations for 32-v and 96—v»batté1;5;'

terminal voltages with the motor using field/contactor control,

The Cortina motor-controller drive system was integrated with other

ancillary electrical controls to form the NaS Fiesta electrical drive system
shown schematically in Figure I-4. Section V of this report covers, in a

more detailed discussion, the numerous. electrical powertrain concepts

USING FIELD/C.ONTACTOR CONTROL
AND THE CORTINA MOTOR

-

o

o
1

5 .
E ;oL
w
(=]
s
= 100 -
[-
[=]
s
= gof

60

40

REGIONS OF
20 - REGIONS OF . 7 - STEADY-STATE
STEADY- STATE MOTOR OPERATION
MOTOR OPERATION
0 | A | 1
0 1000 2000 4000 6000 8000

MOTOR SPEED RPM
Figure I-3 Motor Torque vs. Motor Speed
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i

evaluated and the reasoning for focusing upon the final electrical system

design described above.

PASSENGER ENGINE
~ COMPARTMENT COMPARTMENT —1
FIRE WAIL n (a) F, F. | BLOWER

EHUNT . [sHunT] . ELEC.
MOTOR
) N i .
PANIC : A,

1 ]{BUTTON| e — Y o A,

1
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X » 1 /
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[: 4
w (o]
. = = ‘ .
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[=]
— . o O «
= 5
FUSE

Figure I-4 Electric Vehicle Schematic

\

E. SYSTEM STUDIES

In support of the NaS battery work tasks, the vehicle packaging work tasks

and the electrical system studies, there were additional study tasks that
played key roles in guiding the overall direction of the NaS Vehicle Study

Program. The major highlights of these studies are discussed below:l

1. Performance and Economy Studies:r
Of the -v’ehicle.épecifications listed in Table I-1, three items,
numbers 5, 6 and 9, are directly related to performance
and economy ('P-&- E) goals for the Na$ powered Fiesta EV.

The goal of achieving 100 miles range over the CVS driving
o .



cycle to the point of 80% hattery diéchérée was selected to
be of highest ‘priority. Of. secondatry im:p'ortance was‘the
desired wide open throttle (WOT) acceleration performance
of 0-50 MPH, in 14 seconds (or less). The weight penalty
_for the NaS Fiesta EV of 500 lbs over an equivalent ICE
powered veh1cle was cons1dered to be an 1mportant goal,
because of -its 1mpact on veh1cle ride and handling, vehlcle
costs, and vehicle crashworthmess. However, it was a
goal which could be compromlsed w1th lesser 1mpact

upon future vehicle acceptance in the 1985-1995 markets

than compromises in the range and performance goals..

The P & E anafysis began with the definition of a base vehicle
weight; A viz. ,‘ a Fiesta stripvpe‘d of all ICE relatect ccmpcner;ts.
To this'ba.se vehicie trtfeight (1254 lbs'.for the Fiesta EV) ;
was added payload weight (350 lbs), motor—ccntroller weight :
(206 lbs), and variable weight allowahces for the battery.
and its containment and support structure, to gi'veta

final vehicle test weight which is used as an input parameter

in the Ford Research P & E computer program,

For each vehicle cackage ahd bettery package la){out
develonped during the NaS Fiesta EV study, P & E computer
prOJectlons were calculated For the fmal conf1gurat1ons |
.of battery and Vehlcle layout, the P& E computer model

descr1pt1on of the NaS F1esta EV is as follows

Vehicle Test Weight - - - 24701bs
.- Vehicle Base Weight . . f 1254 lbs
Motor-Controller Weight - " 2061bs
10 ’




. Battery Weight (clustered cells 492 lbs

and electrical leads)

. Battery Support Structures and :

Component Weights - 168 lbs
Vehicle P?.yload Weight o 350 ibs
Vehicle Rgﬁge (CVS) 100 + miles
. Time for 0-50 MPH (WOT) | ' 10.5 sees
Battery Power Rating - 34.5 kw

. Battery Energy Rating (C/20) 29.4 kw-hr

Further detailed discussion of the P&E studies, covéring various
Fiesta EV and battery package configurations can be found in

Section V of the report.

2, Powertrain and Vehicle Safety Studies

During the course of the NaS Fiesta EV study prograrﬁ, both
front wheel drive vehicle paékaging and rear wheel drive
vehicle packaging were examined for venicle craShworthiness
‘apd ride and handling characteristiés. Since the .contract

térms clearly stated that the study should consider only a

production vehicle and its use with minimum of modification

to accept thé NaS battery package, center line tunnel packaging of
the NaS battéry was ruled out becadse of éxfensive tear uplof, the

vehicle (refer to Section V for further discussions of tl;'e reasoﬁs

why a vehicle tunnel package is unacceptable for a Na$S battery).

In discussions with Company Vehicle Safety personnel, it was

concluded that a front end mounted NaS baftery package offered
11



less safety for front end vehicle.impact than a rear end battery

installation inasmuch as the Na$S battery package could not con-
tribute to the'vehicle front end crush, Instead, the NaS battery
would have to be safeguarded by sufreunding struct‘u're in order to
prevent rupture of the Na§S cells, When tﬁese'cppsider"ations areA
added to the fact that there was marginally adequate storage volume
under the hood and within the former engine compartment to install.
enough battery cells to achiex}e iOO miles range over the CVS cycle,
the front end battery installatiohs w1th rear wheel trensaxle drive
was dropped from consideration,; Further .d'etai‘led discﬁssions of
this topic are presented in Section V of. this .feport. o

from considefatien. Further detailed discussions of .this topic

are presented in Section. V of this report.

Thermal Studies

The thermal stud1es were lmuted in scope in the Phase I-A study
due to the amount of time necessary for the development of
conceptual battery designs and their subsequent trade-off studies:
Once a Nas§ cell and battery configuration‘was selected, e.g.

final Na$§ cell dimensions, nember of clustered cells per module, -
number and spaeing of module"s’-‘for a given battery~siz'e, etc., the
inner and outer battery containers:could be designed; along with
design approaches for bringing in and out the (batter.y power leads,

the coolant lines and, finally, the electrical leads for the resis-

A tance heater's and electrical instrumentation, With these critical

heat leak passages defmed thermal studles could be 1n1t1ated
For the battery conflguratmn shown in F1gure I-1 and dlscussed in
construction detail in Sect'i'o'n"‘II', thie continuous thermal loss from
the battery was estimated to be approximately 150 watts which is
the summation qf thermal lesses from the following sources:

2



o Thefmal loss from the battery” 3

thru the container walls . . ... 63 waits’

. Thermal losses thru-battefy

support-structure-. . . . . .. : 15 watts

. Thermal losses thru battery':

powér leads (#2 wire) . .. .. 50 watts

. Coulaul lubing wall conduction

and instrumentation lead losses . 20 watts

For any follow-on NaS Vehicle Battery Study Program, thermal
investigations covering both analysis and component mb"pk—up for-
thermal experiments, should be included as an important

activity.

F. CONCLUSIONS AND RECOMMENDAT IONS

Phase I-A NaS battery i)owered electric vehiclé stﬁdy program produced
encouraging results insbfar as showing that a feasible Na$ battéry
design can be developed for installation .in an existing production
vehicle, such as the Ford Fiesta. 4’I.‘h_e study has shown that this

NaS Batfery- p0wereq Fiesta (modified to be ‘é. 2-passenger vehicle),

can have adequa.te performance and fange potential such that its

use as a test bed ’coul:d adeqdately evaluate the potential of the NaS - |

battery as a pOWér°source for further eleétric vehicles.
Severai other key findings and/ or conclusions are listed below:

-1. ‘The battery sizing studies demonstrated that Na$ tubular cells
designéd for load leveling are non-optimum for vehicle
applications. '

13



From the P&E studies, it was determined that whenever the

battery was sized such that its power rating was sufficient to
meet all peak power demands imposed by the CVS driving cycle,
the Fiesta EV WOT acceleration goal of 0-50 MPH in 14 secs.

was always met.

From the P&E éfudies, it appears that meeting the 500 lb weight

penalty g;)al' (See Table I-1 Section I) will be marginal unless one

or more of the foliowing technolbgy advances occur:

a. The power density of a ""bare battery' viz., clustered cells
-without thermal protective containers, support structure,
electrical connectors, etc., must be advanced to the range

of 83-85 watts/1b.

b, The rhdtor—controller weight (206 1bs) must be reduced by

35-50 lbs.

c. The base weight of the 2-passenger Fiesta EV must be
reduced by about 50 lbs., perhaps through use of light
weight materials (aluminum, plastics, composites) for hood

panel, side and/or floor panels, aluminum wheels, etc.,

Based upon the efficiency maps for the Cdrtina motor and its
associated controller, P&E studies indicate 1_:hat a manual
transmission shifted at optimum s;‘)eed points, e.g. 37 MPH
(1st-2nd), 44 MPH (2nd-3rd), 54 MPH (3rd-4th), is more
e'ffiCient than a direct motor drive system, Furthermore, in-

creased range could be obtained by changing the ‘product.iqn gear

“ratios of 3.58/2.06/1.30/1 to a higher setting of 4.50/2.50/1.75/

1.00, This wouid require major re-work of the cﬁrfenf pro-
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duction transmission but such a change could be carried out in-a

future follow-on program.

To meet the FMVSS front and rear end barrier crash tests, the

" battery cells must be prdteéted‘froni irripaét ruptures to insure

that the high temperature liquid reactants comprising the NaS

cells do not enter. the driver and passenger compartment or

~ endanger personnel .in the immediate vicinity of the crashed

vehicle. This safety requirement virtually demands that (1)

the battery container box structure must be capable of main-

' ‘fb;ining its structural iritegrity upon vehicle impact, (2) the cells

should be packaged inside their storage container in such a

" “cushiofied manner that their likelihood of being impact ruptured

is very small, and (3) the inner volume of the NaS cell container
bOX{SlleLlld be qo_mpletely evacuated or, as an alternative,
evacuated and then filled with inert cover gases (such as argon,
heiium or dry nitrogen) in the event of cell seal failures or cell
ruptur'és due to impact forces. By evacuating and/or use 6f
inert gas around the NaS cell's., oxidation reactions of sodium

and sulfur can be avoided.

- Several open issues remained at the conclusion of the Phase I-A study.
These dpéfl issues could very effectively serve as the basis for
follow-on work The most critical open'issues are briefly high-
lightéd:bel'ow' and fhese areas are recommended for further contract

support:

Thermal Management Studies:

The one study area most in need of further exploration and

analyses is in thermal analysis of the battery package, in-
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cluding vehicle related areas such as suppert'etructﬁres,

coolant lines (or passages), pewer leads, etc. The very limited

thermal analyses conducted to date only Ctealt with feasibility

of various conceptual designs. There was not sufficient project

time or money to conduct numerous trade-off studies regarding

‘the heating and co.olhing of cell clusters, the thermal control of

power lead, instrument lead end/ or coolant line losses. Thermal
studies of methods for rejecting the unwanted thermal energy
developed by the battery, under special driving cohditior_xs, needs

much more attention, since any chosen method must be capable

- of vehicle integratien with minimum weight penalty.

Thermal growth and thermal stress studies of various sub-
elements of the battery system, e.g. bottom support plates,
bottom support posts for power leads, coolant inlet line
support, etc. ’, need ‘nﬁlore dttention before hatrd—line layouts of

the integrated battery—vehicie system are prepared.

Full Scale Engineering Mock-Up
Cylindrical NaS cells will continue to be the candidate con-

f1gurat1on for vehicle apphcatmn for the foreseeable future, and

certamly up to and including the f1rst demonstrat1on NaS

batteries for EV use. Cell dimensions developed from this early
study are reasonably close to the cell dimensions obtained in a-
more complete optimization study for a spectrum of applications.

Consequently if a full scale mock-up of the NaS battery con-

figuration develeped in this study (see Section II) were constructed

from prototype materials set down by the battery des1gn study,
a "non—electr1cal" battery assembly could be built as an engineering -

"work: horse" for laboratory study of the followmg open issues:
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a. ‘Cell modules and total battery thermal losses (covering
heat leaks from the battery containér, power leads,

instrumeni:ation leads, cvoolant lines, etc,)

b. Effect on cell and battery assembly integrity when the system
is subjected to simulated road shocks, and vériable frequency

vehicle vibrations.

~ ¢. Assembly and disass_embiy techniques are open issues that
can only be explored Satisfactorﬂy by using a full size model
to work with, This full size model can also be used as a
working design tool for testing design modifications or alter-

natives.

3. Battery and Vehjclé Safety Issues
With an apjpropria‘.tely designed engineefing simulation of a Na§
battery especially dc;signed as an EV battery, several funda-
mental safety issues related to the battery package itself, could
be laboratory evaluated. For examplé, the problems of clbse
temperature control of the battery via internal heating and
cooling subsystems installed inside the battery container; (to
insure safe operation) could be evaluated in a meaningful
expérimental way using an engineering simulation. Also, tests
could be run whereinua certain number of cells are permitted
to have seal failures of varying types and causes to determine the
‘impact 6n the remainder of the battery Cellé and theif containment

s_tructure.

An e_ngineéring simulation wopl'd be required to perfdlrm_" .

vehicle crash tests to evaluate the ability of both the vehicle

"structqral désign and the battery design to meet front. and
17



rear impact requirements. Because of the‘ deeigh and assemhly ‘
complexity of the battery and-the large nunber of interfaces |
between the vehicle structure and the battery subsystem, math-
modelmg the vehicle impact tests would be 1mpract1ca1 Running.
"Cold Tests" of a. s1mu1ated NasS battery would produce virtually
me.aningless.re,sults because the key electrochemicals in the cell
. ‘sol_iqif.y. at low temperature and hence the response of the celis

to shock and vibration would be entirely different than a ""hot"
battery wherein the bulk of the actual reactants, sédium and
sulfur, are in a liquid state within each of their seharately,
sealed 'volumes .

The above described work tasks, based on using full scale engineering

simulation of a NaS battery designed for passenger vehicle application, °

can be performed in parallel wﬁthhuri‘ent Naé research and develop-
--ment work tasks which are primarily devoted to advancing electro-
chemical performance of specific cell designs, making improvements

ih construction materials and fabrication techniques to achieve long

cell life and low cell fabrication costs, etc. Since(thé aforementioned
ehgineering/vehicle application work tasks wiIl take 2-3 years to com-
plete, and the final tests of specially 'deeigned NasS cells for EV
application will. require almost the same amouht of time, paralleling

the two efforts would be a very cost effective plan. I.f the two programs
are scheduled sequentlally then the NaS battery program for commercml

EV's will be an unnecessarily long development program.,. |

In the Sect1ons of the report to follow a more deta11ed summary is given
of the steps taken in each work task cited, the accomphshments as well
‘as the open issues uncovered within each work task and'a brief summation
of the level of the state-of-the-art produced within each task area by the

Ford-DOE program efforts.
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VEHICLE SPECIFICATIONS

At the outset of the Electric Vehicle Development ialnd Demonstration Work
Task effort, a tentative li'st of the "minimum?" ‘Electri.c Vehicle Market

, Requirements Was developed. This list would serve as a guide to the
final selection ‘ef clectric vehicle specifications that are, in turn, neces-
sary design and performance guidés for. the follow-on vehicle development
and demonstration work tasks. | Mid-way in the first quarterly period a
set of requiremente wére established, as listed below:

“development and dernonstration work tasks. Mid—rva&; in the firet quarterly
beriod a set of requirements were estabiished as lieted | |
below:

1. Purpose — Shopper/ commuter vehicle for .multi-v’ehiclefa'.mili'es.

2, Seating Capacity — Two passengers.

3. -Cargo Capacity — Approximately 10 cubic feet (room for groceries

and miscellaneous items).
4. Size — Apprdximate exterior dimensions, OAL: 125" — Width: 55",
~ 5. Range — 100 Miles over Federal Test Procedure Cycle (CVS Cycle)
with 20% charge remaining. N A

6. Performance — 0-50 MPH in 14 seconds with top speed of 65 MPH.

7. Recharge Time — Five hours maximum.

8. Battery Life — Five years /50,000 miles.

9. Safety Requirements — Meets all applicable FMVSS requirements.

10, Accessories — Heater and radio mandétory.' (Nofe: Power steering
may be req~uiredAto meet Ford GPAS wherein maximum steering

effort is limited to 35 lbs.)
19



11. Reta1l Price Premmm - TBD but tentative goal of $800 cost penalty

for EV will be used as flrst phase objective.

12. Cost of Ownership — TBD during follow-on Phase I-A Study P_rogram.

13. Weight — 500 lb. weight penalty over the equivalent ICE powered

vehicle. N E

Review of Company. small car line speoiflcations resulted in the conclusion’
that a Ford Fiesta size vehicle came the closest to meetlng most of the
above cited requirements; therefore, it was decided to use the Fiesta as
the ""image car" for the electric veh1cle des1gn, packagmg and performance '

studies.

As a guide to all NaS EV study‘ work, a tabulation of eleotric F_iesta
vehicle assumptions was prepared. TABLE II-1 1s avc'opy of the Vehicle
Assumption List, which was reviewed monthly and updated as required.
All major systems we‘re identified by a coding system, e.g., Complete
Vehicle System (0 ..00), Body System (1.00), Frame and Mountiug (2.00),
Engme/Motor 3. 00), etc. The most recent results of the battery-vehicle
packaging stud1es, NaS cell and battery trade-off stud1es and vehicle
performance'(P & E), ‘were-used to update the Vehicle Assumptions (viz.

specificatious) List..
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TABLE II-1 ELECTRIC FIESTA VEHICLE ASSUMPTIONS

Edition No. 3 Date: December 15, 1978

System Or
Subsystem ' Do - Primary -System/Sub'system-Assumptieqs )
Number
0.00 - COMPLETE VEHICLE SYSTEM .

0.10 Reference Vehicle ,

Fiesta 90 Inch Wheelbase

-. . 1.1L OHC engme transverse mourntedA
. -4—Speed manual transaxle. |
. AV.M-anual reck:and pieioﬁ steering;

| ; Cufb wei.ghtzlx(.ilzo' lbs. (Advertised fig"ure).A -
. Seating capacity — two persons. |

.. 'Fuel-tank capacity for 125 mile range (CVS-Cycle).

020 Eleetrlc 'Flesta |
| Same as. Reference Vehlcle, except
; 40 HP DC General Electr1c serles woﬁnd motor .
| Mod1f1ed 4- speed manual transaxle, |

. Manual rack and pinion mod1f1ed for new electrlc )
: powertram system, ‘ »

: Sodium- sulfu‘r battery sufficient to yield -
following performance:

— Range: 100 miles CVS at 80% depth of d1scharge.
— Top Speed: 65 MPH. _

— Performance: 0-50 acceleration 14 seconds.

— Life: 5 years and/or 50,000 miles.

— Recharge time: 5 hours

. Two-passenger seating capacity; rear seating modified
for packaging NaS battery and other powertrain
components,

. Cﬁrb'weight approximately 500 lbs, over Reference
Vehicle.

. Safety conformance to all applicable FMVSS standards
plus other unique EV safety requirements concerning
~ battery crash worthiness and unique electric hazards.
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TABLE Hél_—;_ ELECTRIC FIESTA VEHICLE ASSUMPTIONS (Cont'd)

Edition No. 3  Date: December 15, 1978

System Or ‘ .
Subsystem Primary System/Subsystem Assumptions
Number :
1.00 BODY SYSTEM
Body Structure
. Floor plan modified for sodium sulfur battery mounting
and upgaged as required for additional loading.
. New battery tray assembly with tie-down Straps and
crash protection structure,
. New structure support for controller, contactors and'
other required electrical components.
. AMOdify rear floor for rembval of spare tire to maximize
battery packaging volume (if required). :
. Remove radiator support and provide body structure
for forced air cooling of controller, motor and
contactors, -
. Modify rear structure and suspension for additional
battery weight and mounting.
1.09 Rear View Mirrors
Same as Base Vehicle
1.10 Séat, Seat Trim and Track:
Rear seat trim and track structure plus rear seat area
side panel will be deleted to provide room for new
battery packaging.
© 1.12 Instrument Panel. .
Modified instrument panel for electric instrumentation such
as voltmeter, battery temperature gages, battery state-of-
charge unit, ammeters, etc. :
2,00 - FRAME AND MOUNTING
~New éupport mounts will be required for electric motor
and modified transmission. '
3.00 ENGINE (MOTOR)

- 40 HP DC Series Wound G,E., Motor; (same as used in
Cortina EV) — 100 volts. Control for motor is defined
Section 15..00, ‘
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TABLE II-1 - ELECTRIC FIESTA VEHICLE ASSUMPTIONS (Cont'd)

‘System Or
Subsystem
Number

4,00

5.00

" 6.00

7.00

8.00

Edition No.'3 Date: ‘December 15, 1978

3.02

3.04

5.02

‘Primary System/Subsystem Assumptions

Motor TLubrication
TBD.
Motor Cooling
A1r Cooled — forced couvectron.
Battery Chargmg ‘

‘Off-board battery charger with 110/220-volt charging
capability. Battery to sense 110/220-volt input and

adjust charge rate automatically.

- SUSPENSION SYSTEM

Same as Reference Fiesta. Effect of transmission and

. Cortina motor on suspension to be evaluated by tests

along with added front rear suspension loads due to
battery and support structure weight

~

DRIVE LINE

Dead beam rear axle may be upgaged due to battery
system weight located in rear passenger area.

BRAKES

Same as manual Fiesta brakes except modified for
- regenerative braking, Power assist will be examined

- by drive tests to-determine if required. Note: Regenerative

braking will be employed down to a vehicle speed approach-
ing 3-5 MPH at which point regeneration cut-out will occur,

TRANSMISSION

‘Existing Fiesta 4-speed manual transa.xle modified to have
gear ratios of 3.58/2,06/1.30/1.0.  An additional gear
set may be installed between the electric motor and the
existing Fiesta transmission if it is determined that such
an addition will opt1m1ze speed range for the electric
powertrain, -

CLUTCH SYSTEM

Same as Reference Fiesta unless drive tests show that a
new clutch is required for driveability,
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TABLE }i-1 — ELECTRIC FIESTA VEHICLE ASSUMPTIONS (Cont'd) .

Edition No. 3  Date: December 15, 1978

System Or - : .
Subsystem ‘ ~ Primary System/Subsystem Assumptions
Number

9.00 EXHAUST SYSTEM

Deleted.

10.00 FUEL SYSTEM'

Deleted.

11.00 STEERING SYSTEM
Same as Reference Fiesta except it may be modified

if drive tests show that the vehicle exceed 35 lb.
GPAS steering effort, then power assist will be required.

12.00 CLIMATE CONTROL SYSTEM:-

New liquid fuel space heater and fan capable of running
off a 12-volt auxiliary battery under all motor modes.
Forced air ventilation same as Fiesta except madified
for new instrument panel, as required. Air Conditioning
will not be considered. ‘

13.00 GAGE AND WARNING DEVICE SYSTEM

Instrument Cluster
Same as Fiesta except with the addition of:
. Ammeter,
. Voltmeter.
. State-of-charge meter.
. Temperature gage (battery).

. Safety meter (indicates vehicle is grounded for
shock hazard).

14.00 ELECTRICAL POWER SUPPLY SYSTEM
14.01 Battery '
14.02  Auxiliary Battery

1-12 volt advanced SLI battery (NiZn if available)
for lights, horn, windshield wipers, radio, _
‘emergency lights, turn signals, auxiliary lights
and cooling and heating fans.
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TABLE II-1 — ELECTRIC FIESTA VEHICLE ASSUMPTIONS (Cont'd)

Edition No. 3 ~ Date: December 15, 1978

System Or ' '
Subsystem Primary System/Subsystem Assumptions
Number e
'14.03  Main Dattery
. Type: Sodium Sulfur
. Battery Physical Characteristics (Preliminary)
Height ~ Width = Length =~ Weight'
20" 20" - - 38.5"- - 883 1bs
. Weight of . . - No. of
Total/Cell No. of Cells No. of Modules 'Cells/Module
4921bs 432 48 : 9
. Battery Ratings:
Power‘ Energy Discharge Tiine
40.6 Kw  35.2 Kw-hr " 5hr
(80% Utilization)
.« Individual Cell Physical Dimensions: A
Length ' 3 ObDo
40.2 cm .2.5¢cm
(15,8 in. ) (1.0 in,)
. Individual Cell Ratings: -
Power Density (Masg) - Energy Density (Mass)
.18 Watts/gram .15 Watt-hrs/gram
15.00 Co ELECTRICAL CIRCUITRY SYSTEM -

. Motor Controller (Néw desig‘ry; .

. Battery temperature sensors/controllers _
(New design). ' -

. Contactors (New Design). o

. Fail safe quick disconnect to off-board ‘charger
"described below:- . '

Off-board battery charger: '
110/220-volt service capability., Charger
automatically adjusts for variable state-of- -
charge of the battery and provides for vehicle
safety during charging mode.
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'NaS BATTERY PACKAGING . - .

In this Section of the report,;_the,‘arle.lytical and:design: activities.necessary - "
to select a cylindrical cell configjqratioh‘g'which can:be -used.as: a basis"for .
designingna total battery peckége ,";" Willﬁlbe, discussed. Also covered in thls
Section,. are the key 'battery perforrhehce, safety and vehicle lhtegration :
considerations w’hlch served to guide the direction of the hattery conceptual

design effort, - -

A. NaS CELL AND BATTERY TRADE-OFF STUDIES

At the begmnmg of the Phase I NaS Electrlc Vehicle Study Program, -
the vast maJor1ty of NaS cell technical design and performance
inforlnatioh avé.llé.ble was applicable mainly to loatl leveling batteries, -
Little design data was available on Na§ cell cohfig'uration optlmized

for EV use. Conseqoehtly, to provide a cell design data base which
coulcl provide eupport to the vehicle specification work task the NaS
battery package:design svtudies‘ and the P&E computer projections,

an ah'alytlcal inv:estigat\ioh”'of c’ell‘; optimization methodologies was
carried out. The objective of thls early study effort was to. develop
paraxhetric displays of key cell desigh?performance parameters which -
would serve as guides to selecting .,t;he‘c‘ell configuration that would

give either minimum battery weig-ht, ‘or battery volume, or both.

A prevmusly developed computer program whlch was especially
created for Na§ cell sizing was. chosen for use in conductmg pre-
hmmary NaS$ cell parametric studies. This cell s;zmg computer
program (Ford File Name: NaS) calculates cell size (OD,. length),

cell weight, cell power-and energy capacity'for variable inputs such

as electrolyte d1mens1ons (OD and ID), electrolyte res1stance, hours - '
to 100% discharge, and others. . The pr1mary cell charactemstms

investigated via parametric plots were cell electrolyte length to -
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diameter ratios (L/D), ¢e11 discharge_times (hrs.) cell power densities

(Watt/gram); cell electrolyte diameters (OD) and battery weight

(kilograms) at various power levels. Figure ITI-2 through III-4 are

Figure TTI-2 through III-4 are sample plots for two values of cell electro-

lytc length to diameter. ratios, e.g., 20:1 and 14:1.. -

BATTERY ENERGY RATING

— KW-HRS

A 4
T 60.0}— ]
PEAK POWER
~ RATING
44 KW
o ., 40 KW
50.0 — / —
/° 236 KW
. 32 KW
40.0}— ./ R
30.0}— _
20.0}— —
00 L1 | I I I R
1.0 2.0 3.0 40 50 . ‘6.0 7.0 8.0 9.0

%

BATTERY DISCHARGE TIME — HRS

Figure III-1 Battery Rating (Kw-Hrs. ) vs. Battery Discharge Time (Hrs. ).
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CELL POWER.DENSITY — WATTS/GRAM .
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Figure III-3 Cell Energy Density vs. Cell Electrolyte Outer Diameter (O.D.)
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" BATTERY WEIGHT - KILOGRAMS
. v
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. Figure -4 Battery Weight vs. Cell'Electrolyte Outer Diameter (O.D.)

Figure I-1 illustrates the variation in 'e.ne.rgy rating (Kw-hrs. ) with
variations in discharge time (hrs.) and péak battery power level |
(Kw). Figurés III-2 and I1I-3 are graphs of NaS cell power density and
éné;‘g‘y density versus cell electrolyte OD for constant values of cell
L/D. Shown in each figure is the locus of maximum values for each
| bldt of perr density and energy density as a function of constant
diSchairgg time (hrs.) versus variable cell electrolyte OD. In Figure III-2,
i_t‘ can be ;‘seen that the maximum power densities are-achieved along
the locus ljne when cell electrolyte OD and éell discharge times are
made small . The reverse trend holds for the locus of maximum energy
'vderllsities, as shown in Figure'III-S.. The highest value of enérgy density

'(Watt—'hours/ gram) occurs at the largest discharge time and for a

fairly large electrolyte OD.
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Figure III-4 is a parametric plot of batfery weights-as a function of .
effecti‘v’é dischérgestime for a ’gi’ven_~ power rating (Kw),wfqr fwo_values of

- cell L/D.*':'.As f‘igures*in—4'sshows,;thé locus iiné of minjmum battery
~weights for. given values of battéry ﬁi‘scharge times follows thg same .
'génera.l trend noted earlier. for the plot of power density ver'sus'.e-lec-
trol'ytev OD in Figure III-2, viz., the locus of minimum battery weights
moveé in the direction of smaller disqharée times and srﬁaller cell .
electrolyte diameteré.:‘ It is importént--to note, however, that the number
of cells associated with the ‘peak values of either power density of energy
density ‘(see Figure III-5), have a direct bearing on battery costs, and .
requ'ired' battery storage volume. .For some applications these"may
force a comprofnise in choice of cell dimensions. An example of this can
be iﬁustrated ﬁsﬁg ‘F.i'gure.s III-2‘th1.'ough. III-S. For an arbitrary dis-

charge time of say 6 hours, ‘and an L/D ratio of 20/1, it can be seen from
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Figures, ITI-2 through III-4 that _;maxim_‘um,"po,wer. devns_ity,, .and -‘minimum
* battery weight: are achieved for. a.cell -having an electroly'te O. D. close
1,75 cm,., However, the change ‘in these values.for a cell having an elec-
trolyte O: D. of: 2 ‘0 cm.tis relatively small compared to:the change-in
number of cells required to. produce :a given power level, ‘as illustrated
in :'Figure Il=5. :If, for:example; a-power level of 44 kw is selected, it
can:be seen that approximately 500. cellshaving an electrolyte O, D. of
: 127§ cm would be.required as.opposed:to- approximately 390 cellsfvif- the
--elec__trolyteO.,- D.-were increased.t6:2..0 cm, ' These types of parametric
curves-and nomographs were .used-to- select the cell reference design -

which.provided:the.basis. forq the battery pa‘ckagi'ng studies.

L el e e .

“ vTo arr1ve at a NaS cell reference de81gn for EV use, P & E calculat1ons
were run for a F1esta EV having a computed test we1ght of 2470 lbs. From

these computer prOJectrons it was determmed that wh11e dr1vmg the CVS
cycle, the battery had to be s1zed such that it could deliver slightly over
32 kw of power, up to and 1nclud1ng a state of dlscharge of 80%. For a
range of 100 ‘miles over the CVS cycle, the battery would have to deliver

a net energy output of about24 kw-hrs. , (regeneratlon was accounted for

" in the P & E calculations) again to the same '80% state of discharge level.

It was dec1ded that w1th the remaimng 20% of energy avallable in the battery,
the vehicle should be able to be drlven ata constant speed of 40 MPH for a
distance of 25 m1les, wh1ch was assumed to be an adequate range to reach

a charging statlon. From the P&E computer pro;ectmns, this requ1re-
ment would add another 5 kw- hr. -energy demand on the battery, making

for a total energy rating requlrement of at least 29 kw- hrs.

. ".—'

For the P & E calculatmns, the battery was assumed to have cells capable

" of developmg an open circuit voltage of 2;07 volts (at f=o0, i. e. freshly

- . s i@ . . . . . .y :
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charged condition): This voltage was assumed to be essentially constant

until the state of discharge had reached almost 43%, at which point it was
assumed that the battery voltage would drop lihearly to a value of 1,77

volts at 100% depth of cell discharge.' ‘From these assumptions, a fresh,
fully charged battery power rating of ‘approximatelv 39 kw can be calculated.
For the cell sizing studies, a more conservative battery rating;of 40 kw was

used.

Since the average driving time for 100 miles of CVS cycle driving is close

to 5 hours (based on an average vehicle- speed of 19.6 MPH), and the added
drivmg time to go 25 miles at a steady speed of 40 miles per hour computes

to be 0.6 hours, a 100% discharge time of 5.7 hours was used as an estimate

input to the Ford cell sizing program which assumes a constant current

load.

Ford defined 20/1 to be a oractica.l upper limit because of mechani'cal
strength considerations for the L/D of the B " — alumina electroly'te.
Figures III-2 through III-4 shown that high values of L/b give higher cell
peak power and energy densities and lower over all battery weights., The
following cell parameters were used to conduot parametric cell calcu-
lations to determine cell configuration for further battery conceptual

design work:

CellL/Dratiot......‘.........‘...‘.A.... 20/1
Electrolyte OD/ID YAEO & e v e e e e e e e 1015

Cell resistance Ro) v eree s me v i e e 2‘.»,0 ohm-cm2
Utilization factoi' (Ufactor) . « v v o e v o e ve .. 0,80

Hours to full discharge (H~hours) . ¢« . . . . . . 5.7‘.

Sulfur fill factor (Fo-dimehsionlessi " s e .» e oo 1,1

Sodium fill factor (Fz—dirhensionless) A IS

. Power (peak-cycle)/power (max) ratio (Fl) s o0 s s 1,0
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‘Power (avg)/power (peak-cycle) (P9) ceeee e 0.15
Container density (Rl-gm/cc) AR e e 7.85
Alphaéélumine thickness (I'Jl';em)".' .
Sodium centairler wall dimen. (X;-em) . . .. .. 0,07
* Sulfur container wall dimen. (Xz-cnl) e e oo e 0,07

Cell open c'ircuit.voltage (@f = 0, volts) . ‘. e .. 2,07 |

Using the above parameter list as computer input, calculations of total

- cell weights for a given power level (40 kw) and varlous values of electro-

ljte O. D. were made. From a plot of battery (clustered tﬁbular cells)

" weight vs cell electrolyte O, D., it was determined that minimum battery

‘weight was achieved at an electrolyte O. D. equal to 1.75 cm. Listed

below are the key dimensions and projected performance for the selected
cell configuration: |
Cell electrolyte outer diam. (cm) . . « + s s o o oo 1.75
~ Cell electrolyte length (cm) . . ., e e eia. 350
(_lell overall diameter (cm) . . ce e me oo o 2.5
/Cell_overall length cm)-. ", . ........ oo . 40,1
Cell weight (gms) « . . ..o s o wee v v oo oa  517.7
Power density (Watts/gm) . . « v v v v o v s o4 0.18

Energy density (watt-hrs/gm) . . « . v c v « o «-o” 0,15

A more detailed cell design-optimization study is ongoing under the
principal DOE contract. The preliminary study discussed above was

performed as an expedient to allow.other battery design activities proceed.

In the discussion to follow, the engmeermg act1v1t1es related to battery

conceptual design and vehicle packagmg studles w1ll be reviewed.

NaS BATTERY CONFIGURATION STiJDIES"

'The initial béttéry conceptual design effort'commenced with-the cluhstering
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of cells naying an electrolyte L/ D ratio in the neigliborhood of 14 axid";‘:"
outer cell diameter approximately equa.l to 3 55 cm, Tlle cells were “
'arranged in columns with each column contammg 8 cells to form a sub-
module. There was a total of 48 subrnodules in a battery. The battery
was subd1v1ded into 4- modules, with each module contammg 12 submodules
(or 96 cells). All cells in & submodule were electr1cally para.llel and a.ll
12 submodules in a module were 's:eri:es: 'connected; It vyas intended'that,
through external SWitchiné; a 48 Volt ratmg or a 96 (noininalj Volt battery
rating could be achieved by proper parallelmg or series connectmg the

battery modules.

From the basic cell arrangements just described, five conceptual battery
package arrangements were generated for study. All of the arrangements

had the general design features listed below:

(a) Internal heating of the modules-is provided on demand:
A(for initial battery ‘warm-up. and for. constant temperature

control) by electrical resistance heaters; . . - _i:.

(b) Multl-fo1l super 1nsulat1on is 1nsta11ed between concentric
battery contamer boxes whose 1nternal gap volume is

evacuated to m1n1m1ze conductmn heat loss,

(¢) An outer container, filled with compounds suitable to. -

combat Na leakages due to cell rupture, is prov1ded
The mater1als could be non—1odlzed salt or sand and

(d) The modules are cooled'by‘forced'-air flow on a demand ..

KXY

- basis. : B
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The battery packaginé concepts dif_fered from one another mainly in design

details concerning: . | ) . ' ' .'

(a) Method iof introducing air'cooung (single coneentrie opening ifor inlet

"and outlet air flow versus s_eparate openings for flow control of air-in

) and air-out), . | | | | |

(b) Approach to supporting the battery contamer m the vehicle via side
‘ _'mountmg rails and support brackets, ‘ '

(c) Location of materials suitable for controlhng sodium/ sulfur leakages
~ within the battery-msulated container; and

(d) Methods of directing ‘eoolin;g air around the cell clusters to achieve

.nearly uniform cooling within each sub-module.

Four air-cooling battery packag_iné schematics were_deve10ped butl none
were deemed fullsl acceptable. because of resultant large sizes and weights.
For example, the weight of a battery contamer conmstmg of 384 NaS
tubular cells (14 6 mches long by 1.4 inches in diameter), with provision
for forced convection air coolmg-'of a.ll cells and internal store of materials
to c'ombat Nas spﬂls, was estimated to weigh close t0-1000 lbs. --B_ecause
of me'large size of the‘ flow du’cts and plenums required to direct the air
into.the bat‘tery; around the cells and out of the battery,_ the package
volumes were more bulky than desued It was concludedthat a oonsider-
able amount of design work would be required to reduce the size and weight

of the -air-cooled battery package.

Figure III-6 shows a battery design which also used the 1 4 in, dia. x
14. 6 in. ‘long NaS cells closely packaged in a double-walled container
mounted low between two side frame rails that are an integral part of
the body structure of the Fiesta. To achieve this compact configuration,
no provision for internal cooling of the cells has been made, nor is there

a provision for storage of internal materials (sand or non-iodized salt)
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1.

for suppressing fires caused by socIium e.nd/or sulfur leakages. This
configuration comes cIose' but does not quite fit in the space available
behind the front seate _.since the dimehsi-on.s for the maximum .usable
volume behind the front seats are 48 inches (1) x 26 inches (w) X 24 inches

(h). As can be seen in F1gure III 6 wh1ch is a sketch of a NaS Battery

Concept the battery d1menS1ons are approx1mate1y 41 inches (L) x 28

~ inches (w) X 21 inches (h) The width of 28 inches causes an mterference

with the rear axle travel, The est1mated weight range of the NaS Battery
package concept 111ustrated in Figure III-6 is 800- 850 lbs. . which is still
heav1er than the goal of 650-700 lbs. estimated for the reference NaS

Fiesta EV (see Section IV for further details).

Conceptual Battery Cooling Designs
Of major concern was the design of an internal cooling system for the NaS

battery. Figure III-7, is a sketch of four (4) possible cooling opticns con-

. sidered for battery packages constructed from cylindrical cells. Each of

the four cooling options has resis'taxice heating elements to maintain con-

stant temperature control and provide initial battery warm-up.

(E —————— == r°
r. T T T T T T o

. Componants
(| No. Wame ¢ i |
1 Upper Foil Insulatron 11 Bracket Support Insulation Cover I
Cell — Modute 12 Stud Mounling

Frame Rail - . 13 Base Pillar — Support

Pad — Mounting 14 Heating Elements

Battery Mount — Support 15 Lower Foil insutation

Qutet Lingr — Top Cover 16 Module Support — Base

taner Liner ~ Top Cover 17 Module Separator

Hinge — Locking 18 Inner Liner — Bollom Cover
Modute Retainer 19 Outer Liner ~ Bottom Cover
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/ 10 Seal — Heat Moisture 20 Foll Insutation — Bottom Cover ! ' @
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! X | [ =] @
r@ 500 L@ ‘ , @ @ 13 @ hd '
Figure III-6 NaS Battery Concept
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Figure ITI-6 is representative of option 1, Since some form of battery
cooling most likely will be required this approach is merely academic

and no further interest was invested.

Optlon 2, either open or closed air coolmg system, is the most common
method used to provide a cool1ng mechamsm for batterles. For electric

vehlcle apphcatlon where we1ght 31ze, and exhaust temperature are key

y 1 AN

des1gn 1ssues, a s1mp1e air coolmg concept as shown in Flg'ure -7
does not appear to be sultable or pract1ca1 In order to make option 2

prov1de the necessary coohng, rather large and bulky inlet/exit duct work,

" plenums, and/or high mass ﬂow blowers would be requ1red

Option 3, closed liquid cooling systern, offers the potential of providing an
efficient battery package size, but several major problems exist.

These problems are determining a suitable liquid coolant capable of func-
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Figure ITI-7 NaS Battery Heating & Cooling Concepts
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tiofxing in a NaS battery environment and determining a suitable mechanism

to physically transfer the heat from the NaS cell to the liquid coolant. -

Option 4, combination closed air and liquid cooling system, provides for
the advantages of cooling the cells with air while eliminating the need for

bulky inlet/ exit plenums and ducting by relying on a secondary closed liquid

. system to remove the heat from the battery compartment to ambient.

Options 3 and 4 appeared to be the most feasible cooling candidates from
the viewpoint of package size and weight goals. Therefore, further study
was done to develop conceptual battery designs incorporating these battery

cooling options..

Liquid Cooled Battery Design — Option 3

The closed liquid cooled battery,design concept was built around the

following design criteria:

(@) Reduce the Nas$ cell size by choosing the diameter of the 8' — alumina
to be smaller than the 1..40 inches (2.56 cm) electrolyte diameter
chosen for the cells used in the px;eviously described battery package
designs. Based on the cell op'timizafion studies discussed earlier,
and illustrated by F‘igﬁres HI-2 through III-4, ‘an electi'olyte diameter
of .68 inches (1. 75 cm) was chosen which resulted in a cell size of 1,01
inches (2.58 cm) in diameter and 15.8 inches (40 cm) iﬁ léngth.;

(b) The smaller cells are clustered to form a triangular-éénteréd array'

| instead of the previously used ¢olumn array désign to achieve a slightly
more compact volume for clustered cells, (éee Figure III-8)
(c) Submodular cell arrangéments will be formed by clustering 9 cellé
* together and connecting theml electrically in parallel, as shown in
- Figure OI-8. These su__binodt;les Will be, in turn, connected electrically

in geries to form three. sepafate mddule_s which cpuld be connected
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. interchangeably'tq form either series and/or series-parallel arrange-

. .ments to provide different battery voltage levels; and

(d) Thermal management and battery safety in case of sodium and/or

‘sulfur leakage will be handled by either eVé.Cué.tionVléi'"inert:gas

(Helium is preferred) filling the inner battery container which contains

" the closely packed cell modules; the electrical resistance heaters

(strip and/or rod -type), the heat sink plates cooled by a high tempera-

. ture heat transfgr medium (Therminol-66, Dowtl;erm;A,_ Monoisopropyl-

biphenyl (MIPB) are candidates), and.a thermal conducting filler
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material of low density to both support the cell modules, provide vibra-
tion damping, and aid in heat conduction from single cells and sub-

modules, (see Figure III-9). -

By the end of the third quarter, a concepfual design layout §v'as completed.

This _conéeptual design, shown in Figures III-10, contains 1l:he following -

design features: |

(aj The battery is assembled as three modules, each of “which is made up

| of sixteen submodules electrically connected in series. Each submoduie

- contains a cluster of nine cells banded together in a triangulaf—éentered
array and electrically parallel connected. Three module design Was
selected rather than four for ease of packaging within the Fiesta,

(b) The battery is heated by thin-foil resistance heater sheets which are
bonded to a portion of the surfaces.of the heat sink plates. These‘
commercially available heaters can be special ordered for 1000°F

(536°C) service,

INNER [————— VERTICAL CELLS
Y,ﬁ%l,’(:': MOLDED OUTER
CONTAINER

LIQuID
COOLANT
PLATES

" COVER ASSY =<\ G

BASE PLATE w T W/COVER ASSY
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19.25

(c) Battery temperature excursions (due-to high loads caused by steep

grades, head winds; or extended WOT runs) are accommodatedA by
having internal liquid cooling flow through heat sink plates Which
mcorporate coolmg flow passes created by the "Roll Bond" (TM)

fabrication techmque. The pumped coohng flow is provxded "'on demand"
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Figure ITI-10 Plan View of Liquid Cooled Sodium Sulfur Battery
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(d)

and the heat plcked up is d1scharged to the environment by a combmation

of rad1at10n and forced convection heat transfer processes. Thermmol-
66, which is a h1gh temperature heat transfer fluld (mod1f1ed terphenyl)
produced by Monsanto, was selected as the coolant because 1t can be
operated at low pressures at bulk flu1d temperatures of 650°F and a
max, f11m temperature of 705°F While Thermmol 66 is not class1f1ed
as a f1re reslstant heat transfer ﬂu1d (flash pomt-352°F and fire point

| -380°F), it can be used in the battery system at temperatures below
its fire po1nt and it is rated.pr,actllcally non-toxic for_smgle. Adoses by

ingestion or dermal application.

Arrangement of the coolant ffcwv paths is shown in Figure III-10. The
coolant enters the inlet head"er through a line located at the bottom of
the battery and at the mid—p‘oint of the battery longitudinal dim.ension.
The coolant flows left and right in the inlet header and is drawn off
through the transverse coolant plates which are installed in between

the rows of cell submodules, see Figure II[-10. The contoured coolant
plates have parallel flow paths formed in each sheet by the ""Roll-Bond"
(TM) technique. The coolait is discharged fromthe'transverse coolant
plates into the outlet header which, in tu'rn, discharges from the battery
through a hermeticaliy sealed dischar'ge line (see Figure IMI-12).

The inner container for the NaS'c.ells' and modules is evacuated to insure
that atmospheric cicidation of leaking high temperature sodium (fire

~ hazard) or sulfur (inhalation hazard) will not occur in the event that

- seal leakage occurs. To provide support to the inner container walls

- when the inner container is evacuated, low density material is packed
in all of the void space between cells, submcdules, strip heaters,
heat sink plates, etc. ‘Not only will this filler material provide support

to the inner container walls but vibration damping also be provided to

42




(e)

0

the cell submodules, the heat sink plates, and electrical heaters. The
filler material selected consists of 'hollow. glass microspheres; 50-300
microns in diameter; (Bulk-denéi’t’y 9.6-12.4 Ibs/cu. ft.) which can be
obtained with service tempefaturés in the range of 482-10930C.

Internal structural support to the submodules as well as hermetically
sealing the feed throughs for power, itslstrum'enta;t‘ibriy, and coolant lines,
is provided by the use of cerémebléstic's; Ihjectieﬁ"moldable glass-
bonded mica was chosen becauee it‘can be machined and/or metal

cléd,‘ has'good &imensienal étabﬂity, wide opera;ting{ t.emperature

range (-273 to 18000F) and ab‘cepts inserts well, Figures III-11 and II-12
show the uses of the molded glass—bonded mica (MYKROY, produced

by the MYKROY Ceramics Corporation, has been chosen as a reference
material) as a structural ease plate which also provides tie down points

for the battery assembly in addition to supplying hermetic feed throughé

“for the battery power leads, the resistance heater power leads, the

instrumentation leads and the coolant lines. Also shown in the upper
portion of Figure III-11, is a hpld don plate made of MYKROY which
is sbring loe.ded to prevent the cell submodules from bouncing-around
when the vehicle is driven over rough road conditions thereby trans-
mitting shock/vibration loads to the battery.

Since the NaS cells are to be operated in the steady state temperature
range of 320-350°C (600-6600F), a method must be devised to minimize
the heat loss from these high temperature components to the relatively
low temperature (=40°.to 110°F) environment. - The method chosen for
the liquid cool battery package qox;siéts \of tlsing' a sealed double walled
container. In the space between the two contaiﬁer walls, multi-foil
"Super Insulation'" consisting of 40-60 layers of thin aluminum foil
sheets (épproximately .001 inches thick) eabh coated on both sides,

with zirconium-oxide chips, are installed as radiation heat transfer
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shields. The space hetweeh the two container walls is evacuated to
a vacuum level on the order of 10 torr. which, with the multi-foil .
radiation sh1elds in place, should reduce the heat flux through the |
wall of the outer 00ntamer to the order of 0 0025 watts/ cm (usmg

Thermo-Electron "Mu1t1 Foil" data as a reference)

Smce the 1n51de volume of the inner. contamer is also evacuated toa
“vacuum level of 10 torr.,, ‘1o pressure d1fferent1a1 ex1sts_ between
the inner container volume and the space between the double walls of

the battery containment box. This fact permits the inner contamer

i

to be made from thin walled aluminum which is surface contoured for .

moderate structural stlffness.

| MANIFOLDTUBE' .
) u\&b L/

/ BRAZED SEAL
FE‘——‘\J pgo FLA)NoE

SUPPORT POST

WELD SEAL —
ELECTR. PO

BASE PLATE ="

TUBE-INLET LINE

T~VACUUM

THERMOCOUPLE

LEADS OUTLET

. ‘ "ELECTRIC  LINE
covsn POLYIMIDE HEATER
LEAD

Figure III-12 Cross Section of Coolant Lines and Electrlcal Heater Leads for

NaS Battery
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(e)

The outer walls of the battery container are formed by injection mold-
ing a special formulated polyimide compound which can perform contin-
uously at 600°F and intermittently at 8000F. As Fig‘u’ré Ir1-10 show',
the _héavy walled polyimide outer ¢6ntainer has its wall surfaces
m‘oléied:‘in the shape'of close spaced truncated cones to provide a stiff,
low-ﬂéxure, structure which should not buckle due to the pressure
differential across its wall created by the vacuum inside the outer
container,

To minimize heat losses by conduction through the walls of the outer
container box, at the points where wall penetrafioﬁs by power leads,
instrumentation leads, electric resistance heater leads, etc., occur,
special design innovations were developed. The battery power leads
are integrated into the MYKROY base plate at the points where the
battery load support/tie down structure are located, see Figuré II-11

for details. The leads are extended from these points for a distance of

_»1—1/ 2 — 2 feet and within an evacué_).ted insulated jacket to insure

minimum heat loss by radiation conduction and convection from the
leads.

A similar approach is used for the coolant lines, the instrumentation
leads, and the power leads for the electrical resistance heaters.
Figure II1-12 shows the assembly details whereby the coolant lines and
electrical leads are brought through the bottom of the battery con-
tainment box. As can be seen in Figure III-12, MYKR(SY is moulded
around cooling tube inserts, thermocouple inserts, and electric
heater line leads to insure that a hermetic ‘sea.l':exis'ts upon final
evacuation of the battery inner container. To reduce conduction and
convection losses to a minimum, the leads and lines are enclosed in
a polyimide cover which is sealed tb.thtsa bottom of the battery con-
tainer and subséquently evacuated. | |
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. Following the cbmpletiq_n_ of the conceptual design layouts of the liquid

cooled battery package illustrated in Figures III-10-III-12, a weight

estimate was prepared for a battery sized for 40 Kw. The following

list covers the major battery qomponents/ subsystems:

Comgonexits - : Weight —”Lb. (Kg)

. Battery (Clustered Cells) . 492.8 (224)°

. Electrical Connections R 19.4 (8.8)

. Battery Insulated Container 85.0 (38.6)
(Double Walled/Vauuum Space) . -

. Battery T1e—down/ Support. | . . 50,0 (22.7)
Structure ' . _

. Filler Material (Thermal 9.0 (4.1)
Conduction) \

. Bus-bars and Lead Thru's _ 8.4 (3.8)

| TOTAL ESTIMATED WEIGHT = 665.0 (302)

The Battery tie-down/ éupport structure listed above does not include
vehicle Strtic'turé "beef-up" réquired to provide adequate strengﬁiehing to
the vehicle body panéls made necessary by the installation of the'v 665 lbs.
of concentrated-load. Also, the 50 lbs. weight does not include sfrﬁciure ‘
weight that m'a'y be added to the vehicle in order to meet safety require-.
ment. This added weight will be chargéd to the vehicle base weight .

calculations.

Combination Closed Air and Liquid Cooling - Option 4

The combination closed air and hqu1d cooled battery, option 4 has i.he
advantage over optlon 2 because. any sodium or sulfur leakages are con-
tained within the hgrmetlca.lly sealed m‘ner.battery contamment sti'ucture.
The air ﬂ‘qu.'ing inside the inner battéry container exclianges its heat gain
with an air-to-liquid heat exchanger located inside (if the battery container,

see Figure III-7. Preliminary estimates of an air-to-air heat exchanger
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to fransfer the battery heat to the environment, indicated that the air
ducts and plenums would be rather large and bulky and, hence, the vehicle

| packaging would be difficult. Consequently, an air-to-liquid heat exchanger
appeared to be a better approach. Option 4 also has an advantage over
Option 3 because it removes the difficult problem in finding a suitable
cooling liquid and/or mechanism that would be able to provide the
necessary cooling for the NaS cells. However, Option 4 will require

more space than Option 3 but less than Option 2.

A combination closed air and liquid codled_baftery conceptual design

layout was prepared, as shown in Figure III-13. This package assembly

borrowed heavily in conceptual design ideas from the work conducted

(—— BLOWER MOTOR

el

[ LIQUID-TO-AIR
- EXCHANGER

( LIQUID COOLANT Gl —eesazau =

QUIDE VANES 25"

MOULDED OUTER
CONTAINER

- 42.25" —
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on the liquid cooled battery configurétion illustrated in ‘Figurt‘a IiI—lO.

The same 9-cell module ﬁéed- in -'t'ﬁehliquid‘ cooled battery package

-was used in the air cooled design. The céll interconnection strategy,'

the means for bringing the battery leads into the inner 'battery con-

tainer were virtually identical for both. .

As F"igure III-7 shows, the air flow path' within the inner battery container
can be tI“;Céd frbm the di’séh;réé of th;é intér_naliy positioﬁed blower ‘

ds follows:

é. The blower discharg.é' a1r exists into a plenum formed bn the
back surface of the bétt.ery container structure. Within the
"Chixflney" portion of the plenum a heat exchanger is installed
to remove the heat picked-up by the air flowing through the

~ banks of over-jh:eated cell submodules,

b. The cooied air existing from the back side heat exchanger is
directed to a bottom r;lénurh formed by the inner batfery
container and the bottom support plate formed from molded

| MYKROY material. The ceramoplastic baée plate has moided
air flow passages that line up with the vertical flow channels
formed by thé‘clusfered cells forming a submodule. Spacers
and baffle plates ot: ceramoplastic are inserted betwéen cell
submodule rows to reduce chances of air flow starvation

around the outer ”perirﬁet‘er of each cell module. |

c. The'air entér'ing. the cbntoured inlet passages in the bottom ,
battex;y support .plate; flows upward through the open spacing
formed by cluste_ring'cylindrical cells in a trianéular ceﬁtered
array, see Figure III-8 submodule plane view. Air also flows in

channel‘s surrounding the _outer'periphéx;y.ofA the submodules.
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These flow channels are sized to insure even ﬂbw distribution

arbﬁnd all cells and they are formed by installing ceramo-
plastic baffle plates especially shaped to the plan view con-

tours of the cell submodules. .

V d ‘The .heatéd ai.r exiting from the top of the battery package is |
| collected in the top plenum, Shbwn in Figure III- 13, énd enters
the blower ‘which is mounted on top of the plenum .,‘ The blowef
is located within-the double walled container and driven by an -
electric motor mounted on top of the battery package. The
motor-blower shaft must _be. sealed at the poiﬁt of its pene-
tration of the double walled coﬂtaiﬁer and the sealed shaft
assembly must be designed to reduce heat conduction through
the shaft and into the motor aésembly. . '
As Figure III-7 shows, the conceptual battery design using the Option 4
approach was -largef in size than the bption 3 approach, However,
the inc;‘eased size may be justified as a means to overcome the

problems associated with liquid cooling a NaS battery.

In Section IV to follow, the _Vehiclé Packaging Work Task will be.
discuésed, commencing with the earlier battery and component Vin— -
stallation investigations and concluding with the final vehicle pack-
aging layout based on the battery shape, size, and weight data
covered in this: Section. It should be noted that‘the final layouts of
the Fiesta EV shown in SectionIV,.Figures IV-7 and IV-8, contain the
Option:3 conceptuai battery design because’it app_e.ared to'_be more
suitable from a packaging viewpoint. However, maﬁy issues still
remain open concerning the feasibility of a liquid cooled battery.
From a functional viewpoint, a more in-depth study shqﬁld be under-

5
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.

taken to resolve the issue of whether the Nas cells should be cooled by

e1ther a1r or 11qu1d

VEHICLE PACKAGING
The vehicle packaging work tasks were initiated with the final selection of
the Fies‘ta as the "image car' for the NasS electrio vehicle study program,

The major sub-tasks of the vehicle packaging activity are listed below:

1. . Define maximum available storage volumes for the NaS battery
subsystem and the supporting EV powertrain components for
a. Front wheel drive configuration, and
b. Rear wheel drive configuration.

2, Investigate Vehicle Handling and Safety Issues

3. Prepare vehicle package layout.

Each of the above sub- tasks will be dlscussed in th1s Sectlon of the report.

A. VEHICLE SYSTEMS STORAGE " CAPABILITY

1. Front Wheel Drive Configuration

Beginning with the engine compartment and body layout drawings
of the North American "Fiesta'", preliminary layouts of available
space for packaging the NaS EV comnonents (battery, traction
motor, controllers, electrical interference filters, etc.) were
identified, ‘From these studies it was determined that the volume
available in-the engine.compartment,' created by the removal of the
1.6 Litre IC engine and its radiator and support components, was
adequate for the installation of the traction drive motor, controller

and all other electrical/electronic support components.

' Packaging studies of various high speed motor configurations revealed

that even with added gear reducers and clutch assemblies for
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optimum front wheel drive motor-transverse mounted transmission

installations, there was ample room for these types of powertrain pack-
ages in the Fiesta front ehd engine compai‘tmept; The same‘engine
. compartment packaging studies also showed that, for front wheel»
vehicle drive, there was insu_fficient space to install practical |
volumes of NaS batteries, regardless of their individual cell con-
figuration and, hence, the battery pack (cells, (interconnections, in- .
sulation, container, tie dowq brac.kets, etec.) would.have to be in-
stalled in the rear of‘t-he vehi:cie. |

Ué_in-g Fiesta production drawings, design modifications t0'the rear
afea of the vehicle were made in order to create space for use as
battéry storage volumes and still aéhieve the 10 cubic feet of cargo

- space specified by the _Vehiclé Assumptions List previously noted in

Section II. Design changes to the basic Fiesta included:
1. Removal of the rear passenger seats and all floor
" and side wall interior trim. i | y
2. Removal of fuel tank and tank mounts., a
‘3_. * Removal of épare‘tire; (in the 1980-1990 time be’fibd of the
| 'Sp.are tife ié expected to be repiaced by oﬂ—the-foad "fail-

.safe" tires now under development). , .

These design changes to the production Fiesta resulted in develop-
ment of the following volumes which could be used to store the

Na$ battery modules: _
| 3

Rear Passenger Cofhpartmenf — 15.4 ft°
. Fuel Tank Sp‘ace ‘ — 1.3 ft3
| | Rear Passenger Seat Well _ - 1.8 ft3_
. Spare Tire"Well — 1.9 ft3
| - Total = 20.4 £
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Figure IV-1 is an artist sketch of the Na$ battery- p'bwe;’ed

electric Fiesta following the above cited modifications to thé

base vehicle. In Figure IV-1 iocatiqns are ‘shown of'thé key
.electric propulsion system components such as the traction

motor, controller and controller filters, etc., along with

the shape and the profile dimensions of the bulk volumes available °
for battery storage.

i

Eérly in the packé.girlg study, éé.fety con:s.ideratio‘nsﬁw;re given ~
priority with the result that _thoée volumes which off;afed the lowést.
center bof ' gfavity when éécﬁpied by insulateéi battery modules -
were preferred s‘to'rage‘ areas.. 'As shown in ,Figure:I'V’-l, Volume "
C proVides“'a' low profile volume having approximater ﬂolif space
dimensions of 66 cm (26 inches) X 122 cm (48 inéhes); | A single
layer of cells of height,equal to 30.5 cm (12 inches) would bring
the batfery package (cells, insulation, container, etc.)- h_eight
“to apprdximately hip level for the driver and the'passéngéf. This

was considered pré.cticai from a batfery tie-down point of view in

CONTACTORS

COMPUTER

DASH MOUNTED

QUICK DISCONNECT
CONTACTOR

FOOT MOUNTED

—12V. D.C.
BATTERY

4 SPEED

TRANSVERSE
TRANSMISSION

FIELD CONTROL

BLOWER

Figure IV-1 Available .Battery Storage Volumes for Front Drive Configuration
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" the case where head-on impact protectibn must be accomodated

in the design of an integrated battery vehicle mounting system.

A sméll i'ncre‘a}se in battery module height gi'eater ;han the height
of Volume C, e.g., battery heights of 37-40 cm (14-1_6 inches)

‘A can be accommoda'té.d_"with_ a corresponding intrusion of the
battery ;;ack into Volume B; (see Figure ‘I\-f—l‘). Increasing
battery heights require a corresponding increase in the weight of
battery tie-down structure reqii'ifed to restrict battery forward

travel during head-‘on.ix'npacts.‘

Volume A of Figure IV-1 is less desirable than the Volume C (or -
"a combination of Volume C and B) from the view poinfs of
passenger safety and vehicle 'wéight distribution; the standard
Fiesta has a weight diétfibution of approximately 63% front loading
and 37% rear loading, While it does not appear to be feasible to
e);actly match this standard distribution in the NaS EV, the further
forward of the rear wheels the battery pack can be located, the
closer will be the EV wheel loadings to the standard Fiesta loading.
For this reason, Volume C would be the preferred battery pack
storage volume obtion. Weight distribution reéults will be
pfesented in discussions to follow. .

As the batter;/ packaging studies progressed it soon became
‘obvious t{hat Volu_m_,e} A, 6f Figure IV-l, .was unacceptable, not -
1o’nly fron vehicle load diétribgtion considerations but from ' |
volume limitations as well, Copsequently,» batter& and vehicle
péckaéing studies for the Fiesta EV frbnf wheel drive configufation,
conc'entrateci on the dimensions would not exceed the volume ‘
dirriensional'vlimit‘s of 48 inches (1) by 26 inches (w) by 24 inches
(h). | :
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~ As previously disédsSed. in"Séction Iﬁ, .'t'he. ﬁzost conipaéf battefy
package layout, based on non-optimizéd Na$§ cell geometfies
(see Figure III-6, Secj:iori IIl), had a package _Qidth of a least 28
i;aches established as a 2 inches longer than the 26 inches es-
tablished as a width limit»té avoid interference with the travel path
of the rear axle during :wheel jqunqe. As soon as sufficient pack-
age details were avgilable for the 1iqu_jd cooled battery package

based upon the cell optimization studies discussed in Section III

S i

and illustrated in Figure I-1, preliminary vehicle packaging

sketches were developed. B

Figure: N;z show§ an arti:st'gbske\tcht in the ffont wheel drive
Eies__ta EV wit13 thé liquid coc;led,—;'ési_sta;ce he_ated, 9-cell sub-
médule battery pe;clgagg inétal_led directly‘beh.ind the front

-‘ passengerzseéts. Aléc; iQentified.are t;h_e major electriéal elements

of the EV powértrain.A

CONTACTORS -

'[iéo‘wlp'uren ‘
... .,DASH MOUNTED
QUICK DISCONNECT

~CONTACTOR |
FOOT MOUNTED'

QUICK DISCONNECT

-12V. D.C.

4 SPEED
TRANSVERSE
TRANSMISSION

\F v ) ‘ . FIELD CONTROL
i N - PR - .

'NaS BATTERY T | |
Figure IV-2 Sodium-Sulfur Battery Powered Fiesta Electric Vehicle
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2,

Rear Wheel Drive Configuration

Because of the significant shift in weight distribution between the
front and rear wheels daused by the rear mounted battery pack-
age, in comparison to an ICE powered Fiesta package, it was
decided that a front mounted battery — rear wheel drive vehicle
package should be investigated. The need to use a rear drive
configuration for the powertrain became cléarly evident from

study of the Fiesta production drawings.

~ . The volume available for battery. storage under the hood was

inadequate to permit the vehicle to meets its performance and
range goals if the transmission was not removed along with the
ICE engine'.‘ Since niajof changés' to the steeringAgear and front
end suspension were neither desirable or acceptable choices, the '
only practiéal approach appear to Iqe one of relocating the trans-
a:;leAtransmiss‘iqn to the rear and concomitantly mo'difying the
rear axle and rear suspension systems. Figure N;3, shows the

proposed approach to r'edesigning the Fiesta rear end to

accommodate an electric motor drive — transverse transmission

assembly, along with key electrical supporting subsystems com-
prising the EV power train systénd as can be seen, this rear drive
configufati‘on represents a major re-work to the Fiesta rear end

section.

With the engine compartment now free of all ICE related powertrain

components, studies wei_'é méde of available battery package volume-

- and various battery package concepts that might permit the vehicle

to meet the performance and range goals defined in Section II.

'Figure. IV-4 is an artist sketch of the rear ‘drive Fiesta EV showing

the transverse motor-transmission installation previously described
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Figure IV-3 Proposed Fiesta Rear End Modification for Vehicle Rear Drive
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by Figure IV-3. Also shown in Figure IV-4, is the maximum volume

available for battery storage without having to make a major alteration
to the hood line, an alternative considered unacceptablé for the

Fiesta. Within the approximately 8.0 ft.3 volume, various cell
arrangements were tried and their performance potential was evalu-
ated using Ford's computer program for projecting EV performance
and economy. For the NaS cells defined by the Ford cell sizing

program described in Section III and illustrated in Figure III-8, the

range for the front battery mounted vehicle was appreciably léss

than 100 miles over the CV S cycle.

Figure IV -5 is a tabulation of analytical comparisons between front
drive and rear drive vehicle configurations. Since this Figure show ed
an appreciable range difference betw een the front drive vehicle and

the rear drive vehicle, and since discussions with Company Safety

CONTROLLER

COMPUTER -
FILTER —

MOTOR
FILTER

AVAILABLE
BATTERY
VOLUME

4 SPEED
TRANSVERSE
TRANSMISSION

REAR DRIVE CONFIGURATION

Figure IV-4 Sodium-Sulfur Battery Powered Fiesta Electric Vehicle — Rear
Drive Configuration :
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- Offices indicated that a front battery installation was considered to be
‘less desirable from safety considerations than a rear battery installa-

- tion, the front battery installation was dropped from further considera-

tion.

' ‘ FRONT DRIVE — | REAR DRIVE —
KEY PARAMETERS REAR BATTERY | FRONT. BATTERY
INST. INST. (1)
e EV CVS -RANGE 116 MILES 91 MILES
° TEST WEIGHTS B 2470 LBS 2334 LBS
® BATTERY SPECS
— CVS POWER (KW) 34.5 32.79
- CVS ENERGY (KWH) 29.4 22.68
— CELL ORIENTATION VERTICAL VERTICAL
— ELECTROLYTE L/D 20:1 24:1
e TIME FOR 0-50 MPH 10.46 12.22
e POWER TRAIN AWEIGHT 866 LBS 740 LBS
— BATTERY (CELL + COND.) 492 LBS 398 LBS*
— MOTOR + CONT. 206 LBS 206 LBS
— STRUCTURE & COMPONENTS 168 LBS 136 LBS

(1) UNMODIFIED HOOD & BODY STRUCTURE
*BASED ON MAX. ALLOWABLE VOLUME

Figure IV-5 Comparison of P & E For Front Drive vs. Rear Drive Vehicle
' Installations ' ‘

B. Vehi.cle Handling and Safety Issues
Ag integrél part of the vehicle packagiﬁg program is vehicle weight analysis,
ihcluding vehicle weight distribution. As the battery packaging program
progressed to the point where battery cell weights, electrical bus bar/
power lead weight, insulation and container weights and tie down structure
weights could be reasonably estimated, vehicle weight distribution studies
were initiated. Figure IV-6 was developed as an example of the effect of
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battery weight on the percentages of distributed weight on the front and
rear suspensions. This figure assumes the battery package weight of 800
lbs estimated for the battery installation illustrated in Figure III-6, The
center-of-gravity of this package was calculated to be approximately nine- -
teen (19) inches ahead of the rear axle. For these installation assumptions
the EV Fiesta weight distribution percentages computes to 47% for the front
wheels and 53% for the rear wheels, compared to an even 50-50 split

for a four (4) passenger production Fiesta loaded with 100 lbs. of cargo.

The advantages of the battery package illustrated in Figures I-1 (Section I),
I1I-8 and III-9 (Section IIl), are that its lighter weight (less than 700 lbs)

and its smaller width (20 inches vs 28 inches for the Figure III-6 battery
package) shift the weight distribution close to the production value of 50-50%
for.the front and rear wheels. This means that from a hanc_iling viewpoint,.
the NaS Fiesta EV (front drive configuration) with the battery configuration
shown in Figure III-8 should not have drivi_ng characteristics appreciably

different than that experienced by a fully loaded production ICE powered

1978 FIESTA"

WEIGHT

NaS EV FIESTA ' ) DISTRIBUTION

WEIGHT A D FRONT | REAR

DISTRIBUTION 1238]  1er8 [0 T o
FRONT REAR FIESTA | °

NaS EV

Festa | 47%| 53%

1. 1978 FIESTA WEIGHT INCLUDES 4 PASSENGERS AT 150 LBS PASSENGER, 2., Na$S EV FIESTA WEIGHT INCLUDES 2 PASSENGERS AT 175 LBS/PASSENGER,
100 LBS CARGO. AND 1764 LBS CURB WEIGHT 100 LBS CARGO, AND 2314 LBS CURB WEIGHT

Flgure IV-6 Fiesta Weight Distribution for 800 1b. Rear Mounted Battery Package
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Fiesta. This is not to say that the front and rear suspensiqn's and/or

the wheel brakes of the Fiesta EV will not havevtAo bg modified to handle
the increases in EV curb wéight over thé proauction Fiesta, These are
_ open issues than can only be resolved in future follow-on vehicle studies

and experiments.

As the battersl packaging and the vehicle packaging programs progressed,
numerous‘de_:sign feview meetings were held With Ford Saiety_ repre-
sentatives (see Section VI for detailed discussion). Since it was

~ concluded that the rear wheel drive — front moﬁntéd_battery vehicle con-
figuration was less advantages than a front wheel drive — rear mo(mted
NaS battery, no weight summaries and weight distribution analysis were
expended on the rear wheel drive Fiesta configuration illustrated iﬁ

o

Figure IV-4.

Fiesta Ev Package Layout :

By the end of third quarter of the NaS Fiesta EV.study, t-l'le final analytical
conclusion and/or system design selections were essentially established
4within all of the study work tasks. Consequently, a full scale layout of the
Fiesta EV was started. The final master layout is presented in Figure IV-7
which shows the left profile view of the Fiesta EV, and Figure IV-8, which

- is a: composite figure of the front end view and the rear end view of the 2-
passenger Fiesta EV. For clarity, the key cohmponents and sub-systems

in Figures IV-7 and IV-8 have been heavy-lined. Keyl design highlights

and packaging assumptions are listed below:

1. The battery package and its support structure are designed to
permit bottom vehicle loading of the battery. The bottom battery
support is assembled to the battery and the completed sub-

assembly is hoisted from underneath the vehicle into position
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.:and secured tb‘the body side rails that are welded into the

vehicle structure as special body reinforcements.

Thé "Cortina" electrié ‘driv‘e motor is mounted with a clutch plate
adapter directly to the production Fiesta manual transmission.
The EV traction motér is cooled by a separate electric motor
driven blower, which only functions on demand from the traction

motor temperature sensing and control circuitry,

"~ All components which make up the motor controller, with the

exception of six contactors mounted on the battery support
structure, are located under the hood iﬁ the '"engine compartment."
To insure proper cooling, thcse components are mounted
separately on either the fire wall or other vehicle body structure
which sérve dual functions by acting as supporting structure and

heat sinks.

The battery support structure Qas constructed much like a
protective cage to (a) provide a secure positioning of the battery
container system during all degrees of vehicle roll, sway, pitch,
jounce and rebound, and (b) tie the battery securely in position
during vehicle front or rear impacts by transferring the battery
inertia loads through existing and/or add-on vehicle frame
members, which are integrated with the battery cage nﬁmbers.

members,

The on-board computer which provides start-up logic, regenerative
braking logic and fail-safe interlocks for normal powertrain
operation as well as battery recharging and vehicle maintenance,

is located in the glove compartment,
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7.

To provide 12 volt electrical power for all manual auxiliaries such
as lights, horn, radio, instrumentation, heater blowers, etc.

a Ni~Zn on board battery has been assumed and proviSion for its
moﬁnting has been made on the left side of the vehicle, inside the
""engine'" compartment and on the left hand fender apron, The
maximum listed electrical load for va production Fiesta is approx-
imately 437 watts (including a back window héater but ﬁﬁo A/C).

If it is assumed that the battery electrical support loads for
contactor solcnoids, a vehicle logic unit, emergency switch
solenoid and instrumentation add another 168 watts, br a total of
approximately 600 watts then a high performance Ni-Zn battery
pack having the following app;oximate characteristics should be

able to provide 300 watts (1560 watt-hrs.) of ""keep-alive'' capacity

- for 100 miles of CVS Cycle driving:

a. Battery Capacity vs

discharge rate @ 40 amps 230 amp-hrs

b. Battery Power

density (@ 80% DOD) : 70 watts/1b

c¢. Battery Energy

density (@ 80% DOD) 32 watt-hr/Ib

The floor pan behind the front seats is brought up and over the
battery support structure to provide a wall seal between the
passenger and the cargb cémpartment.‘ The purpose of this

design approach is to prbilide a safety shield between the front

passengers and the battery system,
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. The vehicle package layouts illustrated in Figures IV-7 and IV-8 are
soft line drawings which illustrate the general mannér in which a
production Fiesta could be re-worked into a 2-passenger electric
vehicle using a new NaS battery package design concept and fairly
conventional electrical components for the electric power system,
There is much detail work yet that needs to be ldone before a test bed
vehicle can be ‘Abuilt for demonstration tests of the potential of the NaS

battery to serve as the power source for an electric vehicle.

In Section V to follow, the electrical system study sub-tasks will be

reviewed,
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V  ELECTRICAL SYSTEMS

~ The drivetrain of an electric vehicle (EV) consists of three major s'ystems;
an electric motor, a means of controlling the. torque and/or speed of the
motor (which will eubsequently be referred to as the "'contxjoller"'in this
report), and a mechanical gearing and torque—'epli'tting system. The latter
system can genefélly be borrowed without sighificant modifications, but the
motor and controller systems are‘unique to EV's and are by no means mature -
systems for this application, The puxjp'oseof the studies described in this
section is to evaluate motor and controller systems suitable for use in the
NaS Fiesta EV.described in-other sections of this report and to develop a
preliminary design ana packaging scheme for the electric portions of the
drive train. While these studies have been aimed at a particular veh1cle
configuration and a part1cu1ar battery system, much of the analysis is

apphcable ‘to other veh1c1e configurations powered by other types of batteries,

Since this sthdy has been performed by Ford Motor Compahy, the tenor

of the study na_turally reflects many of the goals and concerns of Ford.
The influence- of Ford on vehicle manufacture is most noticeable in three
areas: economic censider_atiens,‘ simplicity of design, and vehicle -
acceleration performance. The latter consideration has already been

alluded to in the discussion of battery sizing. The same considerations, of

course, apply to the sizing of the motor, controller, and transmission, and
the Federal Urban Drive Cycle (CVS Cycle) has been the basis for sizing -
the drivetrain components. The use of the CVS Cycle primarily affects the

peak power rating of the drivetrain eomponentswith exception of the motor
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and some of the power components in controllers. This parameter has the
most 1nf1uence upon component size and cost It also brings about some
mod1f1cat10n in the way some components are specified or ""rated,'" and the
"average power ratmg" used almost umversally for specifying electric
motors is relatively insignificant"for EV application,  Likewise, 'the concept
of initial component c-osts is a most important criterion in selecting com-
ponents for use in commerc1a.l automobiles, and th1s criterion must also be
gignificant in developmg EV drwetrams, if it is assumed that the purpose
of the development is an economically viable vehicle. ‘The third automotive
emphasis noted above, simplicity of design, is related not only to the

‘ economic need for low cost designs, but also to the need for components
that are reliable and easily-maintained in the environment experienced
by passenger cars and vans. This environment is one of the most de-
manding in which traction rnotors and electronic control components have
ever been applied. ,_In__ter'ms of ~.maintenance schedules, skill and training
of the vehicle Operator,' size and' weight limitations, packaging problems
and safety Aconside'rations, the private automobile environment is far
difference from that of ele'ctric‘tr.ains, street cars, or the English electric
delivery vans, which are the only other applications in which these com-
ponents have been used. The well'-established technology in this fielhd' has ;

been investigated and has been found to have little applications for EVls. |

Therefore, the purpose of this study is to choose drivetrain components
that have a. ch‘ance for becoming economically viable in the private- -
passenger.car environment for an electric vehicle of the Ford Fiesta size
with a Sodium-Sulfur battery for the energy source. More specifically,

the obJective of the motor/ controller study are as follows

1. Preparea comparative.evaluat_ion of candidate motor/controller

systems suitable for use with a NaS battery and constructed of




- ""State-of-Art" components, - .

2, “Compare candidate systems in terms of techmcal performance,

R 1n1t1a1 cost, system welght energy efflciency, and relative reliabﬂity.

3. Describe technical and economic problems of candidate systems when

.used in a marketable.vehicler B
4.iA Choose the op.timum :type'of'm‘o‘taor/‘ contrfoller'system..
5, DPrepare a detailed design for the chosen system, -
6. Obtain a motor suitable for ﬁ'sé ln a' NasS demonstration/ test vehicle,
7. Prepare weight and volume estimates of the chosen system for use in

. the NaS Fiesta vehicle packaging studies.

VEHICLE, BATTERY, AND TRANSMISSION CONSIDERATIONS

In any type of vehlcle, the veh1cle we1ght and size and the type of drive
mission have profound mfluence on the s1ze, we1ght cost and technical
performance requ1rements of the dr1vetra1n. These veh1cle related
parameters which 1nﬂuence motor controller design are (a), the peak
power ratmg of 45 HP (33. 6 kw) for one mmute, (b), 65 MPH top vehicle
speed; (c) vehicle test weight limitation of approx1mately 2500 lbs.; (d)
fuel economy based upon the Federal Urban Drive Cycle; (e) an axle

ratio N/V of 56,8 RPM/MPH; and (f) the motor/controller system and all

auxilliary components must be packageable under the hood of a Fiesta.

The Sodinm Sulfur battery is a high temperature, liquid electrode battery
quite different in almost every respect from batteries that have been used
in existing EV's, However, there are relatively few restrictions imposed

upon the motor/controller design due to these major differences in this
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particular battery. .The most significant restriction concerns the number
and the size of electrical conductors required bet ween the battery container
and the motor/controller system.. These conductors form a major thermal
path for conducting heat out of the battery. From the standpoint of the
thermal design and control of the battery, the heat transfer through this

path should be minimized.

1. Regenerative Braking '

A major consideration in the early de31gn of an EV whlch affects the
des1gn of almost every component in the dr1vetra1n as well as in the
braking system is whether or not to uise regenerallve braking of the
vehicle. Estimates of the relatlve value of regenerative braking
upon inereasing vehicle driving range haye varied widely in tne
past, and'disagreements among EV investigators continued during
the year of th1s study as w1tnessed by several papers presented at the
Fifth International EV Symposmm in Philadelphia. a ) (2) In
Reference 1, regeneration was estimated to increase range on the
CVS cycle by about 5 — 8% based upon analytical modeling |
calculations. Reference 2, however, described bench tests of a
lead-acid battery and eonyentienal drivetrain in which 34% increase

in battery energy capacity was measured.

The approach in this study was to follow the conclusions of previous
Ford studies (_3), (4) in whicn range improvements. of from 11 — 1{3.‘5%
were calculated for 'CV.S' driying usmg high quality drivetrain com-
ponents. Thesestudies al'so‘ showed evenhigher range improvements
'resulting from regenerative braking' in driving missions with more
” stop-start operatlons than the CVS driving cycle, such as driving
prof11es charactenstlcs of tax1s and dehvery vans, The use of

regenerative brakmg reduces battery weight somewhat when a
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specific range.‘ is.s‘pecifi'ed. Furthermore, the present th’inking in
the automotive -industry_ is that a b% improvement in fuel economy
‘:(which is roughly ec';uivalent to a 5% incr_ease in range 'for a given
-amount of energy- supplied to the'batte,ry) is definitely worthwhile,
‘unless it impairs the technical performance of the vehicle in someé
way or comes at a prohibitive price, The influence of regenerative
. braking upon vehicle driveability are relatively unknown or at least
unquantified, since very few electric or hybrid vehicles have in-
ciud.ed this featnre and there-is[ulmost no published data based upon
test or driving experience from which potential problems due to
regeneratlve braking might be accurately predicted. Concernmg
the cost penalty of regenerative braking, there is a definite cost
penalty in certam types of motor/ controller conﬁgurations,
particularly the DC commutator motor with armature choppe'r
control one of the more popular types of EV drivetrams. These
cost penalties are cons1dered in the comparison of motor/ controller
systems described later in thls section. The problems of drive-
ability related to regenerative braking must await further driving
experience w1th vehicles so equipped. Noting these potential
problems, the use of regeneratlve braking was assumed in all of the

ana.lysm.described in this report.

2. Mechanical ’fransmissionf
‘The ne‘ed:for.a' 'mechanical'~transmission has been de-
bated among EV"‘developers for many years. The necessity
for a transmlssion in an internal combustion engme (ICE) veh1cle -
' to permlt engine torque at zero vehicle speed ~— does not exist in an
EV since most electric motors have excellent starting characteristicsv.

A'Therefore,' following the commercialization of high power SCR's, it
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was felt that infinitely-variable control of an EV. should be achieved

- entirely through electronic means. - This is a very desirable goal and

has been considered one of the lpotentlal advantages of an EV over

" conventional ICE's, Conventional thinking tends to favor the concept
" of an automatlc transmission and to consider manua.l transmissmns

’ asfirelativ'ely unsaleable to the American public. The continuously-

variable-transmission (CVT) under consideration for the conven-

tional automobile has many associated technical prohlems,‘ and,

therefore, the smooth infintely-variable control of an SCR or power -

' transmtor controller is most attractwe. The automatlc transmission

with hydrauhc torque converter used in most conventional passenger
cars today has become recogmzed as a relatlvely meff1o1ent component

and this recognition also favored attempts to achleve even smoother

drive control in an EV w1th h1gh1y efficient electronic control schemes.

EV with highly efficient electronic control schemes,

However, in recent years, a number of EV performance and cost tradeoff

studies have produced results and conclusions favoring the use of a

manual transmission where its use really isn't necessary. The o:nlyireal

disadvantage of the manual transmission, in fact, appears to he driver

inconveniénce, i.e., the nuisance of haying to shift gears manually. The

advantages of the use of a manual transmission in an EV include:

1.

gt et

Reduced size of the required motor and controller for a given

vehicle performance spec1flcat10n, or, stated inversely, 1mproved
vehlcle performance from a motor and controller of given size,

Th1s latter 1mprovement has been descrlbed numerlcally in Reference
4 and is noted quant1tat1vely in the vehlcle tests described in Reference

5.
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"2, A transmission permits the operation of the motor/ controllver'system
‘at or near optimum efficiency at most-vehicle speeds. In the computer-

controlled cars of future years, this feature will be essential.

3, In certain type of .control',schernes-._ a transmission permits regener-
.. Aative braking over a much wider range of vehicle speeds. than would

. be possible without a transmission. . .
4. " Marnual transmissions have & relatively high efficiency at most speed
" "and torque conditions. Computer modeling based upon test data of

* manual transmission at Ford ‘indicates an ’energy e'fficiency':dur'ing

* CVS driving of 'about' 949, )

5. ' Manual transmissmns are mature, reliable components w1th a long
history of application in the conventional automobile mdustry.« They
are presently in mass production at costs far below t.hose expected

for power semiconductor controllers;

~ ‘The effects of the use of a transmission on motor/ controller size and

cost are further illustrated by Figures V- 1 and V 2 and Table V- 1. These
'. data are based upon the Fiesta 'vehi cle and the "Cortina" motor which

will be discussed in later sections of this study.” The purpose here is

" to illustrate the effect of a multi ratio transmisson on motor size.

Figure V-1 illustrates the ‘speéd-torque charaoteristics of this particular
motor. o | |

i
s

The peak (one-mmute) torque—speed charactenstics of this motor, which

is typical of most EV drivetrains, is hmited by different factors over

'the speed range. e. g. at low speeds, the current ratmg of the battery,

control dev1ces, and motor w1nd1ngs is the 11m1t1ng factor; at 1ntermediate'

speeds, battery power is the limiter; whereas, at very high speeds, the

motor design rating itself is the limiting pararneter. When this rnotor
5




torque-speed charecteristic is related to the vehicle tractive effort

vs. MPH characteristic, Figure V-2 r_es'ults; "The N/V and~ other drive-
train parameters used to obtain Figure V-2 are show; RPBBRK is the
motor speed at which the torque-speed curve changes from current limit
to battery limit in Fig‘rure:'V¥1'. Thé manual transmission choice for this
study is a four-speed with the ratios'3.58/2.06/1. 29/ 1. The effects of
using a fixed transmission ratic ‘at any one of these values is shown in
Figure V-2, For example, if the ratio were fixed at 3.58, the low-speed
tractive effort would be obtainable, but the high speed tractive effort
would decrease to zero at less than 50 MPH. Therefore, a much large
motor/controller would be requlred to meed the h1gh speed CVS re-
qu1rements (shown by x's in Figure V-2) and the 65 MPH steady-state

operation. Conversely, if the ratio were fixed at 1.29, the low-speed
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_pgpability would be drastically re"ducéd. ‘The effect o'fv a fixed ratio on
motor weight is shown in‘.Tablg V-1}. | The effect upon a drivetrain cost
, wpuld be much rhore, severe due to the high current rating of the power -
. semi;condﬁctors iﬁ the all e_lgctponic system. N_éte also that the weight
. (and cost) penalty. increases as motor, épged’.decreaﬁses',. This data ..

will be referred to later on in the comparative analysis of .motor/controller

. Systems, .

Continuously variable transmissions (CVT's) have been proposed for EV

-application (6); and the possibility exists thatevéntually CVT's could

1000
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supply the infinitely smooth control in both ICE's and EV'sata lower
initial cost and higher energy ef_fidie_nqy than possible with power semi-
conductor control in EV's. .Ford Research has had considerable back-
ground and experience in the design ar.:ldAd:evelopment' of both traction
and hydromechanical fCVT’s,, including a DOE-funded Pprogram for a -
specific traction drive development. (") There hasg also been close
liaisQn with;the CcvT develogment.fo:z',the University of Wisconsin's .
engine/flywheel hybrid work. ®

The -conclusions from the Ford Research Staff experience is that : . - -
CVT's are not viable contenders for use in vehiéular drivetrains

in the near future — which is the time period of the present study.

The efficiencies quoted in Reference 6 would augment this con- -
clusion, Therefore, the 'uéé- of CVT's in the NaS Fiesta drivetrain - .

has not been considered.

TABLE V-1 — EFFECT OF TRANSMISSION ON TRACTION MOTOR . N

MOTOR TORQUE

‘ ' MAX MAX MOTOR . b - ft
CONTROL - TRANSMISSION " RPM  MPH Wt (Ibs) MAX"_L"@—GSE MPH

A. Contactor/Field/ Man - 3.58/2.06/ 10000 176 100 ~ ~ 66.1 47,5
Transmission . 1.29/1 PR . .

B. All Electronic Fixed - 2.71- 10000 65 122 87.3 23,16
Contactor/Field/ Man - 3.58/2.06/ 6000 106 - 125 66.1 62.5
Transmission _ SLe2g/1. o L . . .

D. All Electronic Fixed - 1,625 . 6000 65 " 174 145.6 38.5

Ty

Assumptions:

1. H. P, = 44 (max)
2. H. P. = - 25 (cont.)
3. MaxT. E. = 9601lbs ’
4, N/V = 56,8
_ 0.7
5. MotorWt - = KxT »
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B.

TYPES OF EV DRIVETRAINS - - * SN

'In the following desériptions ‘and cbmpariSons of EV drivetrains, it

is assumed that t'he‘reader is familiat with the fundamentals of the
mest common types of. rnotors and dontroilers. ’ Therefore; mest of
the basic prlnciples of the di[ferent types of systems will be omitted
although references will be given to guide the reader if more detailed |

descriptions or theory is desired. One’of the best references for’

_ detailed descriptions of motors and controllers for EV's is still

considered to be Reference 9, prepared by Ford Research. Since the
recent EV Act of 1976 and the subsequent DOE-funded programs;’
several DOE publications have suminarized most of the common types
of drivetrains used in EV's; References 5 and 6 are good examples

of such publications. = -

The guidelines for evaluating drivetrains for the NaS Fiesta have
been enumerated in previous paragraphs. These guidelines include the

capability of meeting CVS drive cycle accelerations, the minimizing

of initial drivetrain cost, the suitability for-use with regenerative

‘braking, and the use of a manual transmission, -as well as the usual

criteria of adequate technical performance, good energy efficiency,
reasonable size and weight packageabihty, and controllab1hty for
good vehicle dr1veab11ity Suitability for "near term'" (early 1980's)

was also considered to be an important cr1ter1on.

Many types of metor/ coxitroller systems ‘are suitable for EV appiication

" from purely technical considerations. Of the many systems studied

with varying degrees of intensity; five sys tems were eonsidered t_ol meet
the guidelines liste'd‘a'bove and _‘were' evainafed further on the basis of
initia.l_cost. of these-five sj}stems, th Were evalnated in considerable
detail and will be described below. .
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1.

DC Commutator Motor Systems

This is by far the most common system used in all types of electric

vehicular drivetrains today, from golf cars to electric trains.

Most existing electric cars are powered by this class system. -

Four motor controller configurations have received the most .

attention for EV applications:

a,

Separately excited motor; armature chopper; field chopper;

fixed ratio transmission
Series motor; chopper control; fixed ratio transmission

Series motor; chopper control; multi-ratio transmission

" Separately excited motor; one stage of battery switching

using mechanical contactors; field chopper; multi-ratio

transmission,

The second and third configurations have been the most widely

used in EV's, and a considerable amount of '"off-the-shelf"

hardware exists from the golf cart, lift truck, and British milk

truck industries that can be édapt'éd' for EV application. Con-
figurations a and b have both been used in EV's (10)',' giving

rise to the infinitely variable vehicle control discussed in the -

previous section. Thé-fourth‘ ‘configuration generally canhot be

applied in an EV without a multi-ratio transmission. It has been
proposed for EV applicé.tion relatively regently*as'a_means of
eliminat;ng the high costs' of p§wer,semiéonduct9rs fe@uired in
tﬁe‘firSt two configurations. '(10), (12) A qualijtative comparison

of the four common DC commutator motor configurations listed

above is given in Table V-2,
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TABLE V-2 — COMPARISON OF DC COMMUTATOR MOTOR
CONFIGURATIONS -

Systems a and b: Series or,separately-eicit_ed motor,
power semiconductor choppers, fixed-

ratio transmission

Advantages: " Infinitely smooth vehicle speed ‘Vc‘ori_trolﬁ;‘ '
',relatively high enefgyieffigi.ency; all-
electronic control; mdre flexibility in
packaging (without fransmission); requires
only two battery poWéf leads; full control

over entire motor torque/speed map.

Disadvantages: Requires motor with higher torque capability
than system using multi-ratio transmissions;
likewise, current rating of controller is
higher; high initial cost due to cost of power
semiconductors; requires large battery filter if
:h'igh efficiency advantage is to be achieved;
generally heavier thém other systems; more
suscebtibie to EMi; likewise, puts out more

audible and electro-magnetic noise.

System c: Series motor, power semiconductor chopper,

. multi-ratio transmission, contactors for field

Advant'ages; - ) q-oqd llé;ersal éﬁergy.efficiéncy with a manual
A' ffa.;xsihission; full control over eqtire motor
tordu‘e/‘ Sbeed map; less é.ostly tha;n Sy.stems a
and b, hghter bthan-Systéms a and 'b, requires
only two béftery power leads; vehiéle reversed

81
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TABLE V-2 COMPARISON OF DC COMMUTATOR MOTOR CONFIGURATIONS

Disadvantages:

System d:

. Advantages:

Disadvantages:

by means of transmission; some commercial

eqﬁipmérit' and components available for this

" type of control.:

Cost peni’a.ltyA of.power semiconductors; some

time delay during transistion between motoring

and regenerative operation; considerable

baftery flltering required; 'susccpti'b],e to EMI;
generates some audible and electro-magnetic

noise; high motor speed with motor in neutral.

Separatély-excited inotor; two-stage battery
switching to armature; chopper field control;
multi-ratio transmission

Has potential to be lowest cost, lowest weight

system in DC commutator motor class; simple

electrical circuit; requires no battery filtering;

least audible and electro-magnetic noise;
' smooth transition between motoring and regen-

" erating.

Somewhat lower energy efficiency than other

‘ systems according to present calculations; low

speed 6peration of the motor is not possible,

and an idle dr "base" speed is required; requires
battery switching in most applications; battery
switching increases the nﬁmber of power leads
’ouvt‘ of the battery; vehicle durability may be more

of a problem than in other systems.




A more quantitative comparison of three of these DC commutator .

MOTOR
DC - Shunt

DC - Shunt

DC - Shunt

DC - Shunt

DC - Serfes

PM

Disc

Assumptions

- 8. RPM BRK = 0,35 RPM Max .

motor configuratmns (Systems a, c, and d) is g1ven in Table V-3.
Two types of brushless machines are also shown in this comparison.
This comparison has been calculated for a Fiesta vehicle (2650 1b,
weight) with a 100 miie range on the ‘CVS Cycle. Other assumptions
used in prep_arihg Table V-3 _are "listed...

(e . .. - E
. . B Ty el

TABLE V-3 — COMPARXSON OF DC COMMUTATOR AND BRUSHLESS MACHINES -

3 b

CONTROIT.ER MOTOR ' TRANSMISSION DRIVETRAIN SYSTEM
: Lo wt S - H.P. . Wt wt wt Cost
Type =~ (Ibs) RPM (Cont.) (lbs) Type Ratio (lbs)  (lbs) $) Eff.
Contactor/ . 40 10000 25 100 Man 3.58/2,06 60 200 520 .66
Fleld : ‘ . T 1.29/1.0 ‘
. Contacto;;/ . 40 . . 6000 25 125 Man . 3. 58/2, 08 60 225 570 .66
Field: - h ;T . )
Armature/ 70 10000 25 122  Fixed 2,71 37 240 1078 .72
Chopper el o . .
Armature/ 70 .6000 25 174  Fixed 1,625 37 290 1209 .72
Chopper . - . =~ et T ’
Chopper 50 10000 25 100 Man 3. 58/‘2.-»06 60 220 604 " .68
: : . A L, 1.29/1.0
Imre‘xter ) 80 24000 - 25 25 Man 3.58/2.06 60 115 905 .72
Chopper '+ 60 . 6000 - 25 60 Man - 3.58/2,06 .°60 .. .190. 582 . .70
: : 1.20/1.0

1.  Fiesta Car; 65 MPH top speed for 10 minutes
2. Max. power required = 44 HP for 1 minute
4, TEMAX = 960 lbs O T,
5, DCmotorwt=Kx T (T in ft - lbs)
6. Regeneration
7. Controller costs based on 100 000 controllers/y
_ 8. DC motor cost = $3.30/Ib x 1.1 if high speed
9, Other costs & wts based on ""EV. Systems Study"' (Ref. #9)
10, N/V =56.8
11. Efficiency is the product of motor, controller, and transmission energy efficiencies
duringCVS driving.
12, Battery waveform - smoothing filter weight 1ncluded in Systems 3-7.

-

The technology for all four of the above DC commutator motor
configurations, as@yelli forvr_‘nainyl yar;e.tions of these configurations,

is well develop‘ed. :All foulf syvstems' have been used in electric
passenger cars or va'n‘s_l.' A:‘g.re,at many chopper circuits using

power SCR'S have been developed and these offer a wide variety of
characteristics for both armature and field control. These are well
discussed in the literature and except for the series motor/confroller,
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will not be further discussed in this re'port. ﬁ.eferences 5,6, 9 — 12,
give descriptions of several other types' of chopper circuits, Power
transistors-and Gate Turn-off SCR's are suitable for the lower-current
field chopper service today. In recent years, several very high
current power tran'sistors have'been developed. It has been proposed

that these devices may offer a consxderable cost reductlon in the initial

cost of armature choppers or series motor choppers due to the

elimination of the commutation circuitry required in SCR choppers.
The characteristics of three high power transistors are

given in Tahle V-4

TABLE V-4 — HIGH POWER TRANSISTOR

CHARACTERISTICS
Toshiba . __RPM GE
Max. Voltage (V__ ) 300 120 400
Max. DC Current (Ic ave) 400 - - 200 . 350
Current Gain (hFE) 100 (Ic = 400) 1000 (Ic = 200) - 5000
Power (PT) 2500 500" -+ Unk,
Pulse Frequency . 0.3 MHz Unk. : 1 MHz

| The RPM device has been used .in armature choppers for lift-
' truck apphcatmns, but it is understood that manufacture of

th1s un1t has been dlscontmued 'The GE dev1ce has been de-
veloped under a DOE contract and 1s not commermally available
at the present time. High power trans1stors in armature chopper
applications offer some simplification in circuitry, weight reduction,
and high chopping frequencies_as compared to SCR choppers. How-

_ever conversations with GE engineers and marketing people indicate

” that the total cost of a transmtor armature chopper will probably be

__ little different than the total cost of an SCR armature chopper for
84
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many years ahead. "“Therefore, the cost penalty of the systems

. requiring high-power semiconductors noted above will probably
'rerna'in for some time:

'A final word concernmg this class of systems concerns the brush/

commutator system of the motors, the prmclpal 1dent1fy1ng feature
of this class of machmes. The brush/ commutator system is often

the des1gn feature that l1m1ts motor torque and/or speed ‘and has

long been cons1dered the pr1nc1pal d1sadvantage of these machines.

This has fostered contmued development of the "brushless'" class

of DC machines (which are really synchronous machines with
electronic commutatlon) Som"e of the brushless DC machines are
received in th1s report "However, for many years, most tractlon
motors -in-all applications have been of the commutator type. There-
for, the brush/commutator system cannot be cons’idered too much of
a limitation. Even more surprising is the fact that although the
"brushless" motors themselves are usually lighter (lower spec1flc
weight) and less costly than DC commutator motors, the cost — and

sometimes even the weight — of the.electronic control required for

 brushless systems usually far exceeds that of the DC. commutator

"motors. This-is‘ohservable in the comparisons shovvn in Table V-3.

However, in recent yearsi, the ‘brush/ commutator system has not
received enough research and 'development aimed .sp'ecifnlcally at
trac'tion) motor appli'cations. | This class of motor could 'probably be
improved cons,iderably, in terms of its lifetime, reliability, and
efficiency (l.'e, reduced losses). The General Electric 'lCortina"
motor, which will be described in this report, and recently developed
motors of the Garrett Corp. are examples of good brush/commutator

system demgn Further stud1es of 1mproved brush/ commutator

des1gns mlght give a conmderable improvement in DC commutator
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performance at a very low cost.

DC H‘omopolar Motors

'The homopolar machme is based upon the pr1nc1ples of the Faraday

' Disc and has long been proposed for EV use.. Commercml homopolar

generetors‘are known as Acyclic gerierators end are used as sources
for very high DC. currents m such apphcations as alummum refining.
The homopolar machme cons1sts of a rotatmg solid magnetic cylinder
exclted by a very simple wmdmg solenoidal in shape. Therefore, it
has'potential as a low cost machme. It also hds low specific weight

and operetes ét high efficiency. The pr1nc1pa1 limitation in the develop-
ment of this machme for traction apphcations has been the high-current
high-speed liquid metal slip rings required for current collection in

the rotating cylinder or armature of the machine, The best embodiment

of these slip rings has used liquid metal systems, However, the

- . technical problems associated with high-speed liquid metal slip rings

" have not been fully solved and this approach has placed a cost penalty

-on the machine.

The homopolar motor is the onIy true DC machine, that is, armature

arid field currents are steady and unidirectional ‘and no commutator

-or electronic. switching devices are required. It is also-inherently

a low-voltage, high current machine and is therefore well matched

. to battery energy sources. With all of these favorable attributes,

it is surprising that it has not found more of a place as a potential

.candidate for EV drives.  ‘As.part of an extensive study in the 1960's,

(13, 14) the Ford Research Lab designed, built, and tested several

-

homopolar configurations-for traction applications. The principal

effort of this study was directed towards an 'electric transmission"

"..to replace conventional transmissions. However, much of the work
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is applicable to EV drives. For the transmission applications, a
homopolar motor was built and tested witn a epecific wéight of
approximately 0.7 pounds per horsepower (peak); for reference,

the specific weight of the DC commutat'or Cortina Inol;or is-abi)ut 1.5
pounds per horeSepower (peak). Most DC eommntator motors have
specific weights of from 2-4 pounds/peak horsepower. ﬁfficiencies '
of 80% - 90% were achieved at these power levels. The controlled
speed range was 4:1. A recent Ford patc::t (1 %) describes: another
homopolar motor configuration in which the motor assembly is
integrated into the sodium-sulfur battery assembly, with the botent{al
for considerable weighf savings, reduced power loss m connecting
electrical conductorS, and improved thermal management for a

vehicle with a high temperature battery source.

The homopolar motor cannot be considered for near term EV applica—
tion and therefore was not seriously evaluated for this study. However, A
it shows much promise for long range electric and hybrid vehicle

applications and should receive more study and d,evelopxnental effort.

Brushless Synchronous Motors (Permanent Magnet Motor)

Another important class of motors for potential EV application is the

" brushless synchronous class, i.e., synchronous machines operated

from a DC source by means of electronic control. These systems
are discussed in some detail in Reference 9. There is one type of
these motors that is.in limited production for variable speed applica-

tions. Reluctance-synchronous motors are used-in many applications

in the textile industry and.are generally lighter weight,- more 'eff,i'oient,

~ and have improved speed control characteri.stics.‘coxnpared to the

induction motor drives they are gradually supplanting. However,

existing machines are industrial designs and generally not suitable
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for traction applications. Another motor type, the homopolar
inductor motor, has been used successfully in several electrical

“vehicle drives for the US Army. (16)

At the pre'éent time, the most plp‘.mis‘ing motor type in this class
appears to be a permanex;t magnet machine. Several conﬁguraﬁons
are under inVestigatiop and in yarious._sta-ges of dévelquent, including
the Tu;‘nér ‘(AllawA Motor, (17) and configurations at the Genéral Electric
Research Centgr and at the darrett- Corp.. The Turner motor has been
investiga'ted 'as a possible 9andidaté for the NaS Fiesta. However,

it is considered'to have several deficiencies in its magnétic circuit
design that will result in high leakage (resulting iﬁ high input 6urrents
and poof equi.;alent powe1l factor) and high eddy curi‘ent losses., Al-
though it has been used in an electfic bicyéle, there are still some
basic design problems to be solved befbre it can be considered as a

viable EV motor,

The Permanent Magnet motor does have the potential, though, for
very low speciﬁc weight and probably the highest average energy
efﬁcieﬂcy of any class of rhachin'es.' At.ﬂ‘lé present though, dthe use
of high energy-product m.agnets, -such as platinum-cobalt or the

| Rare-Earth-Cobalt magnets, (1.-8) are required to achieve these
excellent operating characteristics. ‘At the present time, motors
using such magnets are quite costly. The data prepared for Table
V-3 in which the permanent magnet system is compared with other
traction drives, was based upon these costs vand upon performance
characteristics presently available in varibus aerospace PM
machines. Obviously, this class of motor deserves a lot more

development, and has potential for EV use..
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The other cost llmitation on systems uSing any of the brushless

-._-synchronous machines is the cost of power sem1conductors. With

few except1ons, a full two or three phase 1nverter 1s required for
control of this class of machines from a battery energy source,

and, in general, a minimum of six high-power semiconductors’

is required for such systems. The'refore, the controller costs

(and operating complexnty) is always hlgher than for the DC

commutators motors, DC homopolar motors, and the Ford Disc

‘Motor. Therefore, the appl1cab111ty of brushless synchronous

machine for EV applications is almost exclusively a function of

power semiconductors costs, -

Permanent Magnet Commutators Motors

Thls class of motor is often called the "prmted c1rcuxt motor "

: and is a disc- shaped dev1ce w1de1y used in control and low power

(under 5 HP) apphcatmns. In the larger s1zes, the conductors are
"stamped" rather than '"printed.!"” The -commutation process takes
place on the conductors themselves, eliminating the separate
commutator/brush assembly of the: conventional ‘commutator motor |
with obvious savings in size and ~weight -'A beefed'up-version of
this conf1gurat1on has recently been developed by Campbell (19) ]
and is proposed for EV. apphcatmns° Gener1cally, th1s is 1dent1ca1

to the DC commutator- motors d1scussed under paragraph B.1 in

this sectlon, with the wound f1eld replaced by a permanent magnet

field. Therefore, the use of "field control" in any form is not

possible and speed and torque control must be through armature
current control Control-w1se, the Campbell motor is analogous'
to System 1~w1th a fixed, separately exc1ted field. The Campbell
motor uses a separate commutator/bru-Sh‘assembly-rather than

the simpler technique applied in printed circuit machines. There
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are certain advantages to the disc-shaped construction: lower
windage losses, generally low rotating inertia, high speed operation
(since there are no conductors on the rotating element), and the
possibility of integration into a vehicle wheel assembly. The

Campbéll motor is a viable candidate for future EV applications.

Ford Disc Mofor

This is a disc—shéped r‘eluctance motor operated from a DC sburce
by means of high-cux"rent pulses. Along wifh the homopolar DC
motor, it is among the sirﬁplest and lowest cost motor configurations
conceivable and does not require any brushes or slip rings.
Prototypes have been developed and tested at the Ford Research

Lab and are described in References 9 and 20; The principal

merits of the Disc Motor are:

a, simplest and least costly motor structure

b. Low-cost electronic control, almost idential to that

‘required in armature control of a DC commutator motor

c. Can regenerate using the same electronic controller as
required for motor operation; this requires fewer power
semiconductors than a DC commutator motor with -

armature control when regeneration is required
d. Low windage loss
e. High average energy efficiency

f. Low rotating inertia

" The principal problems of this configuration are: -

a. It is still in the 'deVeloi)mentalA'sta.ge;“requires housing
" development for practical application
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b. Audible noise problems
c. Lower low-speed torque than DC. commutator motors

Of theé truly brushless configurations, the Disc Motor and the

synchronous permanent magnet motor care considered to have

the greatest potential for long-range EV applications., -

Cage Induction Motors

A number of EV drivetrains have been built using a high-

quality polyphase squirrel—cage induction motor controlled by

a full-wave polyphase electronic mverter from a battery |
source. (e . ) A decade or so ago, 'this type of electrlc dr1ve-
train ys.‘/_as cqnmdered to be the eventual replaoeme’nt for DC
cotn-'mutator motor drives. However, experience from the drive-
trains that were built and:subsequent analysis-has shown thatthe
cage induction motor is not well suited for this application, even
though it is basically a low-cost motor and p_robably in more wide-
spread use in industrial and residential 'applications than any other
type of motor. In generé.l, its efficiency is below that of several

types of synchronous machines due to high rotor losses. Further-

more, itis more difficult to control from a solid-state inverter,

plus the fact that SCR inverters driving induction machines require ‘

more commutation circuitry than with synchronous machines, and
induction motor construction costs are higher than those of
reluctance, inductor and permanent magnet (usmg convent1ona.1

magnets) synchronous machmes. Reference 9 g1ves a thorough

: comparlson between mductmn motor tractlon dr1ves and those

-

using DC commutator machines, Ford Disc Motor machin_es, and

inductor synchronous machines. Therefore, induction motor

drives have not been seriously evaluated for this study. ,
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C. ELECTROMECHAIICAL DRIVES

There is a host of drive schemevs proposed for EV application that
attempt to minimize the amount of electronic control required in
hopes of minimizing system cost. Some of these schemes go back

’ to the early days of electric train and streetcar control and are well

- tried as far as any technical problems are concerned:

1. Battery Switching

This is one of the oldest control methods used iﬁ electric drive-
trains and has many merits. It consists of an array of con-
tactors that reconnect'a number of batteries, usually in a
minimum of four series/parallel combinatigins, to the armature
of a separately—excitéd or series DC commutator motor. With

a separately—excited motor, some amount. of field control is
.often used, and the field/contactor schemé described as System
d in Table V-2 is a modified battery switching scheme with only
two stages of battery switching and full field control. The dis-
advantages of straight battery switching for EV control are the
jerkiness in vehicle driving that results, .po'ssible time delays in
contactor switching that niigﬁt further impair vehicle driveability,
and, especial].y where high tempe raturebatteries are used, the
large number of power condt;cfors into t‘hel battery which results in
an excessive heat tra‘nsfér:frbxh‘the batfery; Héﬂn;ever, at the
same time, it is probably the simples.t, lowest~cost, and most
efficient means of motqi‘ control when ainbient—-teniperature_
bé.tteries are used. |

| ~ 2. Countertran
' This is a DC commutator !rotating machine with two sets of

" counter-rotating brushes in addition to the conventional set of
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brushes. (23) In this configuration, often called a DC rotating.
transformer, the conventional brusiles are connected to the
source battery and the two sets of counter-rotating brushes
provide a variable voltage supply for armature control of a
DC commutator drive motor. The Countertran has full four-
quadrant control: (positivé‘and'negative motoring and ‘generating
control) with no added circuitry. Control is infinitely variable,
including the transition between motoring and regenerative

braking. The cost, Weight,- and efficiency of a Countertran

unit are roughly comparable to the motor it is controlling; hence,

such a controller would be heavier and less efficient but less
costly than an equivalent electronic controller. Generally, the

Countertran falls into a class of rotating machines known as

Metadynes, the best known example of which is the Amplidyne.

Metadynes have lopg beenu propoéed for traqfion drive coﬁtrol
and have been applied in‘ so'me- Eurobean railroad abplications.
Besides a smail we.ight‘and efficiency penalty wheﬁ compared to
electronic céntrol, this class of cbntfollers also has ékaggerated

brush/commutator problems that often result in high maintenance

. costs. A‘lso, the speed of response of the control is longer than

electronic control systems. Until there is some definitive
practical operating experience in an EV with this type of control,
a‘goo'dl comparison with most of the other types of control

described above is not very realistic.

MTI Motor-Transmission System

This is a combined electromechanical motor/controller unit A
that offers infinit'ely—v,ariable control over four-quadrants with
only low-power field control required electronically. Although

a great number of mechanical configurations are possible, that




shown 1n F'ig"ure'V-S seems to be the preferred configuration

by the developers. 24 Figure V-3, units 1 and 2 are in the
same outér housing. Unit 1 is operated much like a conven-
tional DC- commutator 'ma'chi.ne, with Aa rd't'ating méchine armature
and commutator and a fixed field and brush structure. The field
of Unit 2 is mounted on bearings and is driven by the armature

of unit 1; the armature and commutator of Unit 2 are also

mounted on separate bearings and can rotate at an independent

speed. The electrical connection to the armature is through

bushes mounted on and rotating with the field. Slip rings are
required to connect both the field and the armature brushes with
the stationary outside world. A smgll prototype unit has been
built and successfully operated by the developer, Mechanical

Technology, Inc,

The electrical connections are as shown in Figure V-4, with both

armatures connected directly across the battery source. The
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Figure V-3 Current Flow in Mechanical Technology, Inc., (MTI) Transmission
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‘speed, ;w and driving the directly-connected armature, A_

principal merit of this scheme is that the low-speed, high torque

(or starting) motor operation can be achieved at high efficiency

and without the excessively high currents resulting from field/
qontactplr control and without-the use of high-power semi-

conductors.

Since the power flow among the rha'ny members of the motor-

‘transmission is rather complex during this mode of operation,

it will be explained with the aid of the schematic power flow

~ diagram shown in Figure V-4: Assume that the output shaft is

driving the vehicle differential at a very-low speed, w o’

- during startup and éupplying torque; TOA. The field structure,

Fz, will be rotatihg -in the same diréction at a much higher
1’
while field, Fl,' is stationary. With both field currents, I'fl

and’Ifz, at i:hei_r propéf values, power is supplied to the system

" through armature éurx“eht, Lo and input power is.equal to

approximately E, I 52.' Part of this power ends up as the output

Figure V-4 Electrical (Connections) in MTI Motor-Transmission System

- (Ref. Fig V-4)
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power, ’i‘o wor .The _r,emaihder is.hsed to drive the field structure,
Fz,,which in turn drives the other armature and Unit 1 acts like

a generator returning power into the battery. Neglecting losses,

~ the output power is the difference between E L,andE I ..
A calculation on a unit sized to drive thejNaS Fiesta sh.owed that
under the low ‘speed condition.of w ; = 50 rad/s (477 RPM) and

A T0 = 80 n-m (59 ft.-1b.), Ia2 = 118 Amps. when Fz was rotating
at 249 rad/s (2380 RPM) and 5000 w',a.tts were being returned
through I,. If an armature chepper control scheme were used
with the identical motor, the required armature current would be

over 200 Amps. In a contactor/field control scheme,v a higher

. current would exist,

. There are.many other operating modes possible with this motor-
. transimission system, and at a higher speed, lower torque condi-
* . tions, the output is supplied only with the use of Unit 2 with its

field structure locked stationary by means of a clutch,

The goal of this development has been to eliminate the need for A
e1ther armature chopper control or a mechamcal transm1ss1on and

still achieve mf1n1te1y—var1ab1e speed control Hcwever, pre-
11m1nary calculatlons show that, in order to achieve full speed
control over the entlre speed range of the NaS Fiesta as presently
spec1f1ed the tota.l we1ght of the requlred motor transmission

| system would be in excess of any of the DC commutator motor

systems descnbed in Table V- 2 And there are other advantages

of this system

a. The efficiency increase at the low-speed, high-torque condition
is not as great as might be expected due to the losses associated

- with the power circulation through Unit 1, . .
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D.

b. * Excessive windage losses associated with the rotating

© field structure,

c. Many problems associated with rotating the high-inertia

field syste_m.

T dy Many problems w1th the large number of brush/ commutator

and slip ring systems.
e. “An unknown assembly cost.-

DRIVE SYSTEM FOR THE NaS FIESTA ELECTRIC CAR

From the analys1s of var1ous types of EV dr1vetra1ns, some of which

bl

_ has been summar1zed in Table V-3 it was concluded that the f1e1d/

.contactor system, dlscussed in Table V- 2, shows the most overall potential

for near term electric vehlcles.. The prmcipal advantages of this system

are its low cost and its capability in the regenerative braking mode. At

the same time, it was recognized that there are several technicai problems
associated with this control. scheme and that there has been relatively little
practlcal experlence in EV's with this type of control Therefore, an
alternate control scheme, the tried and true seri_es motor system, has been
studied throughout this program_ and, compared with the field/con-

tactor system in more detail. Since a commercial conztroller for

 the series motor system is available with a rating suitabie for the

chosen Flesta drive motor, th1s control system might have an addi-

4 t10na1 advantage for near term prototype constructlon.

PRELIMINARY DESIGN AND ANALYSIS OF THE FIELD/CONTACTOR

SYSTEM

The term, ''field/contactor', has been coined to describe the two
major elements used in this control scheme: (1) controls of the
machine's field current, and (2) contactors to reconnect the bat-
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teries to give___diffel:ent output voltages. The third distinguishing
feature of thi.s type of control is the manner in which the field ‘
windings are comnected with respéct to the armature windings of

. the DC cox;lmutator machine. In field/contactor control, the field

is said to be separately excited, that is, the field is excited or ener-
- gized from a sepax;ate power supply than that supplying the armature. .
In modern field/contactor systems, the field power supply is an |
electronic system called a DC chopper, and is a 16w—powef version

_ of the armature choppers used for armatufe control. Historically,
in this type of control,. the field circuit was connected in series with
‘a variable resistance and this combination was connected electrically
in parallel or "in shunt'" with the armature circuit, and th'e system |
was called a shunt machine. Contactors are electrical switches or
contacts control}ed by solenoids from a separate control source.
Coﬁtactors are'an established_ product used in the related golf cart,
lift truck,. and electric milk truck épplications. They are light
weight, rugged, very efficient, and relatively low-cost components.
The field chopper can 1ikewise bg a relatively light weight, low cost
item. Tﬂe_ power requirefnents of the field circﬁit in a typical sep-
arately excited machine are from 1 - 3 KW. Hence, the current
rating of the power semiqonductor required for a chopper operating
off a 100-vq1t source is; approximately iO - 30 A, This permits the -
E use of low-cost, _mass-produced transistors, SCR's, .or GTO's.
The.power cir‘cuit‘ for the proposed NaS Fiesta drivetrain is shown

in Figure V-5. The contactors used to change the battery connec-
tions from series to parallél are shown on the left side of Figure
V-5. The choice qf the three-sectioned battery shown, giving the
.two possible_Voltages of 32 and 96, was dictated by considerati_ons

of the battery housing and thermal management and is discussed
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" elsewhere in this report.. From purely drivetrain considerations,

there are both merits and problems ‘associated with this choice as

- compared to the use of a two-sectioned battery giving 48 v and 96 v,

The principal disadvantage'is the need for six rather than four pow-
er'cables between the battery housing and the contactors, which in-

creases thermal management problems of the battery. The'effect

- of this battery connection on-the motor performance is discussed

- below.” In Figure V-5, Ry is an external armature reSistahée,used

to reducc surges in armature current during contactor switching;

during all other operating conditions, R, is shorted by coixtactor,

'Cq. Mj and My -are manually operated switches to insure personnel

- safety while the drivetrain is being .maintainéd or to provide a man-

ual disconnect in case the automatic protecpi{(e features built into
the electronics fail to 'operate' proper}y'; Fuses are also provided

for overcurrent protection, . Thé diode, Dy, ‘often ca.llp‘d a "free-
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Figure V-5 Schematic of Contactor — Field Motor Control
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- wheeling" diodg, is used to improve the wave form of the highly
inductive field circuit and to reduce voltage pulses on the power
semiconductor, Tj. It is assumed that reversal of the vehicle will
be ac‘complished by means of fhe,mechanical transmission as in a
conventional .vehicle, a.lth_ough this could easily be accdmplished by
revefsing either the machine field or armature windings. There
are no .changes in the c_:ircuitry shown in Figure V-5 for either
mdtor or generator operation of the DC commutator machine.
Changing from motoring to.regenerative braking or vice versa in a
vehicle with field/contactor control is a smooth transition and is

accomplished by varying the magn'itudebof the field current, Ij.

It is theoreticaily possible t‘ha}tyt}’xe' yehiclg and the motor could be
” started from 'standstiil sin;;ll;c.a;xeoﬁs;ly, at least with the use of the
arrhature resistance, Ra.A Th'_is; metl;od of startup is possible with
armature chopper cc'mt‘rol anci is one 6f the advaﬁtages of this type -
of control, as has been discussed in-Section ITI-A. However, with
field/contactor control, there is very little control available at low
motor operating speeds, other than the armature resistance, Rj.
‘Therefore, the véhicle is started with the trapémission in neqtral
‘ and the motor_is brought up to a pp-load or "idle" speevd before the
trénsmissioh is shifted inté a dri\;e gear, This\ process takes less
‘than a second, as will be shown by dynamic studies described below,
so it involves a negligible time delay in startﬁp as compéred to
vehicle equipped with armature chopper controlled motors. The
complete ".drive scenario" of an EV equipped with field/ contactor

_control is shown in Table V-5,

100




TABLE V-5 — VEHICLE OPERATION WITH FIELD/CONTACTOR CONTROL

(Reference Figure V- -5)

‘DRIVING

1. Transmission in neutral
2. Turnon ignition“switch;'ruanual con{:ects? M, & M, ’
closed. a |
3. Prees on accelerator pedal
a., Field transistor. actua_ted to maximum If.
b. 32V contactors close; I bullds up - motor speeds up to
 base speed (less than 1 sec ).
c. Motor is at ''no-load" condltlon - miuimum arm.
‘cu‘rrent;- .maximumrlf.“ | | |
d.’ 'BIOWers; if required',‘ will be ~i'1i'ifi‘éted.'
Shift mto 1st gear o
a. Let out clutch slowly and mcrease accelerator pedal
depressmn. V |
. Field weakemng — field current is reduced
. Vehicle accelerates due to motor torque
. Armatire current increases -
b. Clutch slipping until "X" MPH ("X" depends on motor
characteristic) L
. Eilectric motor will have slowed.s_omewhe.t.
5. Drive as normal car shifting when desireable

a., Above "'Y',’ MPH or above a certain acceleration setting,
batteries will switch to series (96V); control system
will re-adjust field current to give identical torque,

_ minimizing jerkiness.
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TABLE V-5~ VEHICLE OPERATION WITH FIELD/CONTACTOR CONTROL

B.

C.

'b. If torque demand-i3 reduced, "batteriés will eventually -

" flip back to pérallel ~ there will be considerable
hysteresis in "s‘vi'-fitc‘hing of Batterieé. S
c. Note: Vehicle or motor cannot be caﬁsed to overspeed
inder normal conditions sincé as speed increases (due

to decreasing I'f)’,' torque capa"bilitjl decreases.

When there is no accelerator pedal depression, control
system will adjust field current so that armature current

is zero — hence, no motor torque. ‘

2. Below certain speed, coasting will be.impossible, If the
batteries are in‘'series, they will be switched to parallel.
3. Note that during coasting
a, Thereis veryfldw power dissipation.in the drivetrain
and this is due to motor field excitation and motor
windage and friction loss — this is a motor no-load
condition, - | S
b. There is no regeneration, . .
c. There is less drivetrain drag than in an ICE vehicle.
BRAKING
1. Step on brake pédal; accelerator pedal has zero depréssiqn;
: 2. Field current in'creasé; imnlmédiatelyjo produce rfégé.ti.vé.
armaturé current.
3. If brake pedal is further ﬂdep'res;sed, | battel"ies’will be switched
to parallel (if not already so). o |
4. Furthér depression of biake pedal initiatés mechanical

KN

braking.
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. TABLE V-5 —.VEHICLE OPERATION WITH FIELD/CONTACTOR CONTROL

D.

E.

5. Ifnbattery should become fully, Qpargéd,- the first section
of the control coming out of vthe_br‘a.ke_ pedal potentiometer
will be eliminated and mechanical braking will start
immediately. |

6. Below a certain motor speed, re_éenerative braking will

totally disappear.. The vehicle speed at which this

.- .~ occurs can be extended hy downshifting; the speed for

downshifting will be indicated by a signal light.

. GOING DOWNHILL

1. Motor overspeed protectioh;_. )
. If motor exceeds ,gfcgrt;ain speed, field dq_ifrent is -
| automatically.set at max., which'will introduce -
maximum braking. |
2. If this doesn't reduce speed sufficiently, :mechanical

brakes will be. called for by overspeed signal.

STOPPING
1. When mechanical brakes are called' for:
a. If motor speed is above the miinimum speed where
‘r'egeneratiVe braking is still possible, regenera-
tion will be used as described above.
b, ¥ motor speed goes. below the minimum regen speed .
in any gear, armature contactors will be opened -
(or else motpring would commence). The contactor ‘»
. ,, opening will be preceeded by ghe'waijnmg signal
" described in C-6 above, '
c. ' ‘Field,qéntrql‘ will reduce _If to. zero after armamre
‘contactors open.
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TABLE V-5 — VEHICLE OPERATION WITH FIELD/CONTACTOR CONTROL

2. Automatic downshifting.would be highly desirable during
‘ "braking., | .
3. | When zero speed is reached, blowers will be shut off
when component temperatures fall below prescribed values.

4, . There is now zero power dissipation (except for auxiliaries).

Componenfs have been selected for the proposed field/ conf;acto,:

control system. These have been selected for a near-term proto- .

type vehicle rather than for an eventual mass -produced vehicle

and therefore the ultimate cost objectives have not been achieyed,

A specification for a motor suitable for the long-range production

objectivés is given later in thi:s report. The weight and cost objec-
~ tives of such a motor are reflected in the comparisons previously

>given in Table V-3.

1. Motor
Table V-6 summarizes ithe charactéristics of some of the motors
‘that have been evaluated for poteﬁtial application in the proto-
type vehicle. All motors listed are existing machines with
known characteristics:; ‘.ThAeA f‘i‘fst mofor was deveioped by
General Electric specifically for EV‘abplications,and was used
‘in the late 1960's. Since two of ;chese ‘machines are available,
it was chosen for fhe NaS Fiesta protot&pe and rhc;st of the re-
maining motor and drivetrain éharacteristicé.preser'ited in this
report are based upon this machine. Another factor entering
into this choice was that.a considerable amount of test data was
already available from earlier/Ford EV development work.
‘The aonclusidn from this study and many other searches for EV

motors is that there is no motor more suitable for EV applica-
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TABLE V-6 — DC COMMUTATOR MOTORS FOR POTENTIAL EV_ APPLICATION

T

. ) “max .. Break * Max H, P, @
wt, (ft. 1b,) Speed Speed Brk., RPM
Designation (lbs.) (one minute) (RPM) (RPM) (Ohe minute) Volts
GE - Cortina 150 106 6000 10000 121.0 106
GE - Erie 140 52 1800 6000 - 178 48
GE - Fort Wayne 75 - 42 2200 7500 - 17.6 24/48
Jack & Heintz 65 . 48 1800 7000 19.8 48
Garrett/Airesearch 105 44 3200 10000 26,8 106
' Stemens 16V1161-Z 198 118 2250 6700 51.0 144
Gould EM1213932 255 80 (series) 4800, - 48
Gould - Post Office 220 75 (compound) - 72

* Break Speed

= maximum speed at which Tma.x can be developed.

‘tion than t_his "Cortina" motor. ~ The Cortina motor has-a name-

plate rating as follows: 40 HP, 96 v, 356, A, 8000 RPM,

- - This is the continuous rating, Much more important for EV

operations are the short time (usually one-minute) ratings. .

~ Figure V-6 illustrates the full torque vs. speed capability of

thls motor, assummg no limitations due to the controller or
battery. It is seen that the peak one-minute horsepower capability
(found by multlplymg the torque and speed at the "break point'

speed, 6100 RPM) is approxlmately 125 HP. The characteristic

. of the Cortma motor with a 44 HP limit imposed by the battery

‘ and controller has been shown prevmusly as Flgures V-1 and V-2.

With the field/ contactor’ method of control, t;he torque capability -
is limited-at some speeds below the torques shown in Figures V-1
‘and V-6, This can best be described with the aid of some analytical

expressioné relating torque, speed, motor currents, and battery

e ‘voltage: '
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Thé torque developed in a DC machine can be expressed as:
T= k If L ‘ n-m A 1)
The ‘induced voltage (or "back emf") in a'DC.machine is:
o E=kl v  volts o (2)
- The battery voltage/motor back emf are related by:
b= EXT Ry 3)
where the + sign goes with motor operation and the minus sign

P ,‘,V

with generator operation. In the aBOVe equations, k is a constant
depending upon the internal construction of the specific machine,
mechanical speed of the motor shaft in radians/sec., whereas Re

is the field current, and I_ is the armature curre_mf.‘ w  is the

q
is the resistance in ohms between the battery terminals and the

N ] ] I S 1 P 1

o. 2000 4000 , 6000. 8000 9000
‘ ‘ - RPM 1

Figure V-6 'Cortina Motor T'orquéavs‘.' Speed Showing.10 '_‘Séc». Torque Limit
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IR g\.—,,

back emf (mainly armature resistance), and Vb is the battery voltage,
Eliminating armature current in these equations gives
T- Wy fékl @) (R/R, ) n-m S @)
Equation (4) shows that the torque produced ina field/ contactor- |
controlled machine is dual-valued, i.e,, the same torque can result
.- from two. different. values {{oi__,,f_iel'd current. It will be seen that only.
| one of these field currents gives a stable operating, condition of the
motor. Tt is alsn seen from Equation (1) that there is a value of
field current for which thei.‘torque"is mag;imum.. . This can be derived
. bytakingthe _d,erivative‘ of E,Iquationv_z(_f_i) and setting it equal to zero.

'The results are:.

IR T

T —VZ/(4w Rgo) " am (5)
Field current :at Thax = K L = Vp/20,) - (8)
Arm, current at Tmé.x”= Vb/(z R e ' (N
Back emf at Tma.x = Vb/2 - S ;'ES)

Effici.ency of:motor at T = 50% I - (9)‘
Equation (4) also illustrates that the” torque will become negative under
certain conditions. This indicates generator action and the transition ‘
between positive and negative torque and vice versa is a smoothly g
~ varying functio‘ii of field current or speed as indicated by Equation (4)
The maximum torque condition described by Equations (5) - (9) is the
normal operating limit of the motor, beyond which steady-state ‘ "
operation is not possible, although trans1ent operation in this condi-
tion is possxble and sometimes required. . Maximum torque at a’ '

, given condition of speed is approached by decreasing the field current,
:-;‘;;'i,hich is the main“c'ontrol pai}ame;ter". The control characteristic is,

. therefore, increasing torque withrd‘ecreas‘in'g_ field current, as

described in the drive secenario of Table V-5, If maximum torque
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is exceeded th1s characterlstlc is altered and becomes decreasing

torque with 1ncreas1ng f1eld current an unstable control characterlstm.

Therefore, the logic control system must prevent this cond1t1on from

occurmg .

The Cortina motor control characteristics with field/contactor control

'have been calculated on the vasis of equations (1) through (9) and are

. displayed graphically in Figures V—7 through V-15. These characteristics

have been calculated by means of several BASIC computer routines. The
piecewise linear approximation used to describe the motor magnetic

circuit relations is given in Figure V-7. The basic torque vs. field

@x
w
]
w
2
w
w 0.1
o
a
~
x
=
-l
'S
0.05

0 | I IR S l
. 0 : 5 10 ‘15 . 20 25 30

FIELD CURRENT AMP

: Figure V-7 Motor Magnetlc Characteristics
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current or control functlons are shown in Figures V-8 through V-10

for battery voltages across the armature of 32, 48, and 96 v, respec-

t1ve1y Figure V-11 illustrates armature current variations with field

current at 48 v.

motor speed and torque.

-~100
90
80
70

60

TORQUE N-M’

50

40

30

20

(O

Fig'ure V-12 is an effeciency matrlx as a function of

Figure V-13 illustrates the steady—state torque

10

Na$S FIESTA

FIELD CONTROL
32v

Rp = 0.0189

500 RPM ‘

1000 RPM

1500 RPM

2000 RPM

| 1

15

20 25 30 35 40

FIELD CURRENT, Iy — AMPS .

Figure V-S Field Control (Parallel Connections)
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_vs., speed regions,with field/contactor.control; : Figures V-14 and V-15

. relate this torque/speed characteristic through the transmission

and show the actual permissible operating regions of the motor

and its controller as a function of vehicle tractive.effort and speed,

. for two different values of N/V" (the ratio of:transmission output

_ speed in RPM to vehicle speedin MPH). ‘Also‘shown on-Figures

'MOTOR TORQUE (n-m)

V=14 and V-15are.the peak traétiv,e-efforts--and"spee‘\ds required

for the NaS Fiesta while driving: the: Federal Urban:(CVS) Drive

Cycle.
" Na S FIESTA CAR } :
_BATTERY VOLTAGE (Ep) = 48 VOLTS
70 |— -
60 |- )
' ‘ ‘1500 RPM
e d
’v b
: ' .’,,f LOCUS OF MAX. TORQUE ..
o Pt . . : i
- 40 ' 4 ‘ : » 2000 RPM .
, . N . o
30—
2500 RPM
20 |—
10 — [N
3000 RPM
* \ 3500 RPM 3142 RPM
0 i | | | | 1 |

o s 10 15 20 25 30 35
' MOTOR FIELD CURRENT — (AMP) '
Figure fo? Motor Control Characteristics
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TORQUE N-M

2000 RPM
120 |-
3000 RPM
100|- ;
8ol w
60
- - 5000 RPM
40} , a
20
6000 RPM
o .
-20f :
‘ Na$S FIESTA EV , 7000 RPM
96V. BATTERY . 8000 RPM ,
 —aol L ) L 1

It is seen that the use of field/contactor control re&uces" the capability
of the motor. This i'ed_uction isﬁomewhat greater than if series |
motor control had been hsed,j as will be illustrated below. However,
with the use of the proper transmission*ratios,» good control ‘at all
reﬁuired operating conditions is poééible; One of the few EV's

using this type of cbntrol"is the .reéenﬂy developed VW Electric
Rabbit, ?® ang driving experience with- this car indicates that good
driveability and rapid-res'po_r'xse can be realized with this quite simple

control scheme.

140

0 s 10 15 20 25 30 35 40
= " FIELD CURRENT,ly — AMPS

Figure V-10 Field Control (Series Connection)
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2. Contactors And Battery Switching Investigation

Several commercial types pf contaétors are availabie." Principal

sdppliers ‘are the General Electric Corp. and Cableform Ltd. of

England. Double throw and double'pole units ére a?ailable. Single-

pole,. single-throw units have been assumed in Figgre V-5. The

use of the 32/96 volt battery configuration requifes more contactors

than the 48/96 volt configuration. Other disadQ'antages of the 32/96
ARMATURE CURRENT

NaS FIESTA CAR
Ep = 48V.

800~
700 |- \\ 200 RPM
g ' 500 RPM
600 |- :
o
=
<
| 500
= .‘
<
w
g o .
€ 400 1500
(&)
w
[+ <
5 .
k= 300
=
[+ 4
<
200 -
100 |-
3000
0 | 1 ! 1 |
o 5 10 . 15 20 25 30
FIELD CURRENT — AMP. 3500
-100 |-

Figure V-11 Field Control (Parallel Connection)-
~112
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T RPM
RPM 500 1000 1500 2000 3000 4000 5000 6000 7000 8000

10 .50 |.60 |.80 |.48 | .82 | .83 | .8
20 .77 | .70 | .88 | .68 | .91 | .03 | .87
30 51| .83 |77 87 |.92 |.87 .89
40 .63 | .80 .83 | .89 | .84

2 50 .70 | .61 .86

£

60 74

-

g

g 70 .68 76

=4
80
90
100 55
110

Figure V-12 Field/Contactor Motor Efficiency (Motor Only)
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s 3

TORQUE (FT-LBS)
-]
o

40

0 1000 2000 4000 6000 8000
MOTOR RPM

Figure V-13 Field/Contactor Control Cortina Motor Torque vs. Speed
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Figure V-14 NaS Fiesta Tractive Effort vs. Vehicle Speed Using Contactor/Field
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Figure V-15 NaS Fiesta Tractive Effort vs. Vehciel Speed Using Contactor/Field

Control, Cortina Motor, and 1.5:1 Motor Gear Ratio
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volt system are the armature .current surges and associated y__’ehicle
jerltiness that might result when switching from 32 to 96 v, the
relatively large gap in motor torque capability- resulting from the

vuse of 32 and 96 volts as‘ seen'from Figure V-14, and the need for )
more large electrical (and thermal) conductors out of the battery

. box. The merits of the use of 32 rather than 48 volts are (a) im- “:

proyed low-speed performance and (b) a wider range of control

Also, as noted previously, ‘restrictions on packagmg of the battery

" favor the 32-v system. ‘ o |

In the p'r‘esent design, all secetions .of the battery ‘are V‘always in use

: when the vehicle is energized In the 32-v connection, all three
sections are electrically in parallel At 96 v, the three sections
are in.series. ‘This insures equal ,charge"l"eVels of the three battery - -
section, However, it also is résponsible for most of the problems
of battery switching noted above.: A scheme has been proposed by
Cableform Ltd. to circumve;nt' this diff1culty and still achieve;rea-
sonably balanced charg'e- COnditions among the three sections.” In
evaluating this scheme, it should be noted that most of the driviné
will 'probably be' done in the 96.v or series connection. In the pro- -
posed scheme, the low speed condition starts out on Just one 32—v :
sectlon, called Sectlon a; as more torque or speed is demred a
second 32-v gection, Section b, is added to Sectlon a in series,
.giving a 64-v battery; as more torque .or speed- is requested the

.,third sectlon, Section c, is added in series gwmg a 96-v battery.

As the battery voltage is reduced to facilitate rechargmg durmg

) regeneratwe braking, the reverse sequence is apphed, i.e., .

Section c’is cut off first.. .This means that Section a'receivesvthe

.most recharge energy, which.is proper. During the next vehicle .

acceleration when mcreashié battery voltage is required, the above
-1




>

~ sequence is repeated but begmnmg w1th Section b and going through

the section sequence, "b-c-a. For the following acceleratmn operation,

sequence c- -a-b is used and so on. Hopefully, as the battery is
discharged to its final depth of d1scharge, each section will have

received approximately equal usage.- Besides simplifying the con-

TN

tactor circuitry somewhat (as eombafed with that of Figure V-5),
thie approaeh also adds the 64-v battery connection which Will fill

in the "torque gap‘i between the 32-v and the 96-v regions of Figures
V-14 and V-15. If hardware for thié approach is available, it is

suggested for use in the prototype Na§ Fiesta.

Field Current Chopper-Considerations

As noted previously, this component can be constructed using an

SCR, power transistor, or GTO as the poWer chopping device. A

" power diode is also required. The. rating for the Ach‘opper semi-

conductor and the diode should be approximately 30 A. Power semi—
conductors with 20 A ratings are presently available in plastic
packages.at large quantity costs of less than $1; therefore, the
total large quantity cost of the proposed field chopper packages
could be less than $5 at 1978 ‘prices. There are a great many po-
tential suppliers of the field chopper, both prototype models and in

‘production.

- Electrical Cables Selection

' The wiring diagram for the prototype Fiesta EV is shown in the

Packaging Section of this report. The choic'e of power cables
between the battery external terminals and the motor and the con-

tactor location are based primarily upon the power limitation of

the battery. The power capability' of‘, both typyes of control systems

is very sensitive to the resistance between battery terminals and
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motor armature. From mamtenance and safety considerations, it
would be des1reable to have the contactors mounted under the vehicle
hood and on the motor side of the "pamc 8w1tch" For the 32/96 volt
f1eld/contactor system, this would require six power cables from the
back to the front of the car, While the weight and copper loss of
such cabelmg is not excesswe, the res1stance of the cables in the
96—volt (series) connection 81gn1f1cantly reduces the power that can
be supplied to the motor. A comparison for various wire sizes is

shown( in Table V-7 belo_w:

TABLE V-7

COMPARISON OF WIRE SIZES

) Copper
Wire Size - v . Pounds/  Resistance = Weight Loss
(AWG) OHM/1000-ft.  1000-ft. (ohms)_ (1bs.) (watts)
#4 0.2534 128.9 - 0.0215  11.0° 660
#2 0.1594- - 204.9 0.0135 . 17.4 414
#1 0.1264 258.4 0.0107 22,0 328
'1/10 0.1002 - .325,8 . 0.0085 . 28.0 . 260
Both the weights and copper losses of most of these cable sizes
are probably tolerable. However, the resmtance of each choice
is relatively large compared to the 96-volt battery re31stance of
0. 0567 and armature remstance of 0. 0056 As a result 1t was
concluded that the contactors must be located ad]acent to the
battery m the rear of the vehicle, w1th only two power cables
between battery and motor. Accepting this conclusmn, #2 wire was
considered acceptable' for the 32fvolt field/ contactor system and
for the series motor system. - *
5. Power Resistor and Motor Dynamic Studies

During the starting of DC commutator motors, an external resis-

tance is often added in series with the armature to lnmt the magni-
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systems. -

tude of the armature current. Since the motor in the proposed
field/contactor drivetrain ig started under a no-load condition (refer
to Table V-2), the motor achieves its no-load speed in a very short
time period. The peak instantaneous armaturelcurrent that could
occur during startup, neglecting the effects of ar_mature inductance,
is 1800 A at 32 v and 1875 A‘at 48 v. These high current yalu_es
result primarily from tlfe unusually low resistance of the:arn{ature
circuit in the Cortina motor. The possibility of these hign ourrents
during motor starting indicated a need for added armature circuit
resistance. To further evaluate motor dynamics .with field/contactor
control, .a dynamic mo-del of the motor and control circuitry was
developed using the IBM software program CSMP This is a pro-
gram that allows analog programming (using numer1cal integration
methods) on a digital comguter and is a powerful tool for evaluating
dynamic time response or,transient analysis of electromechanical
The.'CSMiD program used to evaluate the proposed Cortina motor
and field/ contactor control system is shown as Table V-8. Some
of the 1nterest1ng features of this model are;

a, The use of a nonlmear motor magnetization curve

(Figure V-8), |
b. The use of the nonlinear road load ooefficients
of the Fiesta vehicle. 7
c. The useuof a linear clutch model w1th a variable
| engagement time. o |

d. Variable contactor ,swftching times.

A number of trans1ent studies were performed to evaluate dynamlc

response, Among the conclusions of these studies were, first of
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all, that an armature reAsistance‘ V\;és”n'ot 'reqﬁired to limit armature
‘current at the instant of motor startup, since inductive effects
resulted in a current peak of only about 650 A at 48 v, which is
tolerable. HoWever, during battery switching, the added armature
: hrgsist_ance did appear _t_o bg 4;$quired in order to prevent ve_hicle
‘jerl;ineés ‘during this operﬁt{oﬁ. _’fra.ces of some vehicle and motor
parameters during starfup on a 48/96 v battery sustem are shown as
| f‘igure V-16.: The control‘li c;_é;ax;ations during startup are shown at
~ the ~top' of Figure V-16. The ibfg cu_fre_nf surge during battery |
switching from 48 to 96 and the agsociated step‘ change in motor
torque is cd’nsidered to be not acc;eptable from the standpoint of
vehi'cle driveability. _Therefore, the use of an external armature
resistance duﬁng battery switéﬁing was added to the proposed

qor_ltrol system and is shown in Figure V-5,

wE 90 45 ;??'XaLIA 45 Field Voltage -
SE ° 48 8 T e Battery Voltage
= 8T |yl Cluten L Low Gear (3.58) -
E T ) § | l - Engaging |
=+ E 8¢
gs = 23
83 Motor ,
30| 600} - . Startup . : , : ‘ Wm
. Transmigsion . :
in Neutral E ) ) o . . - MPH
1000 | 25| 500 -
800120| 400
600]15( 300
400 | 10| 200
200] 5| 100
01 0 0

0 1.0 20 3.0 2.0 5.0
VEHICLE TRAVEL TIME (SEC) °

Figure V-16- Motor Speed & Armature Currerft vs. Vehicle Travel Time (Sec.)
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.. The armature réSistapce chosen for this application is a GE stain-

less stell grid resistor type [C9141, which a resistance of 0,12

ohms at 250C. -

Panic Switch Assumptions

The manually operated contactors shown in Figure V-5 are supplied

by means of a switch known as a "panic switch", since it can serve

"as the last means of pr‘otec'tionAduring é.ny typé of fault in fhe drive-

" train when other means of pfdfect'ion have failed to operate properly..

It is used in a great mahy electric vehiélés of all'types in operation
today. The proposed compbnexit is an Anderson Quick Diéconnect
(QD) and controller fault sensor, type TM. The Quick ]jiséonnect
opené the power wires between thé- Battery :and the 'drivet.rain; Open-
ing can result from signals from the controller fault sensor due to
several types of faults in the fﬁoi;or or control s'yStemv; f'rbin a
contact on the car hood that is aétuated every _time the hqod}s raised;
or from a "panic button' bn t;ﬁe dash board'. | The cohtacts‘\’a'vi'll'bé
opened whenever the ignition is turned off. Opening of the quick
disconngct for any reason requires manual resétting_of the dis-
connect before the vehicle can be operated again, ‘This will be per-
formed, in thé ﬁrototype vehicle, by means of a foot loperated léver

~.

underneath the dashboard. -

Component Weight And Size Summaries

The major drivetrain components have been summarizéd abové.
The estimated weights and siz\es of the var‘_idu_s coinponéhts are
given in Tables V-9 and V-10 respectively. The packaging of

these domponénts in the Fiesta is covered in the discussions to

* follow.
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TABLE V-9 COMPARISON OF CONTROLLER WEIGHTS

COMPONENT FIELD/CONTACTOR SERIES
L 32V 48V . (1000-A)

_ 1. ARMATURE CABLE _ o ‘
SIZE o #2 #2 #2
LENGTH (FT) 30 .30 .40
WT. (LBS) ' 6.5 6.5 8.7

2. FIELD CABLE (LBS) =~ . - ~1.0(#6) - 1.0(#6) Cin
3. CONTACTORS o :
NO. RQ'D. 7 4 4
WT. (LBS) 21 12 (INCLUDED IN
_ ITEM #5)
4. ARMATURE RESISTOR (LBS) 15 10 ' -
5. POWER ELECTRONICS
PACKAGE (LBS) 5 5 50
6. LOGIC PACKAGE (LBS) 10 10 10

TOTAL WT (LBS) - 58.5 445 68.7

F. PRELIMINARY DESIGN AND ANALYSIS OF THE SERIES MOTOR SYSTEM

1. Need For An Alternate Drivetrain Design

During the course of'this study, a number of qﬁesﬁons were raised
concerning the technical performance of the_;proposed'fi‘eld/ contactor
control system. At the time of the Writing of "this,report; most of
these questions appear to have been clarified sa:ci,sfactorily..
a., The restrictions on the range of allowable speed
and torque operating conditions, described in
Figure V-14, and which are due to reduced‘ torque
- limits on'the motor inherent in field/contactor
control, can be alleviated either by increasing
the N/V ratio (RPM/MPH) in the mechanical power
train as shown in Figure V-15, or by use of the
32/64/96-v battery connection scheme described ;

in Section V-B above.
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1.

2.
3.

4,

5.

6.

7.

. 8
%

_10.

11,

Aok

Component

Contactors (4) .

Contactors (3)
Resisfor .
Field control box
Blower (for motor) *

Blower:

" Motor extension:

Fuse, 1200A

Fuse, 100A

Shunt, 10004

Shunt, 1004
Manual switch

" (Anderson QD) -

Air filter

Logic packagé

¢

Mounted on Cortin.a“mb'tor.

Ram-air cooled. "

Dimensions’

4,2"x 2n.x 2.9"

5.3"x 3" x 3.9"

18" x 6" x 11"

8" dia, x 4,5" -
(300 CFM @ 1.8" H,0)

3.9" dia. x 6
1-1/2" dia, x'1-1/4"

X 2" busbar

1" dia. x 1-1/4" x 1"
‘busbar :

4" x 2" x 1"
2" x 2" x 1"

4" x 3" x 2"

o, ¥ 1

8" x '4" X 4"

~ TABLE V-10 — ELECTRICAL COMPONENTS FOR NaS FIESTA EV

' Locatioﬁ

1.under hood
3 on battery.

on battery

under hood

_under hood .

~ under hood

under hood

under hood

under hood
uﬁder hood

fire wall

‘under hood

passenger area
(rt. side of
dash board)




b. The use of an external armature circuit resis-
tance for very short time intervals during battex;y
switching reduces vehicle jel;kiness. v .
c. The driving of the VW Electric Rabbit by members of
the Ford Research Staff preparing this study we.s
practical verification that good vehtcle driveability

can be achieved with this type of control.

Therefore, the need for some prelimicat‘y design for an alternate
controller is not as pressing as during earlier stages of this study.
However, some of the basic concepts of the alterriate system, a
series motor with an "off- the shelf'" control package, were developed

and will be included here for completeness.

_Series Motor Speed-Torque Characteristic Requirements

The same Cortina motor used for the analysis of the field/con-
tactor system above was used in the series motor analysis since
both types of field windings are available for this 'speciﬁc motor,
The shunt field used in the f1e1d/ contactor analys1s has 130 turns/

pole; the series field has 3 turns/ pole.

Since the series motor is to be controlled by a full-range power
semiconductor ctlopper, there ‘is no need for battery switching.

’i‘he following characteristics are based upon a 96-v battery system.
These characteristics have been calt:ulated by means of a BASIC
computer analysis method. The motor internal parameters, except
for the change in the field winding noted above, are identical to
those used in the field/contactor analysis, including the magnetic
characteristic shown in Figure V-7, The allowable speed-torque

operating regiori_s are shown m Figufe V-17. "This should be com-
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pared with Figure V-13 for field/contactor control. The efficiency

map of the series motor is given in Figure V-18,

® 100

"'
‘O
"
140 *
"0
y
' 1200 A. LIMIT
120
2 ohn 1000 A. LIMIT
@ (CABLEFORM CONTROLLER)
-
=
w
= 80
7]
=
<
g X e esateteses
F 60 BRI
RRR5S REGION OF
40 |- RE5T STEADY-STATE
333355 MOTOR OPERATION
: 95020, IE.-::
20 |- R 3 :
5 : SRR :
% X RN &
0 1 KR X RIS X
0 1000 2000 3000 4000 5000 6000 7000 8000
MOTOR RPM

Figure V-17 Chopper — Series Motor Control Cortina Motor Torque vs. Speed

RPM — RPM

500 1000 1500 2000 3000 4000 5000 6000 7000 8000

10 .80 | .83 | .85 | .86 | .86 | .85 | .84 | .83
20 :  76 .81 .84 | .87 .88 |.88 | .88 | .88

30 .75 (.80 | .84 | .87 | .88 | .89 | .89

40 .73 |.79 | .83 | .86 | .88 | .89

50 .71 .77 | .82 | .86 | .88

60 | .54 |.69 |.75|.81 .85

TORQUE (FT-LBS)

70 | .52 |.67 |.73|.79 | .84

80 |.49 | .65 (.72 .78

90 |.47 | .63 |.70|.77

100 | .45 ] .62 |.69

110

. Figure V-18 Series Motor Efficiency (Motor Only)
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Series Motor Controller Selection

The controller chosen for the series motor system is a comm-
ercially available system manufactured by Cableform Ltd. It is
shown schematically in Figure V-19. As far as is known, this
circuit uses the minimum number of power semiconductors (SCR's
and diodes) possible to achieve full control during both motoring
and generating operations of the series motor, System weights are
estimated in Table V-9. These weights have been estimated with the
assumption that a manual transmission will also be used in this
drivetrain, However, it should be noted that this type of control
gives infinitely variable speed characteristics just as an automatic
transmission. The purpose of the multigear transmission in the
series motor control system is primarily to reduce the size and
cost of the motor and the controller, as has been discussed in

Sub-Section B and Table V-3. A drive scenario for a series motor

-

CP
11
J_ 3 | gF

cB
D2 = &
—L_ PROPULSION Ry 8 R i
T  eATTERY e $ et
c 52 e "
—— FIELD
YZ S1
) 7
s2 Y
D1
% FUSE
N » \r

Figure V-19 Cableform — Series Motor Controller Wiring Schematic
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system with a fixed ratio mechanical transmission has been prepared
and is given as Table V-11. This system is further discussed as
‘"System a'" in Sub-Section B;i, and weight and cost estimates are

given in Table v-3. -

_ The control function of a series mofor'is thé voltage applied across
the armature and series field by the chopper controller. This
. control characteristic for the Cpftina motor is shown as Figure
-V~-20, It is seen that there is a "low-speéd prbblem" with this
”type ofréontrol, alsé; but it is due to thé nature of the controller
‘power components rather than to motor torque instability as in the
éase of field/contactor control. From Figure V-20.it is seen that
low t_brque operation at low speeds requires a very low applied |
armature voltage, V arm® At the tirﬁe of theé Cortina EV conversion
at Ford (1967), no power semiconductor components were available
to control voltages in this range from a 100-v. source (only power
SCR's were available then). This required an inductance to be
added in series with the motor armaturé and field in order to rajse
the time constant of the armature circuit fo accomodate the slow
response SCR's~ available at that time., The mdﬁctance, which had -
to. operate in the high—éu’i‘rent armature circuit, added both weight
and cost to the controller system and reduced its efficiency.A There
is a low-torque limitation on the Cableform controller, alsd ,. 4a1ti1;>ugh
it is much less than that. in the original Cortina EV; this is the rea-
son for the "no-control" region shown at the origin of Figure V-17.
For near term EV development, this '"no-control' region can be
essentialiy eliminated through the use of recently developed SCR's

and power transistors.
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TABLE V-11 — VEHICLE OPERATION WITH SERIES MOTOR

CONTROL AND FIXED RATIO TRANSMISSION .

A, Power Cireuitry shown in Figure V-19, ‘
" B. Start-up | -
1.~ Turn on ignition ke{ -
forward or reverse conractors (F or R) are closed -
and chopper (S 2, and Dl) is mltlahzed
) b. there is zero power loss in this .stat,e' of operafion
C. 'Driving’ | |
: 1.‘ A single a’ccel pedal controls .the driving by meens of the rate
at which S1 is turned on and o‘ff;A this controls average current
through both armature and field.
2. With proper des1gn, there should be infinitely var1ab1e control
over the entire speedétorque range for which the drivetrain was
' designed. . | | B :
D. Coasting
1. Coastmg is accomphshed by shuttmg off S and there is zero
power loss in the power c1rcu1try under t.hls cond1t1on.
2. Coastmg down to zero speed is p0531b1e.

E. Regenerative Brakmg

1.. | 'To change from a driring"or coasting mode to regenerative braking
mode requires a series of switching eyents: |
a. the field must be connected in the reverse manner to
the armature; this is done by using the other ‘set of
_mam contactors (e1ther F or R)
b.: . CP contactor must be opened
“c. _ the residual magnetism in the magnetio cironit_ of the
_ moi_:or must be reversed; this.vis done by r_nomentarily
olosing 'conf,actor CB; in the standard -Cafblveform oon-
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trollers, this contactor stays closed for about 3 seconds. ‘
The time delays requlred for thls process may be objec~
tionable for on-road vehicles; the opposite switching
sequence (except for‘reversing the ‘magneti_sm) must; be
made when going from braking to driying operation..
2. During regeneration; the .current in the armature and field
must be built up by means of S, with the motor shorted on"’

itself through D,. The energy stored in the armature and

2°
f1e1d 1nductance is then dumped into the battery through
] R’ and the process is repeated There must be res1dua1
magnet1sm (m the proper d1rect1on) to get the process
started each time. |

3. Brakmg (electr1ca1) is possmle down to zero speed since,

| at low speeds, the system degenerates into a "pluggmg"
mode of operat1on (see below)., |
F. Plugging ‘

1, Pluggmg is an operat1on used for rap1d stoppmg of crane
and h01st motors, and can be bu11t 1nto the Cableform
system. o |
a. plugging is caused by .reversing the field withﬁrespect

to the armature while the motor .is'betng driyen from
the battery; it causes a hug'e torque to be developed in

the d1rect10n oppos1te to the direction of motlon.

G, Dynamlc Brakmg

1. This is also possible. in the Cableform systemi in dynamic
braking, the kinetic energy due to vehlcle motlon is con-
verted to electrlcal energy and dumped mto a resmtance

(1n thls case, the armature re51stance) rather than returned

to the battery
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Figure V-20 Series Motor Torque vs. Armature Voltage for NaS Fiesta Ev .

VEHICLE AUXILIARIES AND AUXILIARY POWER SOURCE

At first glance, the auxiliary power supply for a vehicle of any type would

appear to be a straightforward application of techniques long used in the

automotive industry. However, auxiliary power supplies and distribution

systems are receiving careful scrutiny today in hopes of finding more

energy efficient methods of supplying and using auxiliary power even in

conventional vehicles and, .as a result, many present practices and systems
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may be altered in the near future. Secondly, the eleédtric vehicle, as a
power-short vehicle (in contrast to conventional vehicles), presents some
unique problems to the development of energ'y-efficient and low-cost auxiliary

power supplies, : . T

1. EV Auxiliary Power Loads

The first question that arises in cons1dermg auxihary power systems
in an EV is, "Why have an’ aux111ary power system ina vehicle already
loaded with batteries and a high-power\v distribution system ?" At the
present state of EV development, there is no firm ev1dence that an
auxiliary power system is absolutely necessary, although as far as
is known, no EV has been built without such a system, " The principal

advantages of the use of an auxiliary power system are:

a. The main battery undergoes large swings of terminal
voltage during driving, which would necessitate costly

regulating systems for the supply of vehicle auxiliaries.

b. Low-cost electrical components,' such as headlamps, are
generally not available for the high voltages of the main EV

battery .

¢. Many control functlons for the main drivetram are better
supphed from a separate source, electrically isolated

from the main battery.

d If an EV isto be developed by convertmg a conventional ICE
vehicle, the use of the conventional auxxhary power sy stem

w111 reduce the cost and complex1ty of the conversmn.

Auxiliary power on an EV includes many of the loads on a conventional

vehicle plus some control loads uniQue to an EV. A recent Ford
ey ¢




estimate of aqxilialry loads for a compact car listed the following

N

Load

Side, tail & inst. lamps
Instruments

Head lamps

Wiper Motors

Heated backlamp
Backlight wiper

- Radio

Driving lamps
Fog lamps
License lamps
Domeo lamps
Turn signals
Horn

Heater blower

~ loads which would also be required on an EV:

Current (Amp:)

Power (Watts)
(at a nominal 12v)

4,10
0.30

. 6.40
2.20
11.40
0.92
70,58
2.40
3.50

0.50 - -

-1.00
0.60
1.00
1.50

°
oo .

o L,

The above listing does not include any loading for vehicle heating.

In the proposed NaS Fiesta, an auxiliary hydro-carbon-fueled:

heater has been assumed. Loads related to the main drivetrain

control system are:
Load

Contactor solenoids
(assuming 4 energized con-
currently @ 1.5A each)
Supply for vehicle logic
Panic Switch
Instrumentation

Current (A) Power (W)
6.0 72.0
5.0 60.0
1.0 12.0
2.0 24,0

This g1ves a theoretical maximum auxiliary load of approximately -

600 watts. In a convent1onal ICE compact car, a 40-A alternator is

used as a battery charger for a load of similar magnitude. Therefore,

a 500-w aux111ary power source is cons1dered adequate for the NaS

A Fiesta.

Power Supply: for Aux1l1ary_Load

The basic power supply for aux111ary loads w111 be a conventional lead

acid SLI battery as in eonventlonal vehlcles. There are several options
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for charging the duxiliary battery in an EV, however, which are not

available in conventional vehicles:

a. External power su’pply-"' Sibce the main batteries reqaire beriodic
charging, the aux111ary battery could be charged at the same tlme
from the power d1str1but10n system usmg a s1mple low—cost
charger of the type used for conventional - SLI batterles. A.
conventlonal SLI battery would be 1nadequate for th1s apphcatlon,
"since such batterles are des1gned for h1gh power, shallow d1scharge, '
ﬂoatmg charge service. Therefore, a lead-ac1d or a nlckel-zmc
tractlon battery would be required." Assuming an- averg,g auxihary
load carrent of 30 A, the following table-indicates the length of

service on one charge that could be expected from.several brands

'of traction and industrial lead acid batteries:

Weight Voltage | ‘Service .

Battery =~ - _(lbs.) _(ave) . Wh/lb. @ 30A Time (hr.)
Ford (Autolite)- 60 11.5 12.45 2.1
Industrial
ESB — EV106 65 6.0 14.40 2.6
Traction - K T (@ 60A)

Globe-Union G229 61 11.5 17.00 3.0
- (projected) - L -

_ Tbe service time for the main Na§ battery in the electrie t
Fiesta is designed'(on city driving) for 100 miles/19.71
MPH ~ '5‘hrs.; for constant-speed driving, the service
time would be much longer. Thus, it is seen that none of.
the .abov'e batteries offers a service time comparable to that -
of the main battery. Also, the weight penalty of using a

high-energy traction type battery is considerable,
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b.

" C.

:‘ Alternator: Since the electric Fiesta is a conversion, it is not

unreasonable to assume that-the Fiesta auxiliary power system

. could be adapted for use in the converted ele'ct.r-ic_ vehicle, with

* the alternator driven from the main.drive-motor. . This is probably

the lowest cost system available and would save weight over the

.use of a-traction battery alone.. The weight of the Fiesta alterna-

tor and regulator is 11 lbss; :an SLI battery assembly for a co‘rnpact
car is ‘approximately,. 331bs. The disadvantages of this system
are; . low alternator efficiency, and the inability to charge or
maintdin good battery"voltage at vehicle standstill, since there

is no equivalent to engine idle in an EV.,

Ford Disc Motor: The first disadvantage listed above could be

" appreciably reduced by the use of a higher quality alternator than

that used on present small-sized conventional cars, A prime
candldate for thls appl1cat1on 1s the Ford DISC Motor, developed
several years mamly as a traction motor for EV appl1cat1on. (. 0)
Asa generator, it has the advantage over conventmnal alternators
of being able to generate down to almost zero speed since 1ts
power output is determmed by the pulse frequency of a reasonant -
c1rcu1t rather than by its rotat1ona.l speed Also, as an axial
a1r-gap machme, it has very low w1ndage losses. It can serve
as an accurate motor shaft speed sensor with no-modification,

and it could be directly.coupled to or built as an integral part

- of the drive motor. Its efficiency is goo'd over a very wide range

- of speed and torque. It-is still in the development stage, although

several prototype motors have been built and tested ‘Its overall
cost, including control,, is estlmated to. be comparable to the

present alternator/diode system.
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. d.

. DC/DC Converter: An-cbvious candidate for the auxiliary power

supply is a DC/DC converter.charging the SLI battery from the

main battery. This:could'be of roughly the _eame weight as the

‘alternator — SLI battery system:. - It'could offer greater efficiency,

less audible noise, and zcro maintcnance. A converter has a

potentially low initial' cost, comparable to.the present automotive

. alternator system of 'e‘q‘uivalent. size. ' A:disadvantage of this - .

“

system is the complication resﬁlting from the switching- of the
main battery in the electric- Flesta There are several options

available for dealmg with this problem L

. (1) Design the input stages of the converter to operate off of

. either 32 or 96 volts. - This: would add considerable weight .

- to the converter, - éspecially 1ts transformer.

e e

(2) Oberate a 32-volt converter off of one 32-volt sectlon of
the mam battery. Th1s will unbalance the state-of—charge
among the three sect1ons of the m.am battery, causmg many
problems in the chargmg and dlscharging of that battery.
It is poss1ble that the converter mput could be altered among

the three sectlons of the main battery, but it would still

be d1ff1cult to insure charge balance among the sectlons.

(3) Operate the converter off of 'the entire main battery in
| either its 32-v or 96-v '-.configuration.f'The latter is to be
preferred since most driving is done at the higher voltage
. and the converter weight would be less vvhen designed for
96 volts‘. A relatively simple control scheme could be

“developed to facilitate charging at vehicle standstill at

either voltage.




3. Preliminary Converter Design .., . "
-Although it is felt that the above_ options should all receive further
consideration, a 96/12-v converter has been chosen for the auxiliary
power supply. in the Electric. Fiesta.: As far asis known, no
commercialA converter of this type is available,. However, many
acceptable circuits suitable for automotlve application have been

2
LY

developed for varlous aerospace apphcatlons. A biased transformer‘
converter 1s‘ snown in Figure V 21 (27). A second 01rcu1t requiring

~ fewer semlconductors but larger capac1tors is shown in Figure

' V 22 (28) . Both of these c1rcu1ts prov1de electr1cal isolation, have
demonstrated high efflc1ency, and are relat1ve1y light weight, A
request for the cost of developmg a prototype of the c1rcu1t of

Flgure V-22 has been sent to the Cahfornla Institute of Technology.

A preliminary estimate of the size and weight of a 96/1 2—volt;
500-watt converter based upon Figure V-21 has been made. The

principal components of this system.are two 5-A, 200-v transistors,

- Qa o BIASED

r__- - TRANSFORMER
H J
: la
. PRIMARY . | *
BATTERY —
a1t =
|
96V . ': :o __'t'
3 3 ) x L Thav
a\ sL1
' c BATTERY

Figure vV-21 Schematlc or a B1ased Transformer Converter For Charging SLI
Battery
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two 250;w transfonnlers, 'fiv;'o diodes rated 25A,- 50 v, two choke
- coils, one capacitor, rand heat sinks, Preliminary design of the
reset-transfdrm.ers indicates a weight of 1.5 lbs. each; total con-
verter package weight is ‘estimated to be 10.5 lbs, Package size is

10-in. x 5-in. x 4-in..

c TRANSFORMER
1. . .

L (. 1 c L2

co . Ly PR
[ 1 LAY Bl aaseed
" o8y 1o S l .

- |® ot o 12VOLTS
PRIMARY o 13 3 TsLi
BATTERY . : ol BATTERY

: Lof-d-a

Figure V¥22 Alternate Schematic or n Converter for Chargi'n‘gASLIfBattery

PROTOTYPE DRIVETRAIN PACKAGE

The field/contactor type controller compone_n‘ts‘; 'discuss_éd 'pzfev_iously in
‘Sub?section'»E, ‘have been "‘packaged" for instaliation in a Ford Fiesta
EV 2-passenger car. The weights a,nd.vo'lumes of fhe'elec_trical com-
ponents of'thé .drivétrnin have been sunlmarizod in Tables V-9 and V-10
and discussed in previons-Sub-sectiOn G. .‘Base.d upon size and volume
estimates. of ,seleciéd drivetrnin componenté, all of which are existing

or '""state-of-art" components, a w1r1ng layout has been made and is

: shown schematlcally as Flgure i 23 Most of the components shown in

Figure V-23 can be found in the1r vehlcle locatlon in Figures IV-7 and

IV-8 in Sectlon IV of thls fmal report

‘Most'of the concepts shown in Figure V-é3 nn\}e already been discnssed.
The motor is to be connected directly to the Fiésta transaxle transmission,
in a mannei' similnr to-the connection between the engine and transmission
in the conventivona.lﬂ Fiesta, Motor -and-battery cooling requirem‘ents‘of.




the field controller can b,e-',met us_ingyehicle ram air. The shunts shown in
Figure V-23 are for current sensing requlred by the logic system or for

3

| ;mstrumentatlon. The box de31gnated "computer" in Flgure V- 23 has been
termed "loglc box" m some Sectlons ot thls report and represents the

— -control loglc to control and protect the motor, field controller, contactors,
coolmg systems, and batterles so that the dr1ve scenarios stated in
Tables V- 5 and V 2 ‘can be reallzed By the time EV's are in any sort
of commercial productlon, thls control loglc will certamly be living up
to ‘the name g1ven it in Flgure V 23 For detaxls of cable layouts, com-

ponents mounting structures, etc., refer to the vehicle layout drawings,

Figures IV-T7 and IV-8. .

PASSENGER ENGINE
COMPARTMENT COMPARTMENT —1
FIRE WALL (n (® . F, F, | BLOWER
[sHunt]  [sHunT| ELEC.
L MOTOR
muneteS "PANIC o A,
1 l S G || surTon b,
cleclelc)c c L r+nsu> TRANS.
W CONTROL
_ Nas |FUSE COOLANT
" BATTERY ‘ PUMP TEMP.
CONTROL
V, -
. - jH :
' CONTACTOR
’ . c‘ LL -:I
=)r. 1k 1 BATTERY COOLANT
o : ot HEAT EXCHANGER
A o «
- w o
. : = -
. e & ] (RADIANT & CONVECTION
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o |
1 arven
BATTERY
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Figure V-23 Sodium-Sulfur, Battery Vehicle Wiring Schematic

-
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MOTOR AND CONTROLLER SPECIFICATIONS

As noted in prevmus sections of this report the motor suggested for the
prototype drivetrain was chosen because much test data was available
for it, because it is an existing motor (not just a design). and because it
had excellent characteristics for the Fiesta EV application. It is not
necessarily an optimized motor for this vehicle weight class. In fact

as has been seen, it is somewhat oversized for the NaS Fiesta EV
driving needs. Therefore, a motor specification, based upon the Fiesta

EV requirements has been prepared

" This motor"specification is based u‘pon' the speed torque characteristic

shown in Figures V-1 and V-6. The following technology is used in the -

specification o _ - - B
o 1. Max Torgue* The -maximum torque developed at
‘ ' N the motor shaft which can be sus-
: tained without exceeding the motor
- thermal characteristic for one
; - ininute at motor speeds equal.to and
i "below the motor break speed (in-
L cluding zero speed)
2. Break Speed: ' : "rhe maximum Speed at which' max
' - © . .- - torque can be developed; it is the
speed at which the torque charac-
- teristic ceases to be a horizontal
- line in Figures V-1 and V-6,
3. Max Power: | {f The power based upon max torque' '
S ' and break speed, '
4. Continuous Power: ~ The power developed at the shaft -
' - that can be supplied continuously.
5. Max Operating Speed: =~ The maximum speed at which max-

imum power can be supplied.

6. Max Safe Operating Speed:‘ 'l‘he speed above which the motor
is unsafe even in an unloaded
condition.
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7, Energy Efficiency: The ratio of output shaft mechanical

.- energy to input electrical energy
" " (including field energy) during a
variable-speed, variable torque
cycle of operation to be specified by
the purchaser. An appropriate
* yoltage schedule for the machine
windings must also be specified by
. the purchaser, For generator .
~ ~operation, energy efficiency is the
reciprocal of this ratio.

2. W
H

It is assumed that other specifications used below are. known to the

reader. The present specification is based primarily upon the use of the

motor with field/contactor control. However, the‘ specification is g‘eﬁefal

enough so that it can be applied to many other types of motors, including

brushless motors.

1. Motor Specification:

Armature Volté.ge: 120-v nsmifxal

Max Power: 60 H.P. -

Max Torque: 100 ft-1b

Break Speed: 3150 RPM

Max Operating Speed: 9000 RPM -

Max Safe Operating Speed:: 12000 RPM |
Continuous Power: 24 H.P,

Energy Efficiency (based on CVS cycle): " 5%
Max Ambient Temperatﬁre: | 1'20°F.‘ o
Insulation Class: F or be&éi :

Total Weight: 120 pounds maximum (100 lbs de‘sign‘ goal)

Vibration: According to Ford vehicles specifications

2, Field Chopper Specification:

. Continuous Output Current: 30A .

. Input Voltage: 70 — 120 v
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Energ‘y Efficiency: -90%
o Max Amblent Temperature '120°F

. V1brat1on Accordmg to Ford Specs for under-hood operatlon

No1se Accordmg.,to‘Ford specs’

In Appendlx A to follow, ,the performance and economy (P & E) studles
‘which were conducted to give program guldance to the Electrlcal Systems

Work Task, will be described. . ..

J. REFERENCES:

" 1." -Nelson, R. H., et al., "Electric Vehicle Simulation Program,"
Paper #782207, Fifth International Electric Vehicle Symposium,

Philadelphia, Pennsylvania; October 1978

2, Rowland E. A, "Evaluatlon of Battery Performance for an

Electric Vehicle with Regeneratwe Brakmg 1b1d

3. Unnewehr, L. E., et al., "Energy Saving Potential of Engine-
Electric Vehicular Drives;'" Proceedings of the Eleventh
Inter-society Energy Conv'ereion Engineering Conference, SAE

Paper #769063, September.1976: -

4, Unnewehr, L E.,. Mmck R W., and Owens, C., "Apphcatmn
of the Ford Sodmm-—Sulfur Battery in Electrlc Vehlcles," SAE

Paper #770382, February 1977

5, ''"State-of-the-Art Assessment of Electric and Hybrid Vehicles, "

DOE Report HCP/M1011-01, January.1978

6. '"Preliminary Power Train Design for a State-of-the-Art Electric
Vehicle," Vol. 2: DOE Report DOE/NASA/0592-78/1; September

1978 ,
! : 141




10.

11.

12,

13.

14.

15,

Stockton, . T. R. ."'»'Traoi(:ion Trans“mi:ssion;'-' presentation at ERDA
Contractors Co=ordinating Meeting, May 4-6, 1976; Ann Arbor,

M_ichigan

Beachley, N. and Fran, A., "Continuously Variable Transmission

. Study, " DOT.Report #DOT-TST-75-2, Vol, I; December 1974

Foote, L. R., et al,, "Electric Vehicle Systems Study, "Ford

Scientific Research. Staff Repo'rt»#SR—73-132', ‘October 1973

Foote, L. R., and_Hough, J. F., "An Experimeptal Battery
Powered Ford Cortina Estate Car,' SAE Paper #700024,

January 1970 S e

Bader, AC and Stephen, W ’ "Comparison of Electrlc Drives for
Road Vehlcles," IEEE Transactmns of Vehlcular Technology,

May, 1977; Vol VT-26 #2

Thompson, F. T. ’ "Advanced Electronic Control System for
Electrlc Vehlcles, " IEEE Transactlons of Vehlcular Technolog'y,

Vol, VT- 27, #3; August 1978

Zeisler, 2 D "Characteristics of Homopolar Motors and-

Generators," Ford. Smentlflc Research Staff Report #SL 9-16,

September 1962

Nagy, J. 'F. ’ "Analysis of a Homopolar Transmission for a

Falrlane-Slze Vehlcle, " Ford Engmeermg and Research Staff

' Report AR65 23, July 1965

US Patent #4 124 086 "Electrlc Vehicle Drive Train Having

‘Unipolar Motor, ", Adam Janotlck November 1978 -

142 .




16.

17,

18.

19.

20,

21,

22,

Agarwal, P. D., "The GM High Performance Induction Motor

107 PWR, January’'1978 . -=% - .. o

Slabiak, W.:and Collins,@.C., ."Brushless Synchronous Pro-.’

-pulsion Motor," SAE Paperi #680455, June'1968 - . i

R

Turner, D., "The Double Ended Claw Motor," A Novel Form of
Self-Synchronous Motor: for ‘Traction Purposes, " Paper #782105
Fifth: International Electric:Vehicle Symposium, Philadelphia,

Pennsylvania, October 1978

Richter, E., "Power Density :Considerations for:-Permanent
Magnet Machmes, " Electnc Machines and Electromechamcs,

Vol. 3, No. 3., Aprll June‘

Campbell, P., "The‘ Permanent Magnet Disc Armature Motor —

‘An Evaluatlon of Its Advantages Compared w1th Conventional

p

Electrlc Vehlcle Drlves," Paper #782102 Flfth Internatlona.l

Electric Vehicle Symposmm, Phﬂadelphla, Pennsylvama, ‘

October 197 8

Unnewehr, L E. , and Koch W. , "An Ax1a1 A1r-Gap Reluctance
Motor for Varlable Speed Appllcatmns," IEEE Transactlons on
Power Apparams and Systems, Vol PAS—93 No. 1, January

1974

L

Drive System," IEEE Winter Power Meeting, Paper #68 TP

¥

Rosenberg, S. A., Dewan, S B., and Slemon, G R., "Inverter-Fed
Inductlon Motor Drive Using. Power Factor Control," Paper #810
Conference Record, 1976 Annual Meetmg of the IEEE’ Industry

Applications Somety, October 1976

143.




23.

24,

25,

26,

217,

28.

Middlebrook, R.D., "The Codntértran; A New Controller for

Traction Motors,' Paper #312, ibid

""Characterization Study of an Electric Motor-Ti'ansmission System
for Electric Vehicles,'" MTI Report 78TR2, September 1977;

prepared for US-DOE

Miersch, R. and Stephan, W.., .'A’D.esign of a Sub-Compact Electric

Passenger Car,'' Paper #782204, Fifth International Electric

.Vehicle Symposium, Philadelphia, Pennsylvania, October 1978 -

Weinlein, C.E., "Désign Aspects of a Unique Lead-Acid EV
Battery," Paper #783105, Fifth International EV Symposium,

October 1978

.Lillienste.in_, M. Aand Miller, R. S., ""Biased Transformer DC-DC

Power Convertei'," Record of the P_owé_r Electronics Specialist .

Conference, June 1976

Middlebrook, R. D, and Cﬁk, S., "Isolation and Multiple Output .

Extensions of a New Optimum Tobolog'y Switching‘DC-"DC Converter, "

‘Record of the Power Electronic.s,Specialist Conference, June 1978

}

144




_APPENDIX A— SUPPORTING SYSTEM STUDIES

In this Appendix, three sub-tasks will‘be described which were supporting

activities to the major work tasks presented in detail in Sections II th_rough V.

I. PERFORMANCE AND ECONOMY STUDIES

To initiate the performance and economy projection study activities,
a productlon F1esta havmg a curb welght of 1764 lbs. » Was chosen

as the "1mage" vehlcle.

To be able to make performance and'economy comparisons between an

ICE vehlcle and a two—passenger NaS battery powered Fiesta style
vehicle, a "198X" two-passenger paper de51gn vers1on of the production
Fiesta was developed, The performance of the "1198X" Flesta engme was
obtained by reducing the 1,6 L displacement of the 1979 production version
to the level of 1.1 L, with a corresponding reduction in the Fiesta engine

horsepower from 66 BHP to approximately 50 BHP.

The range goal of the NasS battery p_cwered Fiesta EV was established to be
- 100 mil.es on the CVS drivin‘g cycle at 80% level of battery discharge.
125 m.iles maximum range was set as a goal, assuming that the remaining
20% of battery capacity would be used at a low constant vehicle driving
speed. Consequently, the fuel requirements for the 198X Fiesta was
estimated to be approximately 3.5 gals. to give comparable maximum
range. The relductions in vehicle weight dhe to reducing on-board fuel
capacity and reducing passenger seating from four to two, established the
curb welght of the 198X-ICE Fiesta to be approx1mate1y 1620 lbs, w1th

the welght breakdown as shown below:
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a 5,

DETERMINATION OF 198X-ICE FIESTA CURB WEIGHT

.. Baéeline Vehféie Curb Weight . 1764 lbs.-i L - |

_26.2 leo
1737.8 1bs,

. - Less 2-Rear Seats and Trim (Est.)

. Less Allowances for Reducing Gas ,
Tank Volume from 10 gals. to 3.5 gals. -48.8 lbs,

1689.0 lbs.

. Weight allowance in downsizing 1,6 L
engine to a 1.1 L engine ‘

. =69.0 lbs,

. 198X-ICE Fiesta Curb Weight 1620 lbs.

The weight penallty goal for the NaS battery powered i«‘iesta EV was def;ned
in Section II to be 500 lbs. over the curb wéiéhf 'Of a 2-passehgér ICE
powered Fiesta, Therefore the allowable curb weight and test weight of
the Fiesta EV can be found as follows:

DETERMINATION OF NaS f‘IESTA CURB AND TEST WEIGHT

. Curb Weight of 198X — ICE

2-Passenger Fiesta = 1620 lbs.
. Allowable Weight Penalty ‘ _

for NaS EV Fiesta =" 500 lbs.
. 198X — NaS EV Curb Weight =" 2120 lbs.
.. Add Payload Weight (2-Passengers) = 350 1bs. *
. 198X — NaS Ev Test Weight = " 2470 lbs.

The weight available for the EV' powertrain (batteries, motor-controls,
etc.) is determined by: (1) removing from the proddctibn’ Fiesta all

ICE related systems/ compbnents to arrive at a stripped vehicle (or
"bare') Wefght; and (2) developing é "base vehicle Wéight" which is
a;rrived at by modifying the ""bare" vehicle Weight to account for .vehicle
adjustments. required to have é.n operable EV, without the weight“‘of the EV
powertralinA'iﬁcluded. .The ICE related items removed from the Fiesta are

tabulated below:
* Corporate standard for 2—paSsen-ger“ vehicles.
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REMOVAL OF ICE RELATED SYSTEMS ‘

Items Removed from o ' System Weight

the ICE Fiesta _— S : (Lbs.) "
Engine ' - - e 302.0°
Eng’ine‘Mounts. o . ' 20,3
Alterﬁator'ahd Reg‘tllator S B : 11.0°
Exhaust‘SAyst“em - - N 32.1
Fuel Tank and Fluids o L : -

(Gasoline, Oil, Coolants, etc.) ‘ o . 50.8
Heater. Hoses e.nd Blower | | | iO. 0
Total Weight Removed: = ‘- 426.2 Lbs,

The bare Fiesta weight is arr1ved at by subtractmg the removed
welght from the ICE Flesta curb weight as follows

o 198X — ICE Fiesta Curb

Weight 1620.0 Lbs,

. Less‘_ICE R_elated 'Component Weight 426.2”Lbs.. ,

11193.8 Lbs.

‘Bare ICE Fiesta Weight:

The NaS EV Flesta w111 requ1re some welght adJustments to the strlpped
ICE Fiesta to account for mod1f1cations to the suspensmn, newly added
gasoline fired heater, structure beef-up, etc. To date, the only reason-
ably firm weight perturbation is the e.dd1t1‘oh of a Southwind gasolthe fired |
heater asserhbl_y (or its eqyivatent),_whj’ch _i__s estimated to be GQ lbs,
(unit plus fuel). Therefore the NaS EV base vehicle weight is found to

be:

. . Bare ICE Fiesta Weight 1193.8 Lbs,

60.0 Lbs,

. Add Ga_soline Heater Weight o

14t
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NaS EV Base Vehicle Weight: = 1253.8 Lbs.

or 1254,0 Lbs,

The wéight allowance for NaS batteries, mounting support brackets,
cables, electrical components such as motor/controller, filters,

switches, etc., and for battery insulation is found as follows:

. NaS EV Fiesta Curb Weight

2120.0 Lbs.

. Less NaS EV Fiesta Base

Vehicle Weight ~-1254.0 Lbs.

Weight Allowance for EV
Powertrain (and Related

Components) ' 866.0 Lbs.

For P&E calculations the weight equation illustrated in Figure A-1 was used

as a reference point:

For computer projections of Fiesta performance and economy, vehicle
tests weights'are required inputs. The curb weight and tests weights
of the three reference Fiesta's are as follows:

: 198X ICE NaS EV:
1979 Fiesta Fiesta Fiesta

.  Curb Weight (Lbs,) ' 1764 - 1620 2120

. Payload (Lbs.) . 850 - 350 © 350
Test Weight (Lbs.) 2064 - .1970 2470

The abo've. values were used in a series of parametric performance and
‘economy studies initiated early in the program, The cor'nputer program
chosen for the NaS Fiesta EV P & E studies was éevelo‘ped by Ford
Scientific Laboratory personnel over the past several years. This electric
vehicle P & E cﬁmputer program has been developed to be a flexible

' analytiéal tool which permits ar;alyzing a‘variety of well defined production

vehicles and a variety of batteries (e.g., lead-acid, nickel-cadmium,
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2470 Ibs " 1254 1bs 350 Ibs - 206 Ibs

.~ | — | BASE VEHICLE
TEST WT. | _ WEIGHT

4 |PAYLOAD| + |[MOTOR +CONTROLLER

+ | satiery | + | STRUCTURE/COMPONENTS

I' T ]
3
660 ibs
Na$ ELECTRIC VEHICLE TEST WEIGHT
198X ICE FIESTA CURB WT. = 1620 Ibs,
~ ALLOWABLE WT. PENALTY 500 Ibs

PAYLOAD WT. 350 lbs
TEST WEIGHT = 2470 Ibs

T CURB WEIGHT = 2120 Ibs

Figure A-1 Reference Vehicle Weight Equation for P & E Analysis

‘nickel-zine, and sodium-sulfur batteries), each coupled to a variety of

traction motors and controllers. The program is also flexible enoughlto
permit investigating hypothetmal veh1c1es, providing that proper vehicle
or1ented input data are prov1ded (e.g., drag coefflclents, component

eff101encxes, N/V va.lues, etc.).

The 198X-ICE Fiesta's. performance and economy were computed using the
Corporate proprletary P & E computer program while the NaS battery
powered EV was computed using the Scientific Research Laboratory P & E

Program developed for EV analysis, as described above.

1. Range and WOT Performance Studies.

Parametric performance and economy stndies were conducted to define
the test weight spread of a NaS battery. powered EV capable of 100 mﬂes
range when ariven over the CVG cycle, Thc variations in test weight
followed variations in assumed battery- and battery support weignt
allowances, keeping all other terms m the weight equation of Figure A-1

constant. Table A-1 is a sample computer printout of a perforx_nance
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and economy calculation for the so called reference Fiesta EV, which

- has been given the code name EV-4. Shown in the table are listings
of vehicle test weight (2470; l_ps._), .pa‘.tte.ry w_eight of 635 lbs. (including
allowance for b_atte;& »insulat’i'on' and container weight), ‘motor/controller
weight (206 1lbs.), wide open throttle acceleration performance (e.g.

0-50 mph. in about 11.4 secs.), CVS driving cycle range (100 miles

TABLE A-1 SAMPLE COMPUTER PRINT OUT FOR A NaS POWERED ELECTRIC
VEHICLE

YEH.UWT REGNPUR BRATT.WT M= WT” HP-CONT.  HP-MAX, TE-MAX

2470.00:-39522,94 © 635,04 - 206,27 28.26 ° TO.64 430,06
SMAY MAXGRD  PLURDEM - KW CF=0) - KMH (2293 T-MAY
176. 96 73,71 5g. 38 - ;7.3? 20,82 195, 09

e OPEN THROTTLE REZULTE
(ME ¢Z)e MPH o FT FGHEP

S.09

Qe D3

19, 99
11.54

1.00 12.61 1h,28
2.0 20,28 35,95
209 247 . T1.27
4,00 0.9 113.80
. O 24,89 162,27
.00 IT.AT 215,28
Z.an 10,3 7 1)
LO0 0 43,52. & 1
45,3 R Eh
3 4 ]
S S

I ) o8 IO RN Y
iy

DAl 0N G

IR 3 PRI

. 1%
12.5% 1.38
132,599 SE.ET OB )
14,59 s5.:7 7 1
15.5% SE.TS ase 1k
16.50 SE.1E 238 &
17.549 Sa,.42 192 o
12,59 w.eZ 1117 S
19,950 FA1.7S {206 2
20,%4 BELE0 1898 R
00,50 TE, 30 '

TERY FOMEFR LIMITED
CUT TRERRL Y ZGEAR S ZEERRZ SHRERRY FOF ORIYE CvCLE

SNWEOCYCLE

JMEH BRNGE-MI  DAT.KW T

. AT.EWHY RL.KWH TYS EFF M=C EFF. EWH-M] F
20,00 142,67 I.28  25.% 12.19 D.A1E =T 0,156 9,392
40,09 122,67 T.ew & 1,71 0,571 0.79% 0.2 EE 9.2094
=0, 90 4. 99 19.44 & 14.55 .49 A, 7ol 0,457 9,395
S. 00 £,83 0 15,38 U2 S ERIT] PR EL 0, 455 3,284 9,206
19,70 199,49 34,51 2 17.47 NS0 9.ET2 - 0,229 a9.290

AY,MPH  EBKWAYE  IRM2
19.70 5.0% 4747.09 -

N0

EGEN  CHWHM CKWHG  ©C3EFF  CEMEFF -
a9 25,96 -4,0935 0,674 1,015 29,379
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based upon battery depth of discharge equal to 80%), battery power
rating (37.35 kw @ zero depth of dischargg), and battery energy rating
- (30.6 kw-hr'.» @ C/20 ;ate),'etcl 'P & E calculations of this type were

useful gitdes to both battery design and vehicle package studies.

‘Table A-2 summarizes these types of parametlric. calculations for an
installed battery power dens_ity of 58,8 watts/lb. As can be seen, the
reference vehicle, EV-4, does hot quite meet the weight penalty goal
of 500 lbs. over the ICE Fiesté. counterpart, when the 'in‘ét';alled.
battery (clustered cells, electriga;l-.connect{ons é}nd battéry container
only) power denslity is only 58.8 watts/lb.l That this is so can be seen
in Table ;1\.-2 wherein only 25.1bs. afe av_ailablAe for battery support
structure and/or components (cables, switches, instrumentation, etc.).
Increasing the NaS EV weight penalty to 600 lbs, will require an increase
in the battery weight by 15 lbs. but w1ll permit an increase in allowable
structure weight of 85 lbs. for a total structure-plus-component weight'

of 110 lbs. This latter value should be adequate. .

~ For EV-4 to be able to meet its weight goal, three system technolbgy
advances would need to occur in future follow-on programs. These

technology advancements are:

a. Improvement in battery specific weight.
b. Reduction in motor/controller weight.

¢. Reduction in base vehicle weight.

Items a. and b; above should 'be achievable thrquéh project folldw-c;n E

design and de;velopment work. Item c., reduction in base Fiesta EV

weight, Will- be difficult to achieve without resorting to modification

and/or replacement of high weight components with light weight. com-

posite materials. In Figure A-2, the trafle-off between ‘_'_bare"“‘battery
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- TABLE A-2

ECONOMY, MPG-CVS
. ~ -HWY
s ° -M-H

RANGE (MILE) - OVS
- HWY
- M-H

ACCELERATION TIME (SEC.)
0-50 MPH

- CURB (LBS.).
-~ TEST (LBS.)-

EV WEIGHT PENALTY (LBS)

w7 BATTERY — % TEST WEIGHT
=KW (F=0). _
" .. = KWH (C20)°

.. =— POWER.DENS, (W/LB.)

— REQ'D BAT.KWH:CVS-
. HWY-

— REQ'D BAT .KW: CVS~

HWY-

WEIGHTS

2sT,

- - -

v

‘ENGINE - DISPLACEMENT
— POWER

MOTOR — HP MAX (1 MIN RAT[NG)
— HP CONT.

AVAIL, WEIGHT OF EV ‘
PROPUISlON SYSTEM *

— BATTERY WT.  (LBS.)

- MOTOR—CONTROLLER WT. (LBS)
— AVAIL,, ; STRUCTURE/COMPONENT

WEIGHT (LBS. )

1.
2. PAYLOAD 350 LB.
3

. ALLEV'S HAVE 4-SPD. MAN. TRANS. WITH 1ST THROUGH 4TH GEAR RATIOS

COMPARISON OF 198X — E.V. AND ICE "FIESTA" VEHICLE

COMPARISON OF 198X-EV AND ICE "FIESTA'" VEHICLES

VEHICLE ﬁASE WEIGHT = 1254 LB.

OF 3.58, 2.06, 1.29, AND 1. OOATN/V—SGS

54 MPH

REF.
EV-1 EV-2 EV-3 EV-4 EV-5
1977 198X KWH KWH _ KWH KWH _ KWH ]
FIESTA__ FIESTA __ MILE MPG__ MILE MPG __ MILE MPG _ MILE MPG - MILE MPG
34 38.7 .812 41,1 ,305 = 42.0  .297 43,2 .289 44,4  .283 45.3
46.8 51.2 .372 34.5  ,369 34.7  .366 35,0  .360 35.6  .357 35,9
38.8 43.9 .33 . 38.2 331 38.8  .325 39.5 317 40.4  .312 . -4R1
340 136.6 100. 51 100. 51 100. 06 100. 19 93,967
460 180.7 . 84. 30 83, 02 81,37 80. 68 74,50
385 154 92.51 91. 81 90. 69 90. 49 84,08
8.8 1.7 11.61 11.74 11.62 11.43 . 1L26
1764 1620 2420 .2320 12220 2120 2020
2064 1970 2770 2670 - . 2570, 2470 2370
- - 800 700 600 500 400
- - 24,75 25.09 25.33 25.71 24,52
- - 40.33 39.41 38.29 37.35 : 34,18
- - 33,06 32,25 31.35 30,62 . 28,05
- - 58,82 58.82 58, 82 58, 82 . 58.82
- - 27. 60 26. 92 26,17 25. 56 23:41
- - 7. 60 26,92 26,17 . 25. 56 - 23,41
- - 38.46 37.14 35. 82 34.51 .- 33.21
- - 34,22 33.22 32.25 31.27 © 30.52
1.6 1.1 - - - - -
" 66HP 50 HP - - - - -
70.64 70. 64 70. 64 70. 64 70.64
28,26 28,26 28. 26 28.26 28,26
- - 1166 1066 966 866 786
- - 685 670 650 635 580
- - 206 206 206 206 206
- - 4275 +190 +110 425 0
4. ONE (1) KWH = .078 GAL. OF GASOLINE
5. SHIFT SPEEDS: 1ST-2D: 37 MPH; 2D-3RD: 44 MPH; JRD-4TH
6. COMPUTATIONS BASED ON POWER PULSE = 20 KW
7. CASE EV-5 PENALIZED FOR BEING 20 LB. OVER TEST WEIGHT.



AW = WT. ALLOWANCE FOR INSULATION/SUPPORTS/CABLES/COMPONENTS

- Figure A-2,

weight (viz. a battery assembly consisting of clustered modules only)'.
and the allowable weight for battery electrical connections,. insulation

and container, battery support structﬁre and power cables,’and

electrical switch gear, 1s shown for the reference vehicle, EV 4 whose

test weight equals 2470 lbs. There are two cases illustrated in

The first case shows the we1ght increment allowable

(150 1bs.) when the bare battery power density is equal to 73. 5 watts/

lb., and the second case shows the weight increment allowance (200

1bs.) when the ""bare" battery power density equals 82.5 watts/lb.
In the first case, the ""bare" battery weight is approximatelyf 510 lbs.
and in the second case, the "bare" battery weight is reduced to

approximately 460 lbs,

[TEST WT | BASE WT+MOTOR— CONT.+PAYLOAD+BATT. WT.+ AW
TEST WEIGHT = 2470 ib. KW KWH .- . {700
1 BASE VEHICLE WT. = 1254 F=0 375 30.74 C-20 +
MOTOR-CONT. WT. = 206 . CVS - o »
T PAYLOAD WT.=350 Ib 100'MI 34.51° -  25.66 S
2404 [PENALTY WT. =500 Ibj et
2204 EN ./ T 4
Ny =
- 80 R
200 <~ . A ' 600 J_
180+ AN < . : s X
1601 . ‘ / - &
AN ° : 1. 3
' -0 >
140 \ .@
120 + ° N , . T . :
. [ ]
100+ - |\ BATT. WT. 1s00 &
. o A ‘e
80+ aw C N 1 g
‘*'_.. . - I .\ | . . . .
60 1 c . ~ .
40 1 : : : ~ -
i : ) . : ~ ~,
201 /- _ ’_ ‘ e 1
' : 3 - A/ n i 3 : L i 4 -3 3 i L i L i Ut 400
L] 1 T T J LI v L) L T T L] T L4 T Y T L
50 60 . 70 .. 80 90

BARE BATTERY POWER DENSITY — WATTS/Ib.

Figure A-2 Battery Power Density vs. Battery Strdcture Weight Allowance
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If 50 lbs. can be reducéd from 'the e_'s;timated wéight for fche'Cortina‘
motor/controller (presently assgést;d at 206 lbs.) t.hén casé 1 wbuld
be achievable with a "bafe"' battery speciﬁé powef of 73.5 watts/lb.
and an incremental weight é.llowaﬁc% of 200 1bs., which is an adequate
allowance for battery support ﬁg;'dware. It was t.hes‘e. considerations
which provided the incentive fof performing the cell design opti-
mization studies cited in Section II. N "

Other parametric studjes were conducted from which paramgtrib maps
were created_shqwing the effect on range for variations in {rehicle te‘st
weight, batfery power density (installed battery system including

structural support), and battery energy density (installed battery

"VEMICLE ' :
TEST WEIGHT BATTERY WEIGHT
180 e "2770 T 960
[ 2670 . .. 860
170 '4 ’ '
.4
J———— 2570 ¢ 760
160 / /
’ln'—‘wo ’ 660
s 150 /
] 4
1] 4
'S 140 :
w = @ 1=.80 —=60 WH
S w o+ 50KW
< O : ~
=5 130 2370 560
w B T
3 % ; 6KW e
x 44K W
w
>3 120
® a2KW : VEHICLE RANGE (MILES) VS. INSTALLED
u ) BATTERY POWER DENSITY (@! = 0)
s . 40 WH ‘ FOR CONSTANT VEHICLE TEST WT'S.
110 : AND CONSTANT BATTERY WT'S.
35 WH
ib
100 .
, 1 = STATE OF DISCHARGE
7’
g0 7 : \«—— BATTERY LIMITED
: FOR CVS CYCLE ) :
v NOTE: WOT 0-50 MPH < 14 SEC.
80 ‘ FOR ALL CASES
30 40 50 60- .70 80 = 4-13-78
INSTALLED BATTERY POWER DENSITY (@ f = 0) — WATTS

ib
Figure A-3 Vehicle Range On CVS Cycle vs. Installed Battery Power Density
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system based upon 80% depth of discharge) Figure A-3 is a para-:
metric map of vehicle range (miles over CVS cycle at 80% depth of

" battery discharge) versus installed battery system power density
(W/ 1b. ) for variations in vehicle test weight (1bs.), variations in |
battery specific energy density (W-hr /1b.) and variations in battery.

power rating (Kw @ zero depth of discharge).

Figure 'A-4, is a parametricmap of vehicle range versus installed
battery specific energy (both vehicle range and energy density are
‘based upon energy delivered by the battery to 80% depth of discharge),
for variations in vehicle test weight (lbs.), variations in battery
specific power (watt/1b.) and battery power rating (both specific

poWer and power rating based upon zero depth of discharge).

Illustrated in both Figures A-3 and A-4, is the fact that there is a

’ boundary limit ‘on the ability of a given size battery (i.e. given
weight, specific power, specific energy), to meet the power demands
imposed by the CVS cycle. In both figures, this limit is identified

by the broken line in the lower left hand corner of the parametric
maps, This 'boundary lim'it occurs because of "lthe fact:that, forAa given
specific poweryalue and on-board battery weight, the resulting power
rating of the battery is too low to pervmit the vehicle to meet the CVS
cycle ac_celeration demands (i.e. CVS peak power Ievels). While the g
| vehicle éan perhaps meet range goals at steady state speeds, it lacks
enough battery power capamty to pass through a single CVS cycle,

even once. ‘

In addition to range and wide open throttle investigations, the P&E
computer program was- used to mvest1gate other areas of system
optimizations which would have an 1mpact upon vehicle P & E
projections, These supp_orting studies will be taken up next.
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2. Drive Methods and Shift Schedule ASe.lections

The Scientific Réséaﬁfch-Labqrator&i P & E computer program Was-used
to investigate the’éf:fect'- upon :véhicle' range and performance due to.
selqctihg a vehicle having a directiy coubled mdtor—driveline system
versus a vehicle havihg é. traétioh motor coupled th a manual trans-

' ;hission for the EV- j)ow'e"x.'train. , Concomifant with these driveline
computer studies, anuihv'e‘stigation was conducted regarding the ‘Aeffect_
bn"vehiéler perfo:pmance and economy by changing the shift schedule
of a given manual transmission system., Each of these studies éuje

separately discussed below:

a. Direct drive vs.. manuallshift:' Table A-3 is 2 summary of P & E

calculations in which a direct drive system is compared with a,

TABLE A-3 POWERTRAIN TRADE OFF STUDIES FOR VEHICLE TEST WEIGHT =

2470 LBS.
KWH |kwh | kxwi |kxwH | RANGE
. o Mile | Mile Mile | Mile
TRANSMISSION CHOICE
20 |40 ] "0 _
) Mph | Mph | Mpn |CVS. [ CVS
I. DIRECT DRIVE
A. Fixed Gear Ratio @ 4.50:1* | .187 |.239 | .385 .271 107, 2%
B. Fixed Gear Ratio @ 3.58:1* "1 .194 |.232 | .385 |.276 105, 2*
C. Fixed Gear Ratioc @ 2.70:1. 226 |.220 | .383 . 294 98.9
II. MANUAL TRANSMISSION **
A, Standard 4-Speed S .
(3.58/2.06/1.29/1. 00) 194 |.230 | .433 |.283 102.8
B. '"Basic" 3-Speed. - . R 1 '
. (3.58/2.06/1.00) ~ ~~ v:| .194 [.230 | .433 |.287 101.4
C. Modified 4-Speed . SR I o '
© 4.50/2.50/1.75/1.00) "~ - 1187 [.230 | .433 [.275 | 105.6
D. Modified 3-Speed b ‘ .
© . (4.50/2.50/1.75) | .187 |.230 | .392 |.273 106.5
E. Modified 3-Speed . : - :
g 4.50/2.50/1.000 . .| .187 |.230 | .433 |.279 | 104.2

* Would require Cortina Motor Speeds in Excess of ‘Max. Allowable Speed =12, 000 RPM
** All compared at Common Shift Schedules of: 37 mph (1-2nd Gear) 44 mph (2—3pd Gear)
i T 54 mph (3-4th Gear)
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'nian'nal transmission. Several fixed ‘gear ratios were !evaiuéted
for the Direct Drive powertrain, As noted in Table A-3, for' the
N/V of the Fiesta equ_a.l to 56. 8; fixed gear ratios greater than
2.70:1 cause the Cortina motor to exceed its maximum allow-

able speed of 12,000 rpm.

_Five types of manual transmissions were investigated. Two
transmissions are minor gear modifications to the .standard_ ‘
production manual transmission which has gear ratios of 3.58
(list gear), 2.06 (2nd gear), 1.29 (3rd_gear),. 0.88 (4th gear).
Manual transmission — "A'" of Table A-3, is the same as the
production transmission vvith the single exception that the fonrth
gear is a "lock-up" or direct drive gear, viz. 1:1 ratio. Manual
transmission — "B" differs from AN oniy the fact that the

1.29: 1 gear of transmission - "A" is dropped to provide a 3-
speed gear set with 1st and 2nd gear ratios for transmissmn -

"B'" the same as "A",

Transmission "C", "D" and "E"" are variations of a manual
transmission whose gear ratios are ‘selected to be higher in any
given shift range than its counterpart in a standard production
transmissmn. The gear ratios for the last three manual trans-
missions were selected to keep the motor speed as high as -
possible in all gear ranges without however, exceeding the motor

maximum speed rating.

From Table A-3 several useful conclusions can be established.
The first conclusion to be drawn isthat of the direct drive cases
~ studied, only one,k Case C, is feasible for the standard Fiesta
_driveline having an N/V of 56. 8A.‘ Cases A and B, while meeting
rneeting the CVS range goal of 1004mi1es, require that Cortina
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motor to exceed its safe operatmg speed at 60 mph, and beyond

' The second conclus1on to be made 1s that all of the manual tra.ns-
A mlss1ons stud1ed meet the CVS range goal of 100 miles and that,

: wh11e cases "C" "Dy and "E" for the manual transmission study

are measurably better than either of Case '?A" and,"B" they would

31gm.f1cant changes to the productlon transm1ss1on. Since

' Case "A" requlres minimum modification to a standard product1on

manual transm1ss1on, and since it meets the 100 mile CVS dr1v1ng

'range 1t would be the preferred transmlssmn for the f1r—st Nas

-F1esta EV test bed/ demonstrated vehicle. In later follow—on

program phases, when all powertram components have undergone
thorough testlng, new P & E optimization studles can be performed
to select best manual transmissmn gear ratios.. |

Shlft schedule selectlon studies: As a compamon effort to the

transmlssmn study prev1ously descrlbed P & E calculatlons

were c_onducted to investigate the-effect of various shift schedules

-on vehicle range., Table A-4 lists two transmission, a four-speed -

and a three-speed, both are based on slight modifications to the

Fiesta production transmission described earlier. - For the 4-speed

transmission, three cases of shift selection variation are illus-

trated in Table A-4. The first case, the EPA designated shift
schedule, was selected as a reference point, As can be seen in
the table, the EPA shift schedule of 15 -mph (ist — 2nd), 25 mph
(2nd — 3rd) and 40 mph (3rd — 4th).is a poo\r'matchnw.ith the

efficiency map of .th.e Cortina motor. Shift schedule "A", line

A.2 of Table A-4, is still too low in its shift points, as can be

seen by the loyv Cvs range of 75 miles ca.lculated for this case.

By ralsmg the Shlft pomts to 37 mph/ 44 mph/ 54 mph for Shift

'schedule - "B" hne A 3 in Table A- 4 ~other range goal of 100
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mlles over the CVS cycle can be met; hence, this schedule was
selected for all P & E stud1es based on use of the 4-speed trans-

mission,

For the three speed transmlssmn sh1ft schedule study, Case "B" in
Table A-4, s1x (6) var1at10ns were calculated The EPA shift schedule
for the 3- speed transmlssmn has sh1ft pomts at 15 mph and 25 mph,

As can be seen | 1n Table A 4 th1s schedule is no better matched to the
Cortma dr1ve motor efflclency map than was the case for the 4-speed
transmission dlscussed above,. as ev1denced by the same low — 75 mile

range over the CVS cycle.

Ra1s1ng the Shlft speeds to 25 mph and 40 mph i. e, y 2 "mod1f1ed

A EPA" shift schedule, 1mproved cons1derably the range capab111ty,
TABLE A-4 MANUAL TRANSMISSION SHIFT SCHEDULE STUDIES

VEHICLE TEST.WEIGHT = 2470 Ibs

KWH | KWH | KWwH | KwH | RANGE
: o . o Mile | Mile Mile .| Mile
'MANUAL TRANSMISSION - : : -
. 20 40 60
Mph | Moh | Mph | CVS cvs
4-Speed Manual (3. 58/2.06/1.29/1.00) | '
1. EPA Shift Schedule:
15 mph/25 mph/40 mph .248 | .2567 | .433 |.319 75.3
2.  Shift Schedule — "A" B '
18 mph/31 mph/50 mph A .248 | .279 | .433 | .312 5.4
3.  Shift Schedule — "B" 1 ' :
37 mph/44 mph/54 mph .194 [ .230 | .433 |.283 102.8
3-Speed Manual (3.58/2. 06/1. 29) ' '
1. EPA Shift Schedule ) 1«1 - )
15 mph/25 mph ;246 | .274 | .402 | .312 75.3
1.A EPA Shift Schedule (Modlfled) . . ) . - .
25 mph/40 mph .194 | .279 | .402 | .295 97.7
2.0 Shift Schedule - "A" . L . .
; 18 mph/31 mph : .248 | .279 | .402 | .308 | 75.4 °
2.A Modified Shift Schedule — "A" '
31 mph/50 mph . | .194 | .230 | .402 | .280 | 103.7
3.0 Shift Schedule — "B"
.- 3Tmph/44mph : | .194 |..230 | .402.} .280 103.6
3.A Modified Shift Schedule — "B" ° )
44 mph/50 mph 194 | .282 | .402 | .279 104.3
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although iOO miles was not quit_e attainable, This case illustrates
once again the need to 'keep the 'Cortina motor speed in the middle-to-

high speed range for best vehicle economy over the cvs cycle.

The results of shift '_‘schedule— "A", line B.2 of Table A-4, 'is identical ‘
to the disappointing 'result ohta.ined for shift schedule_ - "A""for‘,the

' ‘4—speed transmissi‘o'n; 'see line A.2, HoWever, by raising the shift

. pomt speeds to 31 mph and 50 mph the resulting 1mprovement in -
range is dramatic, as can be seen in line B 2.a of Table A- 4, where

in the range goal of 100 miles has been easﬂy met

Both shift schedule — "BA"-". and it"s modification for the 3- speed manual
transm1ss1on, see lines’ B. 3 and B 3.a. in the Table, meet the 100 mile
range goal, It'is mterestmg to note that both of these cases give CVS-
range results practically 1dentical to: study case B.2. a., which
indicates that movmg the first shift pomt to- 30 mph-plus produces the

: most dramatic range improvement Whether the second shift point is-

set at 44 mph or 50 mph has little overall effect on range results.

II. VEHICLE HANDLING AND SAFETY REVIEWS

In support of the battery packaging 'and vehicle packaging nvork tasks, design
‘reviews were conducted for each conceptual layout design developed to
ascertain whether major vehicle handling and/or safety issues existed.
Company.Vehicle Safety representatives were contacted for cOnsultation

on vehicle handling and safety considerations peculiar to both the specific
battery configuration proposed for EV use and the method of installation

and specific location of the battery inside of the vehicle.

As mentioned in Section IV of this report, ba_ttery thermal management

considerations ruled against dividing up the battery into several small
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packages fdr ease of vehicle storage;;: Consequently all battery conceptual
"designs were single packages, located in the rear of the vehicle, e.g.
behind the front séats. Thermal managemenj: considerations as well as
vehicle tear up considerations ruled against arranging the battery in
eifhgr a long slim. rectaﬂgula-n configuration or in.a thin profiled "T-
shapqd" cénfiguration, such as has been tried by other EV developers,
uAsingAl_ead-acid batteries for propulsion purpb’ses. Review of design
reports and movie fﬂmg tavken by EV developers showing their yehicle '
mock—upé and test bed véhiéies impacti_ng a barrier under simulated

30 rr;ph vehicle ;:rash conditions, Qlearly demon;trated that vehicle
in‘stallatici)n‘s: héving these long rectgngulé.r battery Apackag~és installed
down the center Vof i‘t.he véhicle would ‘be unsuitable for the Na§ battery
package configurafioﬁs. The 1.'easo~n.that thése vehicle centerline battery
installationé are unsuitable for the Fiesta NaS battery packaging, is that
the Na$S cells cannot take major deformations and certainly th crush in
the same manner that the lead-acid of Ni-Zn cells _ca.nifor the purpose

of energy absorption. Nearly all Lead Acid of Ni-Zn centerline vehicle
installations depend upon an appreciable amount of crush of the battery
cases, plates, and separators, plus electrolyte 'hydraulic pressure
résistance to absorb impact energy developed during front end or rear
end crashes. If the NaS cells were to receive comparable container
crush and/or deformation, the resultant breakage of the alumina electro-
lyte Would cause a significant release of therma.l energy due to the highly
exothermic reaction between the molten sodium and molten sulfur, which

are suddenly allowed fo co-mix,

The same reasoning rules Ah'eavil.y against a front end installation of the
Na§ battery in the Fiesta Vehicle, due to the fact that complete front end

crush (up to the firewall) is relied-upon for full energy absorption, Ifa
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NaS$ battery package were mounted Mup-front" so to.speak, then the,front
end structure would have to be made completely rigid to protect the’
battery package during impact otherw1$e the resultant battery. fire would,
more than likely, pose a ma]or hazard to the vehicle occupants and the
vehicle su_rroundings. »Buildi_ng_ ‘a:rigid frame structure in the front end

-of _the Fiesta to provide full battery protecti_on during front end‘ crashes .
would be a major vehicle reyvork and feasibility is none too fé;ertain.

, oo »

; Followmg several des1gn review meetlngs w1th Company Vehicle Safety
Engmeers, 1t was concluded that the best m—vehicle mstallatmn of the
NaS battery was in the rear of the vehlcle, d1rectly behmd the front seats.
In this pos1t1on the battery contamer can be mstalled in a protective
structural cage, which offers not only pos1t1ve tie down protection in the
event of front or rear end 1mpacts, ‘but some measure of protection to
side impacts as well, ‘The protective cage structure can be affixe“d to

“the ex1st1ng front ra11s of the Fiesta to insure transfer of battery mertla
loads to the front structure of the vehicle when the vehicle is subJected to
30 mph FMVSS crash tests. By followmg these design safety concepts,
which are detailed in Figures V-7 and IV-8 in Section Il}', 'the 'batte'ry
will remain in a fixed position in the Vehicle while the vehicle impact
energy is absorbed by the crush of either the front end or lrear end

structure,

Placing the battery“ behind the front seats raised questions concerning the
i ‘safe handling of the FiestaEV due to the possible shift in weight
distribution from front to rear, in compar ison to a standard ICE powered
Fiesta having a curb weight front wheel to-t ear wheel we1ght percentage
distribution of 63% front and 37% rear. When the ICE productlon Fiesta
is fully loaded viz, 4-passengers plus 100 lbs. of cargo, the weight

distribution shifts to about 50% front wheels and 50% rear wheels. An
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early mvestigation 1nto the 51tuat1on was based upon assummg that the
battery, support structure and selected electrical support components

weighed approxmately 800 1bs. The motor-controller system weight
was estimated at 206 lbs. and was located in the vehicle front end with
the motor mounted to the transaxle ,transmlssmn and the controller

- components mount ed to the firewall and the .fender aprons. From weight
balance calculations it was concluded that, for a fully loaded Fiesta

EV, the weight distribution that, for a fully loaded Fiesta EV, the weight
distribution would become about 47% front end and 53%'rear end, as
reported in Figure v-6, Section IV. ‘When the battery cell optimization
studies Were completed and the liquid cooled battery configuration |
illustrated 'in Figure III-8, Section I, yvas' selected for vehicle packaging,
the Weight distribution was re—estimated to be about 50% front and 50%
rear as a result of the reductlon in battery weight (800 1bs. down to

665 1bs.) and a reduction in battery width from 28 mches to about 20
.1nchesr,' with a re_sultant forward_ shift in the battery center—of—grav1ty.
The fact that the Fiesta EV, when fully loaded, has an estimated weight
distribution nearly identical to the IC‘E powered p‘roduction Fiesta is a
basis for believing that the hand_ling‘ characteristics of the two Fiestas
will be very similar, This belief will have'to be tested' in any future
follow-on work, since, for now, it is.an open issue along with other

vehicle handling open issues, such as:

1. Adequacy of the brakes to mee‘t“FM"VSS because. of increased

vehicle loads.

2, Adequacy of the productlon suspension system to handle the
Fiesta EV weight 1ncrease, e.g. 2170 lbs. curb we1ght for the.
~ Fiesta EV versus 17 64 lbs. curb weight for the productlon ICE

F.ie_sta.
164



III. THERMAL MANAGEMENT STUDIES

The short duration and the somewhat limited work scope of the NaS EV
feasibility study- program liﬁlited supporting studieé, such as heat
fransfer studies, to a minimum levei. C_onsel‘quenﬁy, f.he main lines
of thermal manag_eme\nt investigations weré confined to brief pre-
liminary analyses aimed at establishing the feasibility of such thermal

design concepts as:

1. Use of super ihsulation‘techhiqu'es to restrict the heat loss from a
battery container enclosing high tempei‘aturé Nas cell glusters“.

and cell modules.

2. Use of novel cooling and heating techniques to maintain the battery

temperature within the desired operating range of 3QO-350°‘C.

3. Use of new materials and designs for lead throughs (power leads,
“instrumentation leads, coolant lines, etc.) which must p'enetrate
the battery thermal insulation-container. structure.

Brief summaries of each of the above study areas will be presented.

Battery Container Thermal Loss Control

The high operating temperature (300 — 350°C) leQel of the NaS .
battery necessary fof its efficient operation requires. methods‘:which
can maintain this temperaturAe level over re'asonably long. pe'ri.od's

of time without requiring large amounts of inp@t thefmal energy,. '
Because of the size of fhe battéry .réquiréd to ﬁié_et the NasS Fies:té;
EV performance goals defined in Section n, tiie lltarge temperature.
dﬁferénce between the bz;tte'ry bulk temperatui;é of approximately
'620°F (avg.) and an énvii'qnmental' t.emperafur-el range of -40 to

110°F requires high perfofmance battery insulation. ~The only
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high performance i'nsulation.concept of merit for this high
temperature.application is the so. called "'super insulation'.' designs
based upon the combmed use of a vacuum jacket around the hot
battery mass (to reduce to nearly zero the convection and conduct1on
heat losses), and a mult1-ref1ect1ve foil jacket 1ns1de the walls of
the vacuum jacket (to greatly reduce the thermal radiation heat
exchange betweeﬁ the walls of the vacuum jacket). After a ’brief
survéy of vendors having experience in '"super insulation' applications,
_the vacuum thermal insulation, called MULTI-FOIL, producéd by
the THERMO ELECTRON CORP. w?s selected for preliminary
design purposes. The foﬁ desigti selected for this study consists
of a zirconium-oxide coated, thin (.001 inch or less) aluminum
sheet which is then stacked in ‘multiple layers to form the thermal
insulation blanket. The‘,Zro‘z particles, which are spa:rsel'y sprayed
on the surfaces (10% q.rile,ss area coverage) of_thg alunfﬁnum foils,
serve the function of foil separaters to reduce the chance of thermal
contact between foil sheets.. Vendor supplied test data -ipdicates
that at 3500,0_(660°F), the use of approximately 40 layers of Al
zro, MULTI-FOIL insulation would limit the heat losses to
approximately . 0025 watts/cmgz (7.93 BTU/hr/ftz). Under ideal
conditions, the battery package illustrated in Figures III-8 and III-9,.’
Section III, (approximately 39" X 20" x 20'") would lose a ma.ximdm
of 63.3 watts (216 Btu/h;') through all four sides for the liquid
cooled battery design. This_ thérmal ~loss value may turn out to be
somewhat conservative .beéause of the added insulating effect of the
glass micrqspheres which are used inside the inner container as
void filler material surrq;hding tﬂe c.ell sub—modules; These gl'ass
micrdépheréé: Were .s;alect.ed for thé 'follow_ing_de‘sign/peklff‘ormdance
‘reasons: o . | | o o
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1.

An evacuated inner‘ container was chosen in order to insure
that sodium and/or sulfur fires could not occur in the event
that one or more cells failed during battery life. With vacuum
inside the inner. container, convection and conduction processes
are virtually nil, Consequently, heat transfer to and from cell
sub-~ modules‘would have to be by radiation heat transfer. ' By
arranging the cooling-plates and heating strips in a parall‘el'-'c
transverse arrangement s1m11ar to the arrangement shown in
Flgure II1-10, Section I, high radiatmn view factors could be
obtamed However, the close spacing required between the "
cell sub-modules and the heat sink plates to achieve min.imum
battery volume, created a high risk for electrical shorts due to
plate and/ or sub-module shift- during high’ vibration or g-loads.
By placing glass microspheres in the void space between the cell

sub-modules and the heat sink plates, both components are

-electrically insulated from one another, -both’ components are

‘held in position during vibrating loads due to the. packing and -

force damping capabilities of the glass microspheres, .and both'
components can exchange heat via conduction through the
packed microspheres. The glass microspheres have a packed
density of approximately 9-12 lbs/cu. ft usmg sodium boro-— ,
silicate glass and, therefore, offer a light weight means for ,'
1mmob111z1ng the cell sub- modules and the heat smk-heater

components inside the inner container.

The thermal conduct1v1ty of the packed mlcrosphere 1s low

( 70 — . 80 (Btu) (In)/(hr) (1 sq. ft. ) ( F)) and therefore the

‘ 'packed spacmg between the cell modules and the heat smk-

heater plates must be made small to insure adequate heat

167



3.

conduction for cell-to-plate temperature differences of 300-350°-
F. (1/ 16-3/16" is .adeqnate')f.v ’Howe'v'er.,'/ around the sides and
ends of the assembled battery, the spacmg between the assembled
and 1nterconnected modules and the walls of the inner container
is on th'e'vorde'r of 3/4 to 1.0 .inches, see Figure,III—lo, Section
ilI. When this perimeter spacing is filled with packed micro-
spheres (100-300 microns in diameter), an added thermal

blanket is provided to s'upplex"iient ‘the MULTI-FOIL vacuum

insulation.

The filling of all voids 'within'the inner container—structure ,

with low cost, light weight' microspheres prior to final sealing

. of the inner container assembly, permits the inner container

walls to be constructed of thin wall aluminum and/or stainless

steel for minimum weight. By packing the inner container with .

microspheres, the thin inner container walls are restricted from

collapsing when the inner container-is totally evacuated (to approxi-

" mately 1073 - 1079 torr. ) of gasés and/or air molecules. The final

‘sealed and evacuated inner container can be handled as a.''solid

assembly" for final build'uﬂ'p: ‘of the battery assembly, including
MULTI-FOIL wrapping and installation of th'é outer container,

power leads, instrumentation leads, - coolant lines, etc.

For design referenc'e.pﬁrposes',‘ ‘the glass microspheres produced by
Emerson & Cumins, Inc., were selected and all engineering data used was

based upon the brochure 1nformat1on supphed by this vendor.

The heating and coohng of the battery 1s accomphshed by the use of heat
- .- sink plates cooled by a high temperature, low-vapor pressure, non-toxic,.

~ pumped (on demand only) heat transfer fluid.
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Heating of the battery is accomplished by“' the use ‘o'f foil—type heaters which
are available commercially for‘service at temperatures up to 1000 deg. -F.

. The heat sink plates are formed into heat exchangers by designing onto the
plate surface, profiles of the headers and parallel ﬂow-paths which are then
fabricated mto physical shapes within the bonded seams of the heat smk
plates by the so called "Roll-Bond" (T.M.) process. Thls fabrication pro-
cess is a low cost commercml fabrication techmque used extensively to
fabricate heat exchange/heat sink plates for applications in the home appli-

ance and chemical process industries.

For the battery assembly prev1ously shown in Figures III-8 through - 11

in Section III, eighteen (18) heat smk plates are installed transversely in the
inner container in the spacing formed between the series connected (electri-
~ cally speaking) cell 'sub-modules.‘”_The heat sinlgplates are contoured to
closely follow the undulating profile formed by the cell clusters defining a
battery sub-module, see Figure iiI-lO, Section III. By proper contouring
the heat sink plate, a c:onstant spacing bet\Neen the surfaces of the clustered
cells and the heat sink plate, can be maintained. For the planview shown

in Figure II-10, Section III, a 3/16 inch gap filled with glass microspheres,
was established between the cl_usteredfoells and the heat sink plate for the

final battery package design.

i’rovision for heating of the inner battery assembly to achieve either initial
battery \ivarmup or to maintain a temperature regime for efficient battery
operation, was accomplished by usin_g strip-type foil heater sheets bonded

to part of the snrfaoes of the ""Roll-Bond'" fabricated heat sink plates. These
strategicaliy.located foil strip heaters lconduct heat through the approximately
' 3/16 inch microsphere filied gap separating the heat sink-heater phlates and

 the cell sub-modules, For reference purposes, in the battery design actiirity,

the technical design_inforniation supplied by Safeway Products Inc. » (makers




of THIN-HEET foil shaped appliance heaters), was used in establishing geo-
metrical designs of the foil heaters. Foil heaters capable of 1000 deg.-F

service are commercially available from several vendors.

The cooling fluid selected for the removal of excess heat generated by either
high battery loaa demand caused by vehicle driving conditions, such as long
hill climbing(,‘ 1ong WQT operation of ariving into high head winds, was a
commercial heat.transfer fluid pr‘oduced by Monsanto, called Therminol-66.
It's two outstanding features are (a) stéble operation up to. 650 deg.~F, and

(b) low vapor pressure at 650 4deg.—F (650 mm of Hg.). The fact that its vis-
cosity is low in the operating range of 300°-F - 6009F (.5 - 1.5 centistokes) is :

decided plus, since its pumping power will be low, Table A-5 is a list of

TABLE A-5 - TYPICAL PROPERTIES OF BATTERY COOLANT

(Ref: MONSANTO BULLETIN NO. IC/FF-35)

' Modified térphenyl

Composition .

Appearance Clear, palé yellow liquid
Specific Gravity 25/15.5°C ~1.004

Kinematic Viscosity @ 100°F 30 cst

Moisture Cohtent 100 ppm

Pour Point

Flash Point COC
Fire Point COC
AIT (ASTM D-2155)

Coefficient of Thermal
Expansion

Boiling Range '
90%

Heat of Vapor‘ization
(Calculated)
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-18OF (-27.89C)
3520F (178°C)

380°F (1940C)

: *7050F (374°C)

0.000399F-' (0.00070°C-")

6430F (339°C)

668OF (3530C)

. 105 BTU/LB. (83 cal/g.)




typical properties, as supplied by Monsanto. ' Since the Flash Point is given
as 3520F, the heat transfer fluid would be",-kept 12°F below this value, ,vin. :
at 3400F. The design of the coolant circuit'is such that the coolant is pumped
through the battery assembly only upon demand. The demand would be estab-
lished by thermocouple pick-ups showing‘a need for cooling in the event that
either local hot spots are detected or the bulk mean temperature of the battery
begins to rise above a préi—determined level (e'.g.'to 700°F). 'The ﬂow rate

is adjusted for a.maximum outlet 't'enlp»erature of 340°F. The discharged
coolant is transferred to a coolant plate, also formed into a heat exchanger
surface by the ""Roll-Bond" techmque, wherein the heated plate radiates its
heat to the roadway. It has been estlmated that as much as 1.75 kw of mternal
heat energy could be generated by th.e'battery during hill driving or by extended
driving into strong headwinds. - (This amount of energy could bej’ dissipated to
the roadway, if it were at an ambient of 110°F, by a radiation surface sized

to be about .4 feet long by 3.32 feet wide, if the plate had an emissivity of .91

‘and a mean surface temperature. of 330°F, " If the bottom of the coolant

plate has extended surfaces (short enough and spaced‘far enough apart so as
to not reduce the plate view factor much below 1. 00) for heat transfer by con-
duction during vehlcle travel, then the size of the coolant radiative plate can

be made apprec1ably smaller.

A ﬂuid reservoir and su_mn pump is built into the bottom coolant radiation
plate assernbly-. Heat transfer 'ﬂuid would not be allowed to reside inside

of the battery but, instead, would be pumped through the battery only upon
demand. As soon as the temperature of the battery reached an acceptable
equilibrium value, the pump system would automatically switch to a by-pass
mode and the battery coolant fluid would be.drained into the low-point sump
in the coolant radiation.plate'located beneath.the vehfcle. This oroc.edure,

controlled by the on-b'oard computer, would insure that the coolant should not

see high wall temperatures for extended periods of time,
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In addition to prelirninary investigations oi thermal management concepts for
controlling the heat loss'from.the battery package via either.the container
wal-ls or by forced convection heat i'emoVal, or both, design. studies wer-e'
conducted to evaluate the means for minimizing heat leaks via the battery
container penetrations caus'ed.by the battery power leads, instruinentation
leads, coolant lines, etc. In the course of various config'uratlon de51gn
exercises, it became apparent that all of the battery package configurations
under study had two common requlrements

1. The outer battery container should be constructed from a

light weight, easily formable material which, in an

emergency, could function well at temperatures in the
range of 600-800°F,

2. The lead throughs (power, instru‘mentation, etc.) should be
buried in some type of easily formable material which has
fex"lcellent electrical and thermal insulation qualities. This
material should p‘e'rrnit the design the fabrication of herm-
etically sealed feed through assemblies .toinsure vacuum
leak tightness at the points where pene'trations' of the douhle

walled container occur.

For the outer container material consideration was given to both metals and
non-metals. It was finally decided that from weight, electrical insulation,
thermal insulation, and low cost fabrication points of view, moldable plastics
would be preferable, if any could be founo with high strength properties at
elevated temperatures (300 - 600°F). After a materials search, moldable
' polyimide compounds capable of continuous use at high temperatures (400 -
600°F continuous use, and intermittent use at 800°F) was selected. One
- polyimide formulation prepared by the TRIBOL Division of Flurocarbon,

called "Tribolon" Pi—600, appeared attractive since it had the highest con-
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tinuous temperature rating 600°F, and is reported to be able to be used
intermittently at 800°F., It is reported by the supplier to have the following

key application properties:

Tensile strength (psi) e e e e ... 12,000
Flexural strength (psi)
@ TOOF & v ¢ v ¢ v oo 00 oo+ 19,000
@600OF &© v v v v v v v v o o oo oo 6,399

Flexural modulus (psi) . e 650,060‘ |

The injection molding capability.permits forming the outer container walls
into strong rigid sﬁapes such asi the series of conneqted truncated cones ill-
ustrated in Figures III-8 thru III-11 in Section III, This particular geometry
has been previously used in light weight structures for high loading applica-
tions such as lo?.d-ﬂoors and wall panels in commercial aircraft. 4Injection
molding of polyimide materials also permits the direct forming or "Q ring"
seal channels for use in vacuum sealing the battery container, see Figures

II-11 and III-12 in Section III for typical details.

The next material investigatién focused on the use of high temperature
materials which could be used in the temperature range of 500-10000F, be
machined and easily fabricated into complex shapes. CeramOplastic's., Weré
finally selected since they offered the following advantages, for use as not
only structural materials but as finished assemblies, as well:

1. Excellent dimensional stability

'2. Operating temperature raﬁge (-273°F - 1800°F)

3. Ixhpevaious to moisture

4. Resis_tus; ther_mali cycling

5 Does not out gas

6. Thermal expansion can approximate metal inserts

7. Can be plated with metals
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8. Can be formed by plastic manufacturing techniques in
large complex shapes
9. Can be machined like metal (e.g. drilled, tapped,

milled and lathe turned).

10. Low thermal conductivity

The ceramoplastic selected as a design reference material was a glass-
bonded-mica compound formulated by. the Mykroy Ceramiés Corporation,
and labeled MyKroy — 761. Key properties Qf this ceramoplastic are cited
below:

. Specificgravity . « «'v ¢ 00000 . 3.60

Density « + ¢ v v 000 v v oo e .13
Thermal Conductivity
o4 cal/sec/ecm2/0C/Cm) . ... 13.0
BTU-in/Hr. Ft20F . . . . . . ... 3.77

. Coeff, of thermal expansion
@0 S xin/in/OF) .. ... .. 6.0
@0 Cxin/in/oC) .. ... ... .. 10.8

Specific heat
(Cal/gm/°C) v v v v v v v v evee 0,24

. Max. continuous operating
Temp.(oc)'ooouﬁ.o--ooooo. 750.0

. Tensile strength (psi) . . « . . . « 7000
. Compressive strength (psi) . . . « 29,000
. . Dielectric strength (V/m). . . . . . 350
. Vol. Resistivity (ohm-cm , 14 -
@T00F) « v v v v v vnewasees 10
The areas in which Mykroy has been applied in the design ofAthe Fiesta battery

assembly are listed below (fefer to Figure III-10, II-11 and III-12, Section III):

a. - Molded base plate for hblding cell s‘ilb-modxviles into

correct position and spacing. The base support plate

174

-




has power conductors molded directly -intb the ceramo-

S plastic base plate (Fig'ure II-11 and III-12)

C..

e.

Cell spacers ‘at the top of the- clustered cells in each
sub-module. ‘These spacers "lock -in"" the top sub- '
module bus bars with the cell cluster top retainer
band (Figure I-11),

The Wavy—formed heat sink plates are locked into
position during battery assembly by Mykroy inserts
sittihg. on top of the hattery base plate (Figure III-11).
A Mykroy top retaining plate has been provided to
.insu're that cell submodule remain stationary during
u_ehicle rough road travel. This molded retaining
pl‘ate'is spring loaded, as shown in Figure III-11.
The_power leads (hoth main battery leads and electri-

cal heater leads) leaving the battery container are

’ pre-fabricatéd i'nAmolvded Mykroy to reduce chances of

electrical shorts between leads which could occur
if conventional insulation were used due to thermal

breakdown of the insulation when subjected to high

‘ temperature serv1ce (400~ 650°F) The low thermal
;conductlvity of Mykroy (.29-.31 BTU-Ft/hr-sq.

. £t-°F) makes 1t an excellent choice for reducing

thermal convection and conductlon losses from the

- power leads. As shown in Figures. II-11 and mI-i2,
ASectlon III the power and coolant lines leaving the
'- '.‘battery contamer are encapsulated in their own

: tubular shaped housmgs which are evacuated to

reduce radial thermal losses by conduction and con-

vection from these lines., The longitudinal losses are
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controlled by the length of line insulation; generally

1-1/2 to 2 feet is adequate. -

The use of polylmlde materlals, glass mlcrospheres, and glass bonded mica
parts played major roles in the overall de51gn of the battery system to mini-
mize the unwanted thermal losses from the battery, wh11e at the same time

satisfying other structural, and/or electrical design requirements.

The preliminary NaS battery design effort needs considerably more thermal

analyses to be performed prior to producing any hard line drawings of the

battery asseinbly and vehicle packaging. In any follow-on NaS battery research,

development and application activities, both thermal loss studies and thermal

stress studies should be defined as Major Work Tasks,
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APPENDIX C

LIST OF MONTHLY REPORTS =

Ford/ DOE - Sod1um Sulfur Battery Electrlc Vehlcle and
Demonstration Phase I. ,

Progress Report No. 27 October 1-31, 1977

' Progress Report No. 29 December 1-31, 1977

Progress Report No. 31 " January 1-31, 1978
‘ PrOg-reés Report No. 38 -~ March 1-51, 1978
Progress Report'No:-39  April 1-31, 1978 -
Progress Report Now<43 . June 1-31, 1978 .
Progress Reﬁor.t No. 4-5 A Jilly 1;31 -19'.78 |
Progress Report No. 46 . August 1-31, 1078

Progress Report No, 47 September 1 =30, 1978

LIST OF QUARTERLY REPORTS -

Ford/DOE — Sodium Sulfur Battery Electrlc Vehlcle and
Demonstration Phase I .

Quarterly Progress:Report No. 33
September 1 - November 30, 1977

Quarterly Prog_ress"Report No, 37
December 1 - February 28, 1977

Quarterly Progress Report No, 42

March 1 - May 31, 1977 . -
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APPENDIXD

LIST OF PUBLIC PRESENTATIONS

1. Electric and Hybrid Vehicle Program Contractors Meeting

‘Germantown, Maryland June 26-28, A1978

. Presenter: M. A. Pulick, Ford, Pr1n01pal Staff
Engmeer /

2, 'Sodium-Sulfur Battery Review
Newport Beach, California Novémberl 1978

. Presenter; M A. Puhck Ford Pr1n01pa1 Staff
Engineer
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