
AD—AOfl 2~42 FRANK .J SEIL.ER RESEARCH LAB SIlTED STATES AIR FORCE A—ETC F/s 13/6
itt USAF ACAOEMY FLYWHEEL—ELECTRIC CAR PRELIMINARY DESIGN RCPOR—ETC(tJ)
MAY •79 0 D RATCLIFFp LINCLASSIFIrO FJSRL—TR—79—0006

I

p



I ~ ~~
_______ ~: ~~~~~

I I ~~~ ~~~

~~I.8

I 25 

~H ll ’ 4 HH ’ 6

~~~~~~~~~ I~I ’ ~ i I I I N II~~I ~I’~i~ 1
I’t ~~~ A l l  II



_  

• 

~~LEVEL~
FRANK J. SElLER RESEA RCH LAB ORATORY

FJSRL TECII1~J~AL REPORT -79-OC~6
RAY 197S

CQ

THE USAF ACADE1~Y FLY~!HEEL-ELECTRIC C~R
PRELIRHIARY DESIGi~ REPORT

D D C ’
~ ~~~~~~~~~ 1~ I? (7~ IF flfl flf ~

~~~~~~~~~~~ I I
~~ 1 p~( JUL 17 ~919

~~~~~~~~~~~~~~~~~~~~~~~~~ DAVID D. RATCLIFF

~~~~~~~~~~~~~~~~~~~ 15
_  B

~~ 

_____ 
PROJECT 2303

I > ~~ 
APPROVED F~ f~ PUBLIC RELEASE;

~ / ~~~~~~~ DISTRIBUTION UNLIMITED.

-

-

C-)

—J
L~-

4 AIR FORCE SYSTEMS COMMAND

UNITED STATES AIR FORCE



FJSRLi-~~-79-00O6

This ~~o~~~t ~~s ~~eç*red by the Faailty ~~~eerch Divis~km, Direct orate
of ~~i9nit-ii 1 Sciences, Frank J. Seiler Research LMxwatccy, (.bital States Air
Fbroe ftedesiy, ~blor~~~. ‘ft* research ~~s con~~cted *s~ er Pzvject lbrk Lk~itMither 2303—F1—33, ~~ ~~AF h~adeay FlyiEieel—ZIectric car PreLtainary DesiJ%
~~ ort. captain t~vid D. ~~tc1iff — the Project Scientist in charge of the
w rk.

~~ us ~~ verrnent dr~ iU~gs, if icaticna or otI~~ data are used for any
pirpoee otI~~ than a definitely related ~~ euaient proct~~~~ t cçea:aticn, the
Governa~nt ther~~’ ir~~irs no re~~ naIbi1 ity r~~ ~~ obligation ~*~atsoever, ar~the fact that the GOYerTI!Ient nay have foriailated, f’.mni~~~d or in any ~~yaiWlied such dr~~ nge, specific*tia~ or other data is not to be rb~ar~ied
by in~lication or otherwise, as in any inanr~r licensing the 1o]der or any other
~~~~ or r~x~~oration or ~~rweying any rights or p~i~n~~4tr~ to ueriifacbn~e, use
or sell any petented invention that nay in any ~~~r7 be related tI~~eto.

Ingui.ries a erning the technical ~~nta’~ of this ck cuzient &~ u1.d be
~~~ressed to the Frank 1. Seiler Research La’oi. atory (AFSC) , FJS~~I’WC,
U~~F Acadeny, Q ].orado 80840. Pt~ ne ~~ 303 472—2655.

This report has been revieied by the thief Scientist ar~ is releasable
to the National Technical foraatic~ Service (NTIS) . At NTIS it wiil be
avail ihle to the genaral pI)lic , incl~xUng for ei~~ nations .

This technica l. r~~*~~t has been revi~~~d a~ is a~~~oved for pablication.

_  
USA?

Director of Research ~~ ure Professor arx~ Acting Na~IDepartm ent of Physics Departh~~t of Physics

~1J~ ~~ A. ~~~~~ ~t ~~l, t~~F K~I~’fli E. S”~~zTh~I~~, Lt (~ l, USA?
f~~~~iat~~ci Director , thenical ~~~&xjes

C~pies of this repozt sI~xi1d not be ±~ethrned unless rethrn is required by
seamrity ax~sideraticns, contracthal thligaticns, or notice on a specific

• &~ unent.

Printed in the ~~ited States of America. ~malified requestors nay obta in
additional x pies fran the Defense ~~am~ntatlon Ce~.er. All others slould
apply to: National Technical Information Service

5285 1~rt Ibyal Rad
Springfield , Virginia 22161



tTh~ LA&~IFI~~SECURFV ’v CLA SSIFICATION OF TI llS PAGE whon Oat. Eni. ,.d)

REPORT DOCUMENTATION PAGE READ INSTRUCTIONS
_____________________________________________________ 

BEFORE_COMPLETING_FORM
I. N~~PORT NUMBER 2. GOVT ACC ESSION NO. 3 R E C I P I E N T S  C A T A L O G  MU

~1~iI1~ F’JSRL—TR—7i~~~i~7 _______________________________

F Y ITI E (aid SubtlIl. L —~~~~~ - • 
5 . TY PE OF REPO

) ~~e USAF Academy F lywheel-Electric Car / J~Te1i~1flifla XY Desiffi liReport ~
Preliminary Design Report . ~~~~~~~~~~~~~~~ 1 Oct 77 thrlu&h 31 May 79

•. rsft rp fl uiu4 e i .  J~~~ iT

7 AUT HO R(s) S. CONT RAC T OR GRANT NUMBER(s )

I ~> Devid D~~~~~1iff Captain , USAF

S PERFORMING O R G A N I Z A T I O N  NAM E AND ADDRESS 10. PROGRAM ELEMENT. PROJ E CT . T A S K
A R E A  A WOR K UNIT NU MBERSDepartment of Physics

DFP - • PE6]j02F
USAF Academy, Colorado 80840 ~~ ~~~3~~~F1 33

II . CONTROL l IN G OFFICE NAME AND ADDRESS 12.

Frank J . Seiler Research Laboratory (2!.~ ~~~~~~~WEA~~~~ PAGESNC AFSC
USAF Academy CO 80840 ___________________________

14 MONITORING AGENCY NAME A A ODAESS(if dillarait from Coniroflind Offic.) IS. SECURITY CLASS. (of this r.po ii)
—~~~

Unclassified
I 1~~. DECLA SS IF ICA T ION . OOW NGRA OI NG

SCHEDULE

15. DISTRIBU TION S T A T E M E N T  (of t his R.potf)

Approved for public release; distribution unlimited.

17. DISTRIBUTION S T A T E M E N T  (of ih~ sbsfrart .nt.r.d in Block 20 II dif l.r.n t from R.part)

15. S U P P L E M E N T A R Y  NOT ES

• 5 19. K E Y  WORDS (Contlnu. on r.. ’.,.. aId. if n.c.aa.ry aid id.ntif~ b~ block nim,b.r)

Flywheel
Flywheel-Electric
Continuously Variable Transmission
Energy Regene ration

~~~~ Electric Vehicle
20 A B S T R A C T  (Contlnu. on r•..srsa aid. If n.c...ary snd fd.ntify by block nuirb.r)

Although problems caus ed by pollution and declining petroletan reserves have
caused renewed intere st in electri c vehicles , currently-avail able lead-acidbatteries impose perfon~~nce limitations which are unacceptable to mest drivers .These limitatio ns , specifically low range and acceleration , are greatly improvedby the additio n of a flywheel and continuo usly-va ri ab le t ransmis sion to thepower train of the electric vehicle . This pap er descri bes a low-techno logy

DD 
~~~~~~~ ~473 EDITION OF I NOV 65 3 OBSO L ETE 

~~ IASSIFIED

flywheel-electric car built by U. S. Air Force Academy cadets and faculty - —

J~”j %~ 7’ _) 
~
) SECU R ITY CLASSIFICA TION OF t14I5 PAGE (Wh.n f lat. FnIm d)

• -— . ---- ,
~~~~~ - -, 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



Unclassified
SECURITY CLASSIFICATION OF THIS PA OI(WPI ai Data £nI .r.d)

members in the Department of Physics under funding provided by Frank J. Seiler
Research Laborato ry . The car design discussed appears to offer the possibi lit~for a four-passenger urban vehicle with a range of 70-100 miles and accelerati
performa nce comparable to that of current sub-comp act cars . This performance
is achieved with a s imple dri ving system which is compa rable to that in curren t
aut omatic transmiss ion cars .

The paper also details the benefits and problems resulting from the low-
technology design chosen and provides trade off analyses on some of the specifi
problems inherent in the use of a flywheel in the power train of a vehicle .
Finally, the paper suggests future improvements which could lower the weight
of the vehicle , make the transmission shifting more precise , and improve the
performance of the car on grades.

Ac es3 j c ~~~~,r ~~~~~~~~~~~~~~~~~~~~~~~

DDC TAB 
~~U11Eu~nounced 1:i I

Ju~t1fjcatjon I

I
Av allail d/or

f ist spec ial

ulcL?.sS IF TED
S E C U R I T Y  CLASSIF ICATION OF ~~~~~~ PA OE(W Pt. n bat. I~~t .,.d I



-- -~ -. ———-—-- •-• .••
~
.—.w •‘—•

~
------ •-

~ ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~iIII~

it

1}ffi USAF ACAD3IY FL~~1EBL-ELECflUC CAR
PRELIMINARY DESIGN REPORF

f

By

Captain I~vid D. Ratcliff

May 1979

Department of Physics
United States Air Force Academy, CX)

__ ____________ 
~~~~~~~~~~~~~~~~~~



I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~~~~~~~~~

-

PREFACE

The USAFA elect ric car projec t , ori g inal ly begun as a conven-

tiona l student involvement project , quickly evolved into an effort

focused on the desi gn of an elect ric vehicle which could more e ffec-

t ive lv  use lead-acid ba tt eri es in a vehic le meant for persona l

t ransportation . Since available manpower , facili t i es , and ftui~Ls

were dwa r fed by tho se of large researc h effort ’ funded 1w Department

• of Energy , we chose to use off-the - shelf technology and connerciallv

a v a i l a b l e  parts to design a vehicle w i t h  impro ved per fo rmance. We :ilso

chose to USC S imp le construc t ion techn iques which put most of the car H

construc t ion w i t h i n  the c a p a b i l i t y  of cade t and facult nart i c i pants.

The use of off- th e - shelf parts and technology , and the use of simple

construction techniqu es had an interesting impact on the relevance of

an in~provements made in the performance of electric cars :

1. We wou ld he abl e to demonstrate that the car with impro ved perfo r-

nunce could he hui I t  t oda y wi thout several ~‘ears delay for research.

L~. We would be able to show that the improved car could he b u i l t

hr 1 11  compan y without  a la rge research or tool ing requirement.

Pre l iminary desi gn and construction results which follow in thi s report

indicat e  that i t  is indeed possi b le to build an electric car today ,

using lead-acid batteries, with si gnificantl y better combined range -

acceleration performance than is character istic of electric vehicles

availa ble at this t ime .

The autho r would like to express his appreciation to the Frank

. 1 . Sciler Research Labora tory for funding and considerable procurement

.1
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help, to the USAF Academy Physics Department for project sponsor -

ship, and especially to the following cadets , without whose he lp the

car could not have been built: (Class of 1978) M. Cordova ,
D. P. Lentz, T. A. Ball , S. L . Gili~~re , Jr . ,  K. R. Gronewald ,
G. Hackbarth , L. E. Ilazlett , M. L. Lindsay , J. M. Sponable ,

M . D. VanSteen wyk, R. L. Wallace ; (Class of 1979) M. P. Baudhuin ,
E. H. Browne, Jr . ,  B. A. &isler ; (Class of 1980) D. M. Phan .

The au thor also extends his appreciation to Majo r Thomas E . Kuligren ,
who provided considerable help in the design of the fl ywheel.
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I ) r ~Jcr ION

OJ 1~RFN~ ELECTRIC VEHICLE LIM ITATIONS

The decline in availabili ty of fossil fuels has revived interest

in the electric car as a personal vehicle which can draw energy from

alternate sources, such as coal , nuclear , solar , and hydroelectric

power plants. Although the electri c car does indeed solve the problem

of converting to alternate fuels, currently available models have limi-

tations which greatly lessen their appeal to consuners. Most of these

limitations are imposed on electric cars by the use of lead-acid batter-

ies as the energy storage medium. Lead-acid batteries are the only widely

avai lable batteries which are at present low enough in cost for use in

electric vehicles for personal transportation. A great deal of battery

research is current ly aimed at providing alterna te batteri es with higher

energy density, but there appears to be little hope for the appearance of

such batteries in coninercially available form for at least five years .

The question posed by this constraint is then whether to wait for the

availability of high energy density batteries or to redesign an electric

vehicle to improve its performance with lead-acid batteries. There

appear to be two arguments for the latter course . First, the decline of

petroleum fuels appears to be rapid enough that any delay , even five years,

in the implementation of conservation efforts is unwise. Second , it is

quite probable that improvements made to the electric vehicle structure

to make it operate more efficiently with lead-acid batteries will also

improve the operation of a vehicle based on high energy density batter-

ies and will thus be more than stop -gap efforts.

-1-
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Two of the reasons for low acceptance of electric vehicles

comerciallv available at this time arc poor acceleration performance

and short range. The power and ha tery current required for even modest

acceleration of an electric car is very large compared to the power

required for steady driving. A lthough this is true for all vehicles ,

it ts especial lv t rue of an electric vehicle because of its battery

mass. For instance, the maxiinijn power required in the steady acceler-

ation of a ~500 lb (1134 Kg) car to 30 mph (13.4 m/s) in 10 seconds

is about 15 kilowatts at l00~ efficiency . Assuming a battery arra

voltage of 96 volts , t h i s  acceleration requires 160 amps at 100%

effic iency . \ fi gure of 300 amps is more typical of a practical

veh ic le under these conditions ~ ie to energy conversion inefficiency .

Such discharge rates drastically reduce the energy recovery from a

lead-acid battery array .

When a lead-acid battery is operated at the relatively fast

discharge rates characteristic of electric vehicles , less energy is

recovered from the bat te rv than at slower rates. Although there are

several contributing factors, the predominant reason for this is local-

i:ed electrolyte depletion in the plate assembly. In a lead-acid

batter , only the electrolyte in the imediate region of the plates

is active in th~ electrochemical reaction , At slow discharge rates.

on the order of 0 hours , diffusion of fresh electrolyte into the plate

assembly is rapid enough to replace depleted elec trolyte near the

plates . In a rapid discharge of abQut 2 hours, di f fusion rates are

—
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too slow for replenishment and the electrolyte becomes locally depleted

near the plates. The battery seems to be depleted even though there is

still capacity left in the unreacted plates and in fresh electrolyte

outside the plates. I f  the batte ry is allowed to “rest ” for a while,

more energy can be withdrawn. This mode of operation is of little use

in a vehicle, so the energy is effectively lost. A perip heral experi-

ment was done in this research effort which investigated the use of

ultrasonic vibration to alleviate this problem. The results are

discussed in Appendix B.

PROBL~ 1 SOLtJFIONS

One solution to the problem is called ~load-leveling”. As indicated

before, the average current demand in an electric car is significantly

lower than the peak demands during acceleration . If the peak demands

are sL~p1ied by a separate short-term energy storage subsystem which

can be energized slowly from the batteries , the batteries will continu-

ally operate in the more efficient medium current range. The short

term energy storage coul d be mechanical in form such as in compressed

springs or gases , or in flywheels . It coul d also be electrical , as in

the case of charged capacitors or inductors . Of these options , only

the flywheel , a low technology option , and the superconducting inductor,

a high technology option appear to have the energy storage density

required of a vehicle system. In keeping with the low technology

approach selected for the IJSAFA effort , a flywheel energy storage

system was selected for load leveling .



The flywheel aids the car in several ways. The acceleration

performance is considerably improved because the short-term power out-

put of a flywheel is limited only by the strength of the flywheel and

transmission. The flywheel can be charged slowly from the batteries

and motor , and then discharged rapidly for acceleration. The flywheel

also improves the range performance of the car. This effect comes

from the increased energy recovery from the battery when peak loading

is removed and from a process called “energy regeneration”. In a

conventional car , the kinetic energy of the car is converted into waste

heat in the stopping process . In some electric cars a portion of this

energy is returned to the batteries by using the traction motor as a

generator. The rate of energy transfer, or power , involved in this

process is quite high, however, and only about 10% of the kinetic

• energy of the car can be regenerated in this way without damaging the

batteries with excessively high charge rates. The flywheel-transmission

subsystem in the USAFA car system is essentially symmetrical in that

acceleration and deceleration are of the same magnitude. The transfer

of energy during deceleration speeds up the flywheel and prepares it

for the next acceleration. The overall in-out energy conversion process

can be up to 70% efficient in a well-designed transmission , a consider-

able improvement. There is some energy loss in the type of transmission

required for flywheel coupling, so the range improvement will be most
• apparent in urban driving with several stops per mile. There is no

improvement in steady driving performance of a vehicle when a fly-

wheel is added to the drive train.

-4-
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DIiSIQ’4 CONSIDERATIONS

Al though a flywheel can improve the performance of an electric

vehicle , there are some practical problems that it presents to the

desi gner. The flywhee l rotates most rapidly when the car is stopp ed

and more S lOWly when the car is moving. Thus during an acceleration

the flywheel shaft, which is slowing down, must be coupled in torque

to the rear axle, wh ich is speeding up. The transmission nust then be

con tinuously var iable, or capable of an infini te number of “ge~ir” rat ios

between neutral and driving speed. Some provisions for reverse drive

must also be provided in a practical drive system. A continuously

variable transmission system tends to be less efficient than its

geared counterpart. A second problem with a flywheel is that it

shares wit h the interna l combustion engine the requirement for idling,

or motion when the car is stopped. The conventional electric car has

prac t ically no idling losses, so the energy losses during idling of

the flywheel must be made small for the system to be competitive .

A third concern in designing a vehicle with a large flywheel in it

is the gyrbscopic torque associated with the rotation of the axis of

the flywheel as the car changes its orientation in space . These

torques couple to the body of the car and interact with the suspension.

Unless they are~ care fully controlled , they may adversely affect the

handling of the car. Finally , the large mass of the flywheel rotating

at high speed levies a requirement for precise dynamic balancing of

the fl ywheel to prevent vibration from the flywheel from coupling

to the car.

-5-
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TIlE USAFA FLY1~IIIiEL - ELECTRIC CAR DESIGN

CHASSIS

The USAFA prototype was constructed on a Voikswagen 1200 (Bug)

frame. The frame uses a central spine with an attached floor pan.

The t ran saxie was removed from the frame and the orig inal gear tra in

and casing were disassembled. The r ing and p inion dr i ve for the

d i f f eren tia l in the rear axle were removed and replaced with the lower

half of a 1-inch-pitch roller chain drive . The hemispherical supports

for the ins i des o f the ha l f -axle housings were removed from the ori ginal

transax ie case and mach ined for bol ting onto the sides of the chain

case. The rear axle was then reassembled and the chain case mounted

on the car such that the position of the hemispherical supports was

unchanged from the original transaxle. Thus, except for the substi-

tution of a chain drive, the operation of the rear axle assembly is

i dentical to that of the original car. Because of the added weight

in the rear due to the flywheel and transmission, air-adjustable shock

absorbers were substituted for the original shock absorbers .

The framework of the car was constructed of tubular and angle

steel stock welded into a body shape similar to that of the Volkswagen

“Thing”. This rclativ~ly angular , box-like frame was easy to construct

and provided room for the transmission, flywheel , motor and batteries

in addition to four passengers. Considerable streamlining could be

accomplished in a comercial version of the car.

ilie skin of the car will eventually be constructed of 1/4-inch

-6-
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plywood bolted to the skeleton provided by the welded steel members .

The windows will be of 1/4 inch plexig lass , except for the windshield ,

which will be a flat piece of safety plate glass. The corners of

the body will  be forme d of wood moulding which provides for flush

mounting of the piywood panels as well as a 1-inch radius on all

corners for aerodynamic flow .

Few attempts were made to streamline the prototype because of

limitations in budget , time , and const ru ction skills available . A

wind tunnel test on a symetrica l pair of 1/10 scale models of the

prototype provided an estimated drag coefficient of approx imately

0.52 , considerab ly hi gher than the 0.37 to 0.45 coefficients charac-

teristic of current production cars (Ref. 1). Range tests for the

prototype will he interpreted in terms of this high drag coefficien t ,

and projections will be made for the performance of a similar vehicle

wi th conven t ional st reamlining .

RATTERY ARRAY

The battery array is an assembly of 12-volt deep-discharge

batteries into a 2 x 8 series-parallel array for an output voltage of

96 v~~~s at  full charge. The array, as shown in Figure 1 is a

modi fi ed “ladder” in that the series strings are cross connected at

each equipotential point. This cross connection tends to make array

charge and discharge cycles more reliable by decreasing the impact

of a weak cell in one battery. The 12-volt batteries are marine

deep-cycle batteries normally used for electric trolling motors.

They were chosen over 6-volt vehicle batteries because their 12-volt

-7-



Fig . 1: BATTERY ARRAY
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output allowed the series-parallel connection of the batteries

within the constraints of 96-volt operation and a total of 16 batteries.

The 12-volt batteries also had a slightly larger energy density than

did available 6-volt vehicle batteries .
• P’UTOR

The motor is a separately-ex cited DC motor with a 1-hour rating

of approximately 8 . 5  Hp (6340 watts) . A 1-Ohm , 10-Kw armature

protection resisto r limits the armature current to 96 amps until the

motor-flywheel speed reaches 2400 rpm, at which point the armature

reverse voltage is high enough that the armature can be switched

directly across the battery array. Above 2400 rpm, motor speed

control is accomplished solely by field weakening with an SCR chopper

circuit. Since the motor and flywheel normally operate between 3200

and 5000 rpm during the driving cycle no other speed control is

required. This design feature greatly simplifies the motor speed

control while siiiultaneously decreasing cost and power dissipation.

The entire field control consists of four integrated circuits and

two 6-amp SCRs in a force-c~wtutated chopper circuit.

FLYWHEEL

The flywheel assembly for the USAFA prototype has a very simple

structure in keeping with the low-technology approach to the overall

vehicle. It is a simple disk of hot-rolled steel about 5 an. (2 in.)

in thickness and 54 cm. (21.3 in.) in diameter. A 21.5-inch disk

was flame-cut from standard 2-inch plate and a center hole was bored

approximately 0.001 inch undersize for a hardened steel shaft which

-9-



had been previously machined. (see Figure 2). The disk was heat

shrunk onto the shaft and additionally s~~ported by side plates

threaded onto the shaft . These pla tes serve to prevent the center

hole from enlai’ging under the influence of gyroscopic torques during

the operation of the car. The shaft was center-drilled and finished

on its ends for 1.5-inch bearings. The aluninLin side plates are kept

from loosening by steel locknuts wh ich are fixed to the shaft with

set screws. The flywheel was then turned to finished dimensions

between centers on a large lathe. The maximun swing of the lathe

determined the diameter of the USAFA flywheel . Altho ugh it was

desirable to lighten the flywheel from the standards of energy storage

density , no material was removed from the hub area of the flywheel

since the designers were not expert in metal fatigue analysis.

Calculations indicate that at 5000 rpm the combined stresses on the

flywheel are less than 15% of yield strength. Needless to say, con-

siderable weight can be saved with a less conservative flywheel design.

The total rotating weight of the flywheel is approximately 100 Kg

(220 lb). The energy stored at 5000 rpm is 0.5 x 106 Joules .

The bearings used to support the flywheel are 1 .5-inch, mediun

duty industrial ball bearings. The bearings are mounted through self-

centering spherical surfaces machined into cast-iron flanges with four

bolt holes. This type of bearing was chosen to make the flywheel case

simple to construct.

The case for the flywheel is constructed of 3/8-inch aluninun

plate and 12-inch -diameter , 1/2-inch-wall tubing. The components

-10-
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Fig. 2 FLYWHEEL ASSEMBLY

AND CASE
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were assembled with a combination of machine screws and ine rt gas

arc welding. A containment ring for the flywheel is set into a 1/8-

inch-deep groove machined around the periphery of the end p lates. This

ring was rolled from 3/8-inch mild steel strap and end welded. A

series of bolts around the edge of the end caps assembles the case

in a “drun’~ construction which provides considerable ri gidity for the

flywheel bearings. The chain case is assembled in muh the same way

except that the i rregular ring is constructed of a 1/8-inch steel

stra p whose width is set to provide appropriate spacing for the axle

halves.

The flywheel case is not evacuated to reduce windage losses as

is the case in some high- technology systems which have been built

recently . it was felt that the energy losses were more than com-

pensated for by the sin~ le, off-the-shelf constraction of the case.

initial machining did not leave the flywheel balanced well enough

for 5000 R1~ operation, so an atten~t was made to balance the fly-

wheel using dynamic techniques. Although a considerable reduction

in vibration level was achieved without removing the ulvwhecl from

the car, the complex nature of the vibration coupling with the frame

of the car precl~1ed complete elimination of all vibration . If the

res idual vibra tion is troub1es~~~ during testing , the flywheel wi ll

be removed from the car for further balancing.

11~ANSMI SSI(~4

The t ransmission of the USAFA car is a modification of a

differential-draw t ransmission described in Ref. 2 . It is continu-

- 12 -



ously variable between a forward ratio useful for urban driving

through neutral to a slight reverse ratio for backing.

The t ransmission in Ref. 2 , uses a bevel gear differential as

the active element. The USAFA car uses a planetary gear to achieve

both differential action and gear ratio changes which are favorable

for the speed and torque requirements of a flywheel-electric car.

The planetary gear used was removed from a Chevrolet “Power Glide”

automatic transmission. Although the original transmission used a

compound planetary with two sets of sun and planet gears , only the

rear , or short planets and the rear sun gear were retained.

The action of the planetary gear can be visualized as follows:

Assume that the planet carrier is held fixed and that the sun gear

is rotated (see Figure 3). With the ratios typical of the power-

glide planetary assembly, the ring gear rotates in the same direction

as the sun gear , but with a rotation rate equal to 1/2.7 of that of

the sun. The action of the gear train is symmetrical; if the sun gear

and ring gear are rotated in the same direction and with the above

speed ratio, the planet carrier shaft will be motionless, as long as

the speed ratio of the two input elements is maintained. In this

confi guration , both the sun and ring gears are input elements and the

planet carrier is the output. In the situation described above, the

transmission is in the “neutral” position. If the sun gear rotates

less than 2.7 times faster than the ring gear, the planet carrier

shaft will rotate the same direction as the sun and ring and at a

reduced speed . If the sun and ring gears turn at the same forward

-13-
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rate, then the planet carrier shaft will turn in the same direction

and at the same rate as the input gears. If the sun gear turns at

more than 2.7 times faster than the ring gear, the planet carrier shaf t

shaft will counterrotate with respect to the sun and ring at a low

speed. This constitutes the reverse drive situation.

Note that both the fl)wheel speed and the ratio between sun and

ring gear speeds affect the output speed except in neutral. Speed

control of the car would be difficult if there were not a unique

flywheel speed for each driving speed. This speed relation is

simplified cons iderably by sizing the flywheel so that it contains

roughly enough energy to accelerate the car to its design top speed

once on level ground. In this way the transmission can be shifted

to an intermed iate ratio leaving the car near the desired speed at the

end of the shift so that the motor need only maintain the speed.

Although it may not be apparent at th is point, this flywheel size

results in a unique flywheel speed for each desired speed of the car.

This reduces the motor speed control for the car to a simple servo-

control1e~1 chopper with no requirement for an “intelligent” controller

such as a m icroprocessor .

It should be noted that although the speed ratio is variable in

this transmission, the torque multiplication from the motor to the

rear axle is essentially constant at about 5:1. This limits the

torque available for driving on a grade, but does not affect acceler-

ation which is provided by the flywheel.

-i s- 
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The transmission was designed to be built by cadets arid faculty

members who were not experts in machining or welding. For this

reason, a timing belt drive system was used, even though it contributed

considerable weight and bulk to the transmission. The belt drive

allowed the use of bolt-on flanged bearings rather than the precision

press-in bearings which woul d have been required by a gear drive .

The efficiency penalty was slight , while benefits from increased

invo lvement from cadet and faculty involvement in the const ruction

were significant .

The relation between fl ywheel speed and vehicle speed is made

somewhat more complex by the fact that stored flywheel energy and

vehicle kinetic energy are related to rotation rate and vehicle

speed, respectively , by non-compensat ing square laws. Note that the

flywheel liberates more energy per RI~ near 5000 R1~ than it does

at 3200 RI~1 (the top speed of the car) . At the same time , it takes

more energy to accelerate the car from 40 to 45 MPH than it does to

acce lerate it f rom 0 to 5 MPH. Unfortunately, rather than cancelling,

these non-linearjtjes reinforce each other. The relation between

these quanti t ies  is discussed in Appendix A , where it should be

apparent that the non-linearity is actually not serious and that it

does not greatly complicate the control loops for the power train .

The overall transmission design is shown in Figure 4. A 50 n~

wide , s inusoidal-tooth timing belt t ransferes power from the f ly -

wheel output pulley to the ring gear and to an idler shaft . A vari-

able V-belt pulley system const ructed from modified snowmobile power

-16-
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power train parts is connected from the idler shaft to the sun gear

shaft . The ratio of the \ -bclt pulleys is set by rock ing the shi fting

ann about a pivot between the pulleys. This pivot is spring loaded

in such a way that  it exerts about 150 lbs (1t7N ) on the pulley thrust

bearings tending to L t’ce the moveabic (right—hand) pulley she’avcs

into the fixed sheaves , thus tension i ng the \‘ -belt and prov id ing

frict ion contact . Ti it ing the shift i ng ann away from the vertical

causes O’ie pu I 1ev to i tic re:ise i t s  ef fect  ive diameter while the opposite

pu lley is effect i ye Iv made smaller. ‘l’he total rat i o change to the sun

ge;i r input ~ i th this system in the USAFA car is from C : I to 1:2 , with

a sh i ft  ann t ravel at the bottom of about 7J~ ~n ( 3 .5  m l  . i f  the

shi ft j og ann is  moved to the left of the car , the sun gea r slows down

and the output sha f t turns for~ ard at inc reasi ng speed. I f the arm

is moved to the right , the sun gear speeds up and the output sha lt

• approaches the neutra l pos i t i o n. Af te r about 50 of the t rave l t o

the rig ht , the t ransmission is in neutral; further sh i ft ing causes

t h e  output shaf t  to move in reverse providing a hacking capability .

The asv~m.’t rv in the sh i ft pat te 111 is provided because requ i red

fon~ard speeds arc con s i derably h i gher than those requi red for reverse

Operat i on.

The otltptlt of the t ransmission is through the planet carrier

sha it- which i s  connected to a sprocket d r i v i n g  a 1 - inch-pitch r o l l e r

cj ri in This cha i n is connected to another sprocket which  drives the

differenti al and split rear axle which were ori ginal ly used in the

Volkswagen chass i c~

- 18-
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SI-lIFTING SERVO

The shif ting ann described above has a total travel of about

7 .6 cm (3.5 in) at its lower end . When the motor and flywheel are

turning at their normal operating speed, only about 44 Nt (10 lbf)

is required to shi ft the arm . This shi fting is accomplished by a

servo follower with a feedback circuit which matches its motion to

that of the driver foot control . The arm moti on is generated by a

rotary-to-linear motion converter consisting of a traveling nut wi th

roller bearing contact with a linear worm screw . The worm screw is

driven by a small separately excited motor operating through a 28: 1 gear

reduction train. Motor rotation rate is set by a power transistor

controll ing the armature current, while shift direction is controlled

by a two-transistor switch which reverses the motor field current.

Signals for control of these transistors are generated by the

servo amplifier train shown in Figure 5. A differential amplifier

(board #1) composed of two voltage follower amplifiers senses the

voltage difference, or error , between the foot control and servo

follower potentiometer sliders. A single-stage differential ampli-

fier (board #2) rejects the couvnon mode signal and amplifies the error

signal to a level useful for driving the 2N2222/2N2907 complimentary

trans istor pair , which then drives the 3055/2955 pair acting as a

SPLIT reversing switch for field current. Another differential

amplifier followed by an absolute value amplifier (board #3) provides

a signal proportional to error to a 2N2222 transistor driving a 3055

transistor which controls the armature current of the motor. The

-19-
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servo shi fter is inherently rate limited by the rotation rate of

the motor with full field and armature voltage applied. This rate

limiting is an important safety feature since the shift rate is the

only parameter limiting the ma.xim~n shaft horsepower which is extracted

from the flywheel shaft under acceleration and deceleration. If the

shift rate caused a sha ft horsep ower great er than about 45 Kw (60 HP) ,

the transmission on the (JSAFA car would slip and possibly suf fer

mechanical damage .

BENEFITS DUE TO THE TRAN~V1ISSION DESIGN

NARROW ~UTOR SPE ED RANGE

The transmission allows the motor and flywheel to operate between

3200 rpm when the car is moving at 45 mph and 5000 rpm when the car is

stopped. Thus, the motor speed drops below 3200 rpm only at the

beginning and end of a driving cycle. The significance of this feature

• lies in the fact that the motor has a high back FI4F during the entire

• trip, as long as the motor field is maintained. There is adequate

iME above 2400 RPM to overcome the maximun battery array voltage

(96 VDC) so that motor speed control can be accomplished solely by

field control. The armature can thus be switched directly across the

batte ry array at the start of the trip and left there until the trip

is over. Duñng s-tart-up, an armature protection resistor limits the

current until 2400 RP!¼1 is reached . Two advantages result from this

configuration.

The first advantage is apparent in the motor speed control .

The armature current can be well over 100 amperes and is bi-directional

-21-
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if electrical energy regeneration is desired. This electrical re-

generation feature is very desirable on downgrades because not only

is energy recovered , but an automatic speed holding influence is

exerted on the car due to the drag of the t raction motor acting as

a generator. If the motor stops during normal operation of the car,

as it does in the operation of most electric cars , the armature

current must be directly controlled. The control function is

usually performed by SCRs (silicon controlled rectifiers) or power

transis tors. The requirement for bidirectional control of over 100

amperes results in an expensive control device with a large power

• dissipation and hi gh weight factor. If speed control can be perfo rmed

by field control ( i .e .  by control of the back I~’(F of the motor) only

about 4 amperes need be controlled in the motor used in the IJSAFA

prototype . See Figure 6 for a descrip tion of a proposed field chopper

for the car.

A second benefit is the simplicity of electrical energy re-

generation. The trans ition from motor to generator act ion is very

simply accomplished by field current control of the hack l-l’IF of

the motor at a given speed. An I~1F less than the batte ry array

voltage allows current to flow through the armature and motor operation

occurs. If the back 1M~ is equal to the array vol tage , no current

flows and the car coasts . If the EMP is greater than the array

voltage , generator action drives current backwards through the

batteries , charging them while exerting a drag on the car which helps

-22 -

___________________ 
_ _ _ _ _  -~~~~~~~~~~ - - - - • - -  - - - - - -- -  - 

~~~~~~~~~~~~~~~~~ 
-
~~~~~



- - -~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ -_~ -

- ~~~~~ ~~~~~~~*t e th e®

~ riI v
N~~~~~~ ~ th%-.

~~ 

4 L ~~~~~~HI
I ._

~~~

t~I~ 1+
‘ J o  I’ a..

-

~~ 

; 
~~~~~~~~~~~~~

. 

E) 

~~~~~~

, 

I.

L~P~~~

-23-

L •~~~~—-—~~~~~- - -  ~~~~ - -~~~~~~ -•. - - --• - .--- --- • -~~~~~ -- • - - - • • • - •  - •



_ _ _ _ _ _ _ _ _ _  

— - — --- — - - -----‘---- -—---.-•--..-—• -.- - -,--------- - - - •-----—--—- - -

keep it from accelerating downhill. The fac t that this can be accom-

plished with two SCRs or one power transistor rated at about 6

amperes and 120 volts with no requirement for current reversal gives

the design si~~iificant advantages over a design in which armature

current is directly controlled. The fact that the armature can be

directly switched across the battery array also gives it a slight

advantage in overall efficiency .

SIMPLE SHIFF ARRANG3IENT

As indicated in the discussion of the transmission, shif ting through

the entire range--including reverse-is accomplished by moving the end

of a control ann through a discplacement of about 7.6 an. The force

required to do this with the motor running is less than 44 N (10 lbf) ,

so a small electric motor driving a worm screw through a gear reduction

train is sufficient to shift the t ransmission . A small sewing machine

motor was used for this purpose in the prototype. Three low cost power

transistors and a simple operational amplifier servo-controller were

used to operate the shift lever. A total of less than 60 watts is

used by the servo controller even under maximum shifting rates. The

low power requirement of the servo motor great ly reduces the cost and

complexity of the flywheel control.

DRIVING AND MAINTENANCE

The fact that the transmission is continuously variable with

no discrete shift points provides exceptionally smooth acceleration

and deceleration of the car. This should make the car simple to

drive in traffic, even in adverse weather conditions. Servo

-24-
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modifications such as a shift rat e limiter contro l on the dashboard

will also allow the drive r to adj ust the “feel” of the car to the

driving situation . A further benefi t of the design of the

• transmission and servomechanisms is that the complexity of driving

a flywheel vehicle is taken care of in the desi gn; the USAFA

flywheel-electric car would be essentially identical to an automa tic

transmission car in its requirements for driver training.

• The simplicity of the mechanical parts of the transmission will

make owner repairs considerab ly simpler than on currently available

transmissions. The- main item which will require attention is the

V-belt in the variable drive. Since the adjustments on this drive

are relatively non-critical, owner replacement of this drive belt is

quite feasible .

A final benefit of the transmission design is efficiency. The

transmission should be somewhat more efficient than a conventional

automatic transmission with a torque converter , especially unde r

hard acceleration. Due to the power splitting which takes place in

a differential, only about one-quarter of the power from the motor

and flywheel go through the V-belt at driving speeds. The V-b elt

has an efficiency of about 75%. Three-quarters of the power is

transmitted to the planeta ry ring gear by the timing belt , which

has a characteristic efficiency of about 95% .

-25- 
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I:L~~I1EEL Si D ING

As indicated in the flywheel section , the flywheel was sized

specifically to provide the energy for a single acceleration to 45 !fPH .

The reas ons for this choice may not be imediately apparent, but they

result in a very significant s implification of the speed control

philosophy for the car . When the fl ywheel is chosen this  way , there

is a uniquel y determined flywheel-motor speed and t ransmission sh i f t

p oint  for each speed of the car. The flywheel is constantly mainta ined

at such a speed that it can absorb enough energy to stop the car on

level ground and to l iberate enough energy to accelerate the car to

45 MPh , the designed top speed of the car. The driver selects the

desired speed input to the control servo which then sets both the

transmission shift point and the motor-f lywheel speed. Due to the

tachometer feedback from the flywheel which is required to do this ,

the car will inherently hold a desired speed on small up and down

grades. In addition , a fu ll cruise control can be added to the car

for under $10. The entire transmission shif ting servo and motor

speed control can be built with about nine operational amplifiers ,

two integrated circuit timers, six low-cost transistors and two small

SCRs for a parts cost of under $100. (See Figures S and 6)

SLOW FLTh1IEEL R(TFATTON

The simple steel flywheel selected for the design has a ver low

energy-mass rat io compared to composite flywheels currently being

designed . Cycling between 3200 and 5000 RPM i t  releases or stores

about 3 x 10~ Joules with a rotating mass of about 100 Kg. Energy

-26- 
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densities of up to ten times this figure are available with high-

technology systems operating at 10,000 R1~1 and above. The dis—

advantages of this heavy flywheel are moderated, however , by the

fact that it  can be made by convent iona l machining techniques out of

low-cost hot-rolled steel stock and run in a non-evacuated case w ith -

out severe windage losses and without the requirement for vacu~n-

sealed bearings which can operate above 10 ,000 RP!1. These advantages

not only result in a less expensive car, but also allow the construc-

tion of such a car imediately , without lead time for research of

development of any of the required materials or parts.

In stzTulury, the heavy steel flywheel imposes a weight penalty

of about 50 Kg on the car while providing simplicity , long life , low

life cycle cost, and ininediate availability without precision

machining. Tn a near-term vehicle the advantages appear to out-

weigh the increased weight penalty .

DISADV.ANTAGES OF THE DESIGN

I:IXWHEEI.

As ment ioned in the last section , the flywheel is rather heavy.

The total assembly adds about 150 Kg to the weight of the prototype .

Even in a produc ti on car , the weight would probably be about 100 Kg.

(Note however the possibility of combining the motor and flywheel into

a single unit mentioned in the section of opportunities for further

improvement.) This is equivalent to the weight of addin g an

additional 4 batteries to the array, an increase of 2S% . Under

certain conditions, it might be better to add this weight in

_ _  _ _
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batteries rather than in the flywheel assembly. One specific

example is in a vehicle designed to operate in an area with many

hills .

ThANSMISS ION

The pri ma ry disadvantage of any differential transmission is

that i t  does not multiply torque at low output speeds as do both

manual and automatic transmissions of conventional design. This

disadvantage is felt most if operation on grades of over about

3% is desired routinely. The transmission as it exists in the proto-

type is essentially a constant-torque drive with a total torque

multi plication of about 5:1 from the motor shaft to the rear axle.

An auxiliary low range suth as that described in the “opportunities”

section wou ld probably be required for routine operation in an area

with grades over 3%.

A second disadvantage is the inherent efficiency limit of the

V-belt in the transmission to about 70- ’S%. This deficiency is

moderated by the fact that the torque converter efficiency of a conven-

tional automatic transmission is often even lower under acceleration .

Another moderating factor is that under steady driving conditions at

or above about 30 MPH, less than 30% of the transmitted power goes

through this belt .

~IJ~OR

There are two basic disadvantages of the motor desi gn used. First

the motor and flywheel are not integrated, so there is a weight

penalty of at least 50 Kg imposed on the vehicle over the weight of

-28- 
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an integrated unit. It should be relatively simple for a motor

manufacturer to design a high-inertia motor whose armature provided

the function of energy storage.

A second disadvantage results from the lack of an armature

current control system. A very large starting resistor (1 ohm, 10 Kw)

is required to l imit current in the armature until a speed of about

2400 Rl~t is reached and the armature can be switched directly across

the battery array. Although the resistor is not necessarily ex-

pensive , it tends to be rather bulky due to heat dissipation require-

ments. Since the resistor is needed only for about one minute on any

one trip, the power loss due to the resistance is not significant

in the driving cycle.

OPPORThNITIES FOR. FURTHER I PROV~4ElsTr

~4)TOR-FLYWHEEL CCMBINATION

Perhaps the most significant improvement which can be made in

the power train design over that in the prototype is to combine the

functions of motor and flywheel. A 22” diameter separately excited

motor with an armature mass of about 100 Kg and a power rating of

about 7460 watts mechanical (10 Hp) would supply both the motor and

flywheel requirements in a relatively compact space. Although the

design would require very secure mounting of the armature coils due

to the large diameter, other parameters of the motor such as flux

requirements in the armature and field might be relaxed compared to

current small-diameter motors . In the event that future developments



Ti

in solid-state devices made current control in the 96 Vdc, 100

ampere range simple and inexpensive, the large diameter shape is

ideal for an inverter driven induction motor design.

ThOK~~ TER FEEDBAC K TO TRAN SMISSION

In the prototype , the flywheel tachometer is a part of the motor

speed contro l loop hut not the transmission shifting loop. The

transmission feedback comes solely from the shift follower potentio-

mete r (see 1~igure fl. The disadvantage of this is that it does not

compensate for belt wear and potentiometer shift . If a tachometer

were added to the sun gear input shaft, the flywheel and sun gear

rotation rates LUULd be compared in an analog ratio detector. The

voltage output of this ratio would give an unequivocal shift indication

regardless of mechanical changes in the shift servomechanism .

1)rift or wear in the V-belt speed controller would then have

little effect on shift servo performance. The voltage output of the

rat io detector would he used instead of the output from the shift

potent iometer in the shift feedback loop . Such a ratio detector

could be cons t ructed from a single operational amplif i er w i th  an

analog multiplier in i ts feedback loop.

T~J-R4~ GE TQR~ JE ~IJLTIPLIER

The pro totype transmission has the disadvantage of limi t ed

torque multiplicati on , resulting on poor performance on h i l l s .  This

problem could be alleviated by a two-ratio planetary speed reducer

with electrical clutch actuation located at the output of the motor-

-30- 
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flywheel shaft. This speed reducer would provi de a mult i plication

of output torque at the expense of top output speed. The motor speed

control electronics could be modified to automatically select this

mode when armature current became excessive. The potential benefits

of th i s added performance must be traded off with the increased coin-

plexitv of the transmission , with greater desirability in terrain with

si gnificant grades than on level ground.
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CONCLUS ION

The Ilvwheel-electric car described in the preceding paper was

designed to make effective use of con~nercial1v available parts and lead-

acid batteries.  I t  constitutes an attempt to construct an urban

vehicl e which can great lv alleviate urban pollution and operate on

alternate energy sources during a time when few solution s are avai lable

(or automobile pol lut i on and declining petrole~nn fuel supplies.

-\ l though the vehicle has not been driven at the time of w r i t i n g  of this

preliminary paper , testing of subsystems and wind tiurnel testing of

models indicates that the car should have a range between 70 and 100

miles on leve l ground depending on speed. The acceleration perfor-

mance should be comparable to current compact cars . I)r i ye r t rai fling

for the tI~AL\ flywhee l — el e c t r i  ~ car should be comparable to that

required for automatic transmission vehicles. lest ing which wil l

soon c~ivuence will be reported in a follow-on report .
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APPENDIX A: RELATION BETWEEN FLThHEEL ROTATION RATE AND V~ 1ICLE SPEED

Because the energy of the flywheel and that of the car are non-

linear (square law) func tions which do not compensate each other ,

the relation between flywheel RPM and vehicle speed is non-linear.

Engineering constraints relating to the transmission require that the

f lywheel speed be non-zero at the end of the acceleration so that the

flywheel shaft does not need to be decoupled from the transmission .

The result of this finite lower speed of the flywheel is that energy

is “trapped” in the flywheel during the driving cycle and not released

until the trip is over. It would seem optimum to minimize this

trapped energy by operating the flywheel as slowly as possible after

the acceleration of the car, but the above non-linearity of the

speed relations actually requires a trade-off of the speed range of

the flywheel.

In Figure 7 a family of curves shows the flywheel-vehicle control

law in terms of V-belt pulley ratio at the shifting mechanism. The

curves are computed for a flywheel identical to that used on the USAFA

car , with an assumed vehicle mass of 1140 Kg (2500 ib) ,  and with an

assumed 70% overall transfer efficiency through the transmission.

The curves represent the liberation of equivalent amounts of energy,

but from different combinations of upper and lower flywheel speeds.

Note that the curve becomes increasingly- non-linear as the operating

regime of the speeds is lowered. Based on these curves and initial

projections of vehicle mass and control system, a speed range of 3200
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Fig. 7: SPEED/RPM CURVES FOR

V-belt VARIOUS FLThI EEEL SPEED RANGES
ptii icy
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• to 5000 RPM was chosen. The future test program will allow an

optimization of the parameters involved, at which time some other

range will probably be desirable. Note that the main effect that

the non-lineari ty has at a constant shift rate of the control arm is

- that the acceleration rate will drop between 35 and 45 MPH , the

design top speed of the car. A similar drop in the acceleration of

I a conventional electric car occurs because of power drain on the

• batteries, so the effect should not be particularly noticeable to

someone experienced with electric car operation.
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APPENDIX B: ULTRASONIC EXCITATION OF A LEAD-ACID B.ATrERY

Lead-acid batteries which are discharged in a short period of

time (2-4 hours ) tend to give up considerably less energy than those

which are discharged in a longer period of time (20 hours). The

prime factor in this effect is the localized depletion of electro-

lyte in the region of the plates with insufficient replacement by

diffusion. Since ultrasonic vibrations are conm only used to force

liquids into porous structures similar to that of the plates of a

lead-acid battery , it was of interest to examine the effects of

ultrasonic vibrations on a lead-acid battery under a rapid discharge.

The battery used was a 4-ampere-hour lead-acid battery designed

for motorcycle use. Several charge-discharge cycles were run at the

4-ampere discharge rate. The battery was kept at constant

temperature in a flowing water bath. The battery was then discharged

t several times at the same rate in the tank of an ultrasonic cleaner,

again maintaine d in temperature with a water bath. In each case

the decision to terminate the discharge was based on the battery

voltage, and the test was run until the voltage knee was reached.

Since there was no way availablc. with which to control the

recharge operation with any degree of repeatability , the results

were somewhat variable. There was, however, a definite tendency

towards longer discharge cycles with the ultrasonic vibrations present.

In some cases , the discharge cycle was extended 30% beyond cases

where no vibrations were present.
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Although the results are in no way definitive, it appears that
the re is sufficient justif ication to do a more involved study which
could better simulate a practical system, such as one using small
ultrasonic transducers operating at low levels in each cell of the
battery . A study of the net gain in released energy (if any) when
the power consumed in the ultrasonics is considered would indicate
whether there is any engineering feasibility to the method.
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