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(a) TITLE: DC CENTERING OF FREE PISTON MACHINES

(b) CROSS-REFERENCES TO RELATED APPLICATIONS
{Not Applicable)

5
' (c) STATEMENT REGARDING FEDERALLY~-SPONSORED
RESEARCH AND DEVELOPMENT
(Not Applicable)
10 (d) Reference to a "Microfiche appendix"

(Not Applicable)

(e) BACKGROUND OF THE INVENTION

15 1. Field Of The Invention

This invention relates generally to free
piston machines, such as free piston Stirling
engines, free piston heat pumps, including coolers
and cryocoolers, and linear compressors and pumps,

20 and particularly relates to free piston machines
which are connected to an AC linear electric motor

or alternator. The invention is an apparatus for



centering the free piston and its associated structures before an
oscillating dynamc drive is applied to the free piston nachine.
mechanically linked to the piston for reciprocating with it. 2. Description
Of The Related Art The prior art has and will continue to p1®@June2808r oad
spectrum of free piston machines. In a frge piston machine, a piston
linearly oscillates in a cylinder. However, the piston is free in the sense
that the opposite ends of its displacenent are unrestrai ned by nechani cal
| i nkages, such as cranks and rods or other notion transmtting structures
whi ch have conmponents noving along specific limted paths. Odinarily the
anplitude of the r c%grocation of a free piston_v rie?éas a function of

e

| oadi ng and poweFCFATEGme Fiee PFEonPHEHIhes?tHe SRV a4 part

of the load to whigBrp@esr Haéf@li:ée@hedo@@ﬂliatgh@eré)ﬁﬁ&mié areet iy the
prime nover or drive. Usually the free piston is nmechanically linked to

ot her structurearphied tecithreodates Wi HtPAFMPCEL®® - Such ot her structures
include linear electric notors or linear alternators. Therefore, the term
"free piston nenber” is used herein to designate the conbination of the
free pistonsand2t{ hpegthépti@p@eMhstReILAUedsSAwiti ch are Because the entire
pi ston nenber is free 30 there are conditions under which it will collide
with structures whi cBhgreBsd€iti ohel bBPEnd a1d hewilligcgnhénpeo3tey 5 10 15
20 25 30 or bot of_ i i Bt of. Ci i i_gn. Such
structures are ﬁggggﬁeté%ﬁ%%oagnge%gﬁféﬁPgﬁﬁeff%%%]Bé%ggﬁaﬂgpﬂﬁéFgfs
generically to shruaturfeaerhighsvay bmashimek ifathpiptshonlaeeaglbheyond
the intended |imts_of its_axial%é Qscillatingwreci rocati on. The need to

avoi d the col | | SPEhLOPE5pildt o M¥MBEASEt h HRWENE twal 1he sPhaFeRchParly
acute in maehi nggein i ehRet N i St @RAILS EHO) RP KW 1 Pe t bPRsVaLY T REsTAS
pressures in two fluid spaces, each space bounded by an opposite end of the
pi ston. Wien a flisplpisment| i néad y osviddtarasnéd it byr ecmpcbeatcay notion,
it does so-in opposite directions from.an avera positian centered between
its peak, axialggngﬁﬁggrté“%QEu?giSﬁgpk%eégﬂger§§ﬁe‘ﬁ%t° %rlgagéaﬁ t hr ough
the gap betweentthgspiistengandseyhtadeeswaliisidsualdaveoccesspbheprone fluid
space to the other_durin? each cycl e of rec[grocation, t he gas nasses in

t he two, spaces Heud#ngdl | §lenangereThifscchhhgeteduspsthise cendénapily

reci procati,en t re d tloge shpce \idd d ss, I this creep
conti nues, 1'(t%he gpét o%p‘gté%}tegpgpoﬁffi on w Iﬂ%&%ﬁ?géﬁgégbe i sf)l aced”
sufficiently fapisbah tharigistos wi lfuredidrdeoti toadiendandl porér pne peak
of its oscillating notion. In order to avoid this consequence during the
dynami c, steadylBt &8ttt i BhSbPMa AP St bR mddfiendi sk Vari®ty  of
dynani ¢ centeri g gt pYCtiWLs AL UsednilhepewerNt el | DY St gt 45 @S; 4 ncl ude
both structures for naintaining a fixed center of 19 June 2003 4

reci procation, asheskl ids &$ractnaes 66r thieni pfbyet novend amwvéneve . of t he
pi ston ne tQ_maint ai iston ne r_di spl nt w.thin a safe range.
Thus, then?§{n1883ﬁ?§ﬁlﬁ}é)éée%s d@ﬁg¥biﬂ$ nggggﬁf%xﬁﬁ1%%ﬁkﬁiﬂﬁﬁures for
mai nt ai ni ng a spenkti ¢, sfixedureent eshdéhr ecdiqrigeedtove awmiwal | ase
confining piston nmenber displacenent within range limts spaced
sufficiently frBY¥SERB-end wACPs OFNFeveEROFPFefoninRledey ekt ®es of

dynam c

electric motors or linear alternators. Therefore,

the term "free piston member" is used herein to

25 designate the combination of the free piston and

the other component structures which are

mechanically linked to the piston for
reciprocating with it.

Because the entire piston member is free,

30 there are conditions under which it will collide

with structures which are positioned beyond either



10 centering structures are shown in the follow ng patents, which are

i ncorporated herein by reference: 4, 1S3, 214; 4,904,802 9, 583,364; 5, 961,

' 859 5, 385, 021, 5, 537, 820; and 5, 873, 246. H ost free piston machines
are operated at or 15 near resonance because efficiency is tidang2688er .
Mechani cal resonance requires a mass driviangly linked to an energy storage
devi ce, such as a spring. Therefore, the piston nenber is designed to have
a mass which is nechanically resonant at 20 the operating frequency of the
free piston machine. The pa stns, is linked to the housi~.g icy one or nore
springs. Such springs include helical and/or planar springs, gas springs,
magneti c springg andbbE% smgéggeffgft o%t%onpqgﬁgAgéHZS FLyids iggthe
spaces boundi ng fhe ends of the pi ston. There are a variety of free piston
machi nes. TheserendbpudeaBeaie- mppd ofir.ee PusthonstStuctungsermgianese aatinheat

punpi ng apparatus, such as 30 coolers apd cryocoolers, as. well as free
pi ston, |inear ESHﬁPé%so?gdaﬁﬂabhﬁgs. CFgEn gﬁége R waigﬁJuﬁ%g?6§3 5

pi ston machi nes;hawe ithailry, PLet ot AREPaRESAlY: h kY (9 AR AGck if
el ectromagnetic”l1 near transducer, such as a linear tor or linear
alternator dr other pdlsacin irabegebeyana . tiForipkangkd, lanfitee &f pisson

Stirling engine linked to a |ternator ,is able to use the heat of the
o i fat
ext ernal combusfiéA AT St YRR FEFEPESAT Pty and a free piston heat

punpi ng apparatus |ipied £8e8 ldd€aLofRt ¥h&aRNE 143eH fOF ¢0Q)] figoand
cryocooling. An AC 10 linear notor can drive a free piston in‘ a cylinder
havi ng inl et andesbelretwiahves tengr o\dlde asgass moimprlessby arcuftleui th punp.
An AC el ectromagneti.c, |inear trﬁgs ucer , %hether a thOE ar al t er nat or,
general |y consi 8e§h¢8est i cBptce ©dPE§ 8 hausi 7igP1 BF “EAe Bacht ™R and

ei ther a sgqpndygeiling eghki catdysgpaBeci gd td OpelLaAbe 85a88s¢! ecidpnagnet
or preferably a permanent nagnet, nounted to the piston as a conponent of

t he pi ston nenbspacthepreundedallsy 20 pepprisdile |¢mdarott rahedydertsomf t he

novi ng coil-typg in which the coi unted Lo the ph%ton as a conponent
of the reciproc P

| is ,
FRg Bi stER e RBEr Oihd LA Hrighetos G THRTSR ot mateht
magnet or an el eabhigre@iind S MBHDbAY t At hedhoysi 8g. The ZpddNipe magnet”
is used herein to refer collectively to both a permanent magnet and an
el ectromagnet . Alitrleckgieren ACrphneadn noeyerage al Bes beleor neenheredtoil and

a high per bility, ferr, gnetic ma I to rm.a_relyctance notor
operating ﬁﬁie bSEﬁeggleﬁgﬁg,qFﬁigb a%giéggyfigkgﬁghgﬁd fﬁ%?ﬁ?%ﬁ%?%ﬂn

preferred.  19Bé¢a@s2003dmdxamet esgas devakageusithgoighearchad t efapat ors or
| i near notors are shown in the followng U S. Patents, which are hereby

i ncorporated bybpém@esnc&he, motonvaand eydindsy, waldseo umpelly s 642,
088; 4, 912, 403y fyys92 ronjnzgéné""nil%)idlggpag@&tcy\h%ﬂea éiﬁgrp'd%tﬁglcﬁacm ne

begi ns operation, it makes a transition oma static to a dynani
condition by inekichl logydlismeaf| yeospirldcattiing attiseragds ampkseades afhe

oscillation, The anplitude ofé%? these oscillatigns continues to increase
until the et hi &% eRABSSi (% ‘ieaa]d];/ysfg‘taé'“gc?pgra&l‘r’ré c%ﬁ?i???oﬁr?.”sﬁsncg nost
free piston machhRescaheepr af ded g ihd®elani cdl ekelbherow®Fd NgFenhi ch
hold the free piston nenber away fromthe end :

space with decreased mass. If this creep

continues, the piston center position will

eventually be displaced sufficiently far that the

25 piston will collide with an end wall at one peak

of its oscillating motion.

In order to avoid this consequence during the
dynamic, steady state operation of a free piston
machine, a variety of dynamic centering structures

30 are used. These centering structures include both

structures for maintaining a fixed center of



15 wal | s under static conditions, these snmall transitional oscillations do
not cause end wall collisions. As the oscillations grow, the dynamc

* cent'ering structures, described above, for preventing end wall collisions
during steady-state 20 operation cone into effect and prevdftJuaa0f3| |
col l'i sion However, some free piston machjnes do not have springs which hold
the static piston nenber away fromend walls when the machine is not 25
operating. Consequently, they require sonething to naintain the linearly
oscillating piston nenber sufficiently far fromthe end walls during
startup to avoid collision. This is a particular problemfor free piston
machi nes in which the axis 30 of reciprocation is vertical or has a
vertical conpoR@@iPsPcatiidit-atddnweld stehsShagisicvess fapn Jdmd t20aB 7
gravitational C I i d Lbratj . Ca e piston
menber to sIidéﬁéggﬁﬁgﬁggﬁ£%%§§mgﬁf aﬁinpgﬁgghagﬁ%ﬁ%ﬂfSt%oﬁgﬁﬁ défation
|f startup is ppétoat edemben tdisplpcementmewberins At sarfeneaange.end wal
when an oscillating dynamc drive is applied to the free piston nmachine,
the piston menbe¥sSwi ERe diefeceRePEfripgpeattddiypashmie b2 ieol Federagai nst
the end walkl Lt a I f il]lation.] O sufficiently |arge
that the d%na#ﬁ%t%en éri%g&g%gggﬁgregggcoﬁgghggébz %e.gBe% % z%ﬁﬁny of

these dynam c ££0&€f 1 NcSHESEL U rebyipgpoRa®ion)r ndse RIS i Asthe
piston and cylinder walls coming into registration when the pistonis in a
centered 15 poSPRfbALNG Rbterht MeMbEimed | $p baGamerhn Widdsirhefranaget he

piston oscillaiien amlilude BEERTRS SUAN CEBh! % AT 884t Al Gentering can
be effected. ere Is, erefore, "a needfor a static centeri'ng apparatus
for use with thoseefiteecpildtietorQ nmachi néswi newhmpgbetheo pi st pRamesber is

capabl e of _creepi oward an end wall when the nmachihe i~ not operating so

ng t )
that the épati%gé% teRPngSGpPpaFaras wife pi tlBerFBEicf%Bi?VkP%ns during
start-up of ”}?atféﬁ@s?' StQRiBRChi R&e 25 iidcd S d MRS O & &k P ecpy and

feature of the present invention to provide an apparatus to nove % static
pi ston menber feberenserest Hob8Bi dhdinto 4 904i80dn at WHED, 36; dynam c

centering syst j | ec r.abl i tart- in.order to 30 avoid
Cont or 19 SYEETLAL bsBESOTIRAnS A & S Ml At e 47y opdEr ¢ 30 Ao
The i nvention uses @Ogglkfggnéf@tgg hg%thggrgkéwg%gggggaugyIé&llnked to

a pi ston nenber conponent, such as a pernmanent nagnet or 5 el ectromagnet,
to form albi newranotresonandeolgtdhesece Ebhpbaraysicamulod prmas twed.

lusively f tici the i ti pref bly th i |, and th
pi Ston menber NYTHORERE Lt o*SAPEA e (6T e Tmgnel oA | § A1HHERLY most

preferably a peiiw&@ntto an energy storage device, such as a
spring. Therefore, the piston member is designed
to have a mass which is mechanically resonant at

20 the operating frequency of the free ©piston
machine. The piston is lipked to the housiiy by
one or more springs. Such springs include helical
and/or planar springs, gas springs, magnetic
springs and the spring effect of compressible

25 fluids in the spaces bounding the ends of the
piston.

There are a variety of free piston machines.
These include Beale-type free piston Stirling
engines and heat pumping apparatus, such as

30 coolers and cryocoolers, as well as free piston,

linear compressors and pumps. Often these free



10 magnet, are both part of an AC linear alternator or AC |inear notor
which are a part of a free piston machine. The invention further includes a
*source of DC electrical current and a switch connecting the DC source to
the coil for supplying 15 DC current to the coil when the s¥$ taie 26081 osed
so that the coil and piston nmenber conponent to which it is magnetically

| i nked operate as a DC, |inear notor unt Pl the pi ston is adequately
centered for start-up without collision. The DC 20 source voltage is
tenporarily applied to the coil to nove the ~; piston away froman end wal l
of the cylinder. This may be acconplished by applying the DC to the coil
for a predetermned tinme interval, or by sensing when the piston has 25
reached an adequattsdry cendleimels posateonthégy BRLEEcDESGRICERINAN £FL JHE

SEVERAL VI EWB8 OF THE, DRAW NGS Figs. 1-3 are sinplified diagraps 30
T e rat ot MR Ch ol B8 BF (E e CenL HoRs . LraMATES003 o Fig.
9 is a block diagiamaaf §he et rheRlorCi 66U L1 Ve £ADQMW &h 4 AE Present

invention. Fig. 5is a_ diagramof a free piston nmachine to which the
present inventiches apprtedcad Reprerstoy, 8 Eow 9xamplsvheantfireali agrans

Che. prof orrod ERFSThenr 67 -Phe TIIH | oIS chos &7 | FEREPRRERS T ane

drawi ngs, 10 spedid itotesei bReog¥aw Idf hid anard ath 1 ocbrbukhe opaksr of
clarity. However, it is not intended that the invention be limted to the

specific term Soedled ebPeddARIrdte | £hartyd Uirdder $M6odat Hete@alh iRt fi c
termincl udes %lelatt eﬁﬂﬂgﬁﬁ!g e%’%é(?ééi}&s %%;3’241! CRo0Per atig d 1 a3 g ar
manner to acconplish a Sim’l ar” pur pose. For exanple, the word connected or
termsimlar tharet bearesedt dfonisedolingy amié naiydaowledgt o Khr e
connection, but include connectign_throu h other circuit el enents where 20

such connek?i ot ineadiYri L eB2Bs bl g qeditfalPdtt By tholeCY¥RIENGSF in t he

art. In additi @RyviGld Cyhiatargnd | bustikat agh Wb &h &y epphvadkyps \Waich
perform wel | -known operations on electronic signals. Those skilled in the

art will recogmiompEsidrator hekeidreumpny, and in the future may be

addi tional, alternat 'nve rcg'%t stvxlrcljimchn%rgcr ecqq_ni zerd agreﬂui \L/Ial ent because
t hey provide the sane operati RS 6RMERECS: ghal s. o't 1973 ﬁg 5603 10 (h)

DETAI LED DESCRWRE t® fOFa Thic tloVENT| N Erfatdri | Iqesia el By acbhee siisst on
machi ne 10 hav;%lg a piston nenber 12. The piston nmenber 12 includes a
pi ston 14 k%i d&fl \2 reei breeabred Roga housing for the machine and

either a second coil electrically connected to
operate as an electromagnet, or preferably a
permanent magnet, mounted to the piston as a
component of the piston member. There are also
20 practical 1linear transducers of the moving coil
type in which the coil is mounted Lo the piston as
a component of the reciprocating piston member and
the magnet, either a permanent magnet or an
electromagnet, is mounted to the housing. The
25 term "magnet" is used herein to refer collectively
to both a permanent magnet and an electromagnet.
Although an AC linear motor can also be formed by
a coil and a high permeability, ferromagnetic
material to form a reluctance motor operating like

30 a solenoid, these are inefficient and therefore

not preferred.



5 cylinder 16 fornmed in a housing 18. The cylinder or housing has an end
wall 20 and an opposite end wall 22. The piston 14 separates a first fluid
+ space 24 froma second fluid space 26, so that each of these fluid spaces
bound opposite ends 28 10 and 30 of the piston 19. The fred9piupe®003achi ne
10 is also provided with a conventional centering system the sinplest of
which is illustrated in Fig. 1. This cefitering system has a passageway 11,
whi ch extends froma 15 port 13 opening into the space 26, through
interfacing ports at 15) fornmed in the interiorly facing cylinder wall and
outwardly facing piston wall, and finally through a port D, opening into
space 29. 20 The free piston machine 10 is vertically oriented

Consequent |y, ., befteamplMerst vipf t bieviicdonusernierl iRenir| |a Moy endovpwar dl y
under the force of gravity into contact with the end wall 20. ?5 The free
pi ston machi n@r 181NeRFMPROFFg.a0e §ingyank@t itde | foillpwsindt@sSa broad
variety of ty free pi.ston in [,ch ar 0 in,the_prior art.
Such nachinesp?é%?égfly Hg&é a fE&%ﬂerei%ﬁ%gkentg?%ggbﬁ%hse%epe%ﬁing upon
the 10 type ofeféeenpeston apebpne74may be, 6f4er, sexpnpl e.4 06 £OMPg ©SSOr oOr

punp val ve mechani sm or the 19 ,tune 2003 11 5 10 15 20 25 30 di spl acer,
regenerat &r and®hee?8Bixchafde 4G Uctdr 2460t 28/ f prad pissttfh &6Frling engi ne

or free piston Stigling._he ugpi eyi . CO referred to as heat
punps, coolers or %$$§C5b|€%%£ gﬁéﬂ?VQB%ggglﬂ%u2¥%€l¥% %ﬁ@ %ﬁﬁﬁ%@ 18 and
is magneticalily hikked 4 ot aapsitdmnrefrben eonposent 3o ta fd/mamd i near

notor. The preferred piston nmenber conponent 36 is a pernmanent nagnet
nmount ed by a MhectPRg P¥d 3BitdRldvherl iRRMEhY caPSFRARAFE,NT 0 &the pi st on

i peansedueidan ) | oS ORRARSNISE AoLhe1 RESLAN TRARE add1 3XGAIE AN oY

| i nked together an ocat e together and include i'nkage rod 38,
the pistbd nernbese cospobeéat idbsarmbrithenpest ap lihcressaghatpdl ehedoubl e
throw switch 90 alternatively connects the cojl 34 to a source 92 of DC

electrical cddeht"%or E6PFMFiSng DC-Turr ERE3WY 1HARI | AREFERSIsw t ch
cireuit throyglh s fGhs contagct 49 sl esed Ogsiégzs%gl%rgg%%@ghm coil 39

to an AC source 46, or other AC circuit. The “col € coil of an
F.C | i aed~ algmwmywniatest, wiheh coielchefniare AC di nedhenrmt spramgs cehlichnstal | ed

for the purpgs f practicing th resent invention. If the coil 39 is the
coi | of ‘an aﬁF@Fﬁaﬁ%ﬁ t FESRC ?6526%’4@qﬂ 9% i Aad I5€™n tAe | 834,
Simlarlys awmanet Qnddect HBREet cOopPenbndd mynhakao bgpysed
principally for an AClinear notor or alternator or may be installed for

practicing t Herqrseder@nahvetd ohtathengomd® olndthp@awee o nchewsdilt ch 90 i's
connect ed toé%lf¥§¥gﬁgp'cAgl%%%(%£8911a590n;h%r0w, the dynamic

centering structures, described above, for

preventing end wall collisions during steady-state
20 operation come into effect and prevent end wall

collisions. ) -

However, some free piston machines do not
have springs which hold the static piston member
away from end walls when the machine 1is not

25 operating. Consequently, they require something
to maintain the linearly oscillating piston member
sufficiently far from the end walls during start-
up to avoid collision. This 1is a particular
problem for free piston machines in which the axis

30 of reciprocation is vertical or has a vertical

component of orientation. In such machines,



19 June 2003 tinmer circuit, upon receiving a nmanual, electrical,

mechani cal or other input signal at its input 52, initiates a conventional
‘“timng cycle to switch the wiper 59 of the switch 90 to 5 contact 49 for
applying a DC voltage to the coil ' 39 so that the conbi natfgogure 2008 coi |
39 and magnet 36 operate tenporarily as a-DC |inear notor. Cbviously, the
vol tage polarity nust be properly sel ecteg to nove the piston nenber in the
10 desired direction. Wen the timng interval of the timer 50 times out
after a selected period of time, the tinmer applies a signal to the control

i nput 48 of switch 90 to switch the wiper to the termnal 56. This

term nates the DC |inear notor 15 operation and substantially inmrediately
initiates AC | i 9&@Vikbkopalal t EPRERSr opSraReolmed appyiakedsci Pating
dynami c drive. j op i,on t he. tiner i ng which .the DC
source 42 is ap-gl?)egddt{ngor?%'e cgigﬁgﬁ, %e mtgl%:%gg'et gr?erﬁb?\ecla% eg%erischréﬁ ally
for each free piagtadmsmchinneehdniya The where ithieer makhiidet hest ingx ngaded to
nove the piston nenber 12 away_fromthe end wall 20 and near the position
at which the ceMP&haigiorts ohfthdtprsten drid i htREedal viens Eééorre
interfacing at h cent eri p eway b rapl e.
Thereafter tﬁe %}\?mbftg)hﬁ 4@E|rr%gnglﬁ;hgé ?cgrag%%?gt e Al soﬁgggﬁjﬁpﬁ ?ﬁe coi |
34 so that the oscillating dynamic ddryeebecomappdpedbte tthd nftéate the
oscillating, 30 linear notion of the piston nmenber 12. 19 June 2003 13 5
10 115 20 25 SOPFﬁéqrbngf“ﬁcg‘fmﬁ'rre thi nPIRFER t HeemReEourdd liss applied to
the coil to acturl@ddiar¢0i kepaaddly IHERY MH Okol $ilaURld AWt EREtI cal
because the piston 19 ordinarily worKks against a gas in orie or both of the
spaces 24 or 26enthi wagds uotsll i kbea amplipudey wift hosedkigeipastishe

pi ston seal Theref.qr.e g ri f.orc i m ccel eration, and

vel ocity of f? hegg’lfgt%r’]len%%i}gn g% éfg foq:%hcaet of E?%e B%%eal%\elcct ro%eg%%%flr%gl i near
motor. As an exanplusture dnecomebi ppeirtabias. expecanest aldny det ermdsied t hat

an appropriate tinme interval was 4 or S seconds._ Although a single pole,
doubl e t hr ow swYERME | FERERFREBd StF UGS AW RigY HBEAMt i9%Yal O HoMRES and
addi tional swteh2QSiid 0fse "BYsPen NHAI e { 94 2CGRTRIs ST fddi 4 onal
pur poses. For e?()anpl e,l an O?Papgsi tni on cgybe aaded Fpsaﬁyﬁ%ﬁwﬂﬁz i s not
included with t regAGtHmEian sthewme W Aisvvogh is | snpref ersredetddit t he

switch 40 be.,a relay with its control jnput 98 bejng the relay coil, there
are a vari ef?/ oP oSt Hevide$ a(ﬂt?’c%ft S HAF ch AT RTE3monty rRA%Fred to

as switches in HhagdHeLClh@ni §idlklborANdsedN 18/ 158, amdie; £ @i "Slddy 1S
used in the broad el ectronic sense to refer to a variety of swtching

devi ces and ci r swiftfs,cientd i har gecebsar geodrdunidorean tle tef feetedt ri cal

current on and off and which hav optrol ipput for swtching between the
on and of f states. T%seeref ncﬁslIdeettrﬁeeP%\%%fgknogm 'é?(%%pli%rofare aaytsl,ctri acs

and transi storscentictiref eagpareply foid iwvas astBwthoBes f rEe widdml

' nputs 20 machines in which the piston member is capable of
creeping toward an end wall when the machine i»
not operating so that the static <centering
apparatus will prevent periodic collisions during
start-up of the free piston machine.

25 It is therefore an object and feature of the

present invention to provide an apparatus to move
a static piston member from its rest position into
a position at which the dynamic centering system

will become operable during start-up in order to

30 avoid end wall collisions.



19 June 2003 19 of such switches are typically the coil of a relay, the
gate of a triac or MOSFET transistor, or the base or other termnal of a

bi pol ar transistor, all of which are used in well known 5 transistor
configurations for providing a switching function. These c19dune2003ual Iy

i ncl ude supporting circuit elenents, such as bias and current limting
resistors and protection diodes. Typical?y el ectronic swtches have inputs
10 connected to a control circuit or drive circuit, of which there are many
types. Typically switch control circuits receive an input signal, such as a
vol tage or current, and have a reference voltage or current for conparison
to the input voltage or 15 current. They turn the switch on or off as the
vol tage or current nagnifudBRIEFeSUMDANRYE @F fEHE sIMel I @Nset poi nt
reference. Switch drive circuits may include or, be only a voltage, current

or inpedance transf&P% ng "MSEHA" oM SfiSisidhg S i MAWRESFDr tharkdieng
magni tudes to I a t i t e, deyl bei iven.
gni t u HBLUSAGAGHEPI ARy Ret Pcb eyl N ¢d1C IBYL EBnDRIRR

Fig. 2 illustrates a i ment o ventl on. has a
generical ly 25comepoeseanted faueth pi stson eachpeemdhZntconmaetned t hicaugh a
switch 290 to a DC source 292 and alternately to an AC source 246. However,
i nst ead of 9t he®+§RBFOBGINa tust Fat P 5™ Ri g1ME 2% nBOEPEcui t AdEDPMGD 2 has a

position sensi cLr Gt~ 3R9nt 30 Lapshat I NG9 g@gcw.rant vs‘%\% or 2 and a
pul se detect or&gem. The %urrgnt sensor 252 may,él?or - fQSlJun 25% 15
exanpl e, be a poactiesisgancker ésvenanonor grofedahyyathel tagel daap
representing the current t 234. The, output 256, is connected

hr ough the coil
to the input e heiFH YR H‘_@f“ggt‘:orc%%?cﬁoi L ¢ Ry hies_‘iﬂ)‘_nlneétsed to the
control input 258, 0f;ERE19M §¢AKEQ0. mstnwe@ur%ﬁ;ast LehhReQEt the free

pi ston machine 210 is that the gas in the spaces and 226 has a |ow fl ow
rate | eakdfe fragneone ¢fre hbotd $rattesofo arheAGt Hemeareral herpatoon is

driven by application.of the voltage source 242 to the coil 239.
Consequent |y, ‘f’ﬁe‘;\gfsg‘dﬁ’%ﬁ | PREE SV%W{}_ ey Proftthe Oe%damagfeﬁzo unti |
the centering possagemdkh MOV deseCarAREt Ciadh onukehueen A dds spaces 229
and 226. When that communication occurs, the flow resistance between the

spaces 229 and@Pwces PEJuEEd &3 esticalf ustg ANt TG s2 onSWihkeher 212
consequently h | erati ep f ti increase i, velocity.
This sudden’ 20 THETREERE] IS0 S Be ' ERE' et s G lriec

current spbke D thersert esocitheuidotbnphieai nthd hewttek ents sensosd 252, t he
DC source 292, the switch 240 and the coil 234. This current spike is
converted to &%olttdde EPPkeEDYL 28NheP 8 PRNIMMRor COBPOARA EdetRct ed by

the pul se detegfor, 298 LA rRaponeecs P14ha SAidie, obleapul Sg, dgt esd or 254

swtches the swtch 240 away from connection of the coil 239 to the DC
source 249 andimgar comugoiy onunfilhe tdei | RBOtont hishe a2 o tsoly ce 296.

19 June 2003 centered for start-up without collision. The DC

20 source voltage is temporarily applied to the coil
to move the riector :fway frecm an end wall otf the
cylinder. This may be accomplished by applying
the DC to the c¢oil for a predetermined time
interval, or by sensing when the piston has

25 reached an adequately centered position.

(g) BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF
THE DRAWINGS
Figs. 1-3 are simplified diagrams
30 illustrating the principles of the present

invention.



16 Consequently, in the operation of the enbodi nent of Fig. 2, a manual or
signal input 2S1 to the pul se detector 259 will switch the swtch 290 so
‘that it applies the voltage of the DC S source 242 to the coil 239, thereby
novi ng the piston nenber 212 away fromthe end wall 220. Wh¢dJuhe 2008t on
menber 212 reaches the position where the dynami c centering system becones
operabl e, the spike is generated and det et ed by 10 the pul se detector 259
whi ch switches the switch 290 to connect the coil 234 to the AC source 296.
Fig. 3 illustrates yet another alternative enbodi nent of the invention. The
Stirling machine 310 has a coil 334, which is connectable through 15
termnal 356 of swtch 390 to an AC |load 396, if the free piston nachine

i ncludes an alternat d&iqsi 4g iheacdillod39diagrapudgif t tize f redee qii sitaan],

machi ne 310 nay he any,  of the types scri bed abave, the use of an
al t er nat or andyt%%g?%derﬁtﬁogignﬁl ?‘E‘?t PEESE Snd NSNS n. | nst ead of

detecting the piston gpgber RAsid i @PagEem bl LU F&Dt 51 ELBW R dY dde
circuit supplying power to the coil aS illustrated in Fig. 2, the
enbodi ment of Fitgp vWhidh ushe apeesehést inveinsi2d dlss@appdssiddl e to use any one

of several sition sensing_or.di gplac nt_transducers which are or my
becone avai l%able. Fi g *%%1] PUS?ragesantcﬁtragELPs’ée ot e'ﬂ?‘ébﬁ:a\é}gﬁﬁﬁ?"ﬁé’réducer

380, which has qng epdr382 £oprectRd t9ré her POYSiditbtfhad &gl e 30
opposite end 384 connected to the piston nenber 312. The di spl acenent
transducer 380 pgmordardescm- 19 June 2003 17 signal to a position detector
circuit 386, which in turn swiches the switch 340 from contact. with
terminal 344, which gﬁbl?%gcﬁb#’%%e#reorﬁ esro[he_r%eew{rge? eoéoitlhe;s94,
into contact wi tikhidif: Soi Rk 336 yhedsthetpdston rfmrébearﬁmn%rsr,l ves at

a selected, sufficiently centered position. The prior art has a broad
vari ety of lppl isessid ostermaneodegngvibli &6s mareieduites for rfbeeri ng

Lhe ol oar enenialle f SELREED T PakLAGL 1 Sl Be BREchedLhaked 11

the follow ng patents, & herein ircorporated b ef érence:
4,869, 232; 4,86@h#/8inbend2oh7Ge abtimdred Un W58 spAktifaught éhe BoSt
i nportant aspect of the 15 ipvention is myving the piston nenber away from

an end wal | of %A% NdéNDy iftenpdr ak?l W%pb‘l"‘ﬁeﬁgste?% Fhatageacs %/he
coil, in some s's?&tﬂm !tterwyihelqealsraﬁﬁ @ chinfi alapﬁéﬁ%bgﬁemsvm tage
o} e 20

in the opposite larity in order to nove t pi ston er to a known
posi ti on addé nswharchendpesbte Thi sa i sinedarabbener faceea@ramphishchi ne
appl i cations where the static gosi tion of th i st.on man(?e&ﬁi S uncertain

and the tining metho? Y sPUERASEo t eFmndtt i T oR° BNBELGH t age 25

to the coil. Angyncestai BiRi3hen HRIMAIo PPsé t beReBXiuSks. f OFhéyagpke, when
the gas | eakage past the interfacing piston and cylinder walls is small and
there is no ot hé&ctgast FohreMi ce® i ot et heefORRRCEWBN gasP8pacéscludes| so

Ot SR TR ) AL RTRRE i L TEnies
20 such connection is recognized as being equivalent

by those skilled inn the art. In addition,

circuits are illustrated which are of a type which

perform well-known operations on electronic

signals. Those skilled in the art will recognize

25 that there are many, and in the future may be
additional, alternative circuits which are

recognized as equivalent because they provide the

same operations on the signals.

30



18 machine is subjected to vibration when in a static state. Were the

pi ston nenber position is uncertain, the DC voltage nay first be applied to
- 5 the coil at a polarity so that the effective DC |linear notor will nove
the piston menber to an end wall of the cylinder. This pert8 tgne B80pi st on
menber to al ways begin fromthe sane po$iti on when it is then noved away
fromthe end wall by 10 tenporarily aplp ying a DC voltage to the coil at
the opposite polarity. Fig. 5 illustrates a free piston nmachine 510 in the
formof a cryocooler driven by an AC linear electric nmotor. It is not
described in detail 15 because its features are not unique to the present
invention and there are many other free piston machi nes which can be used
with the inventionh)TRETAKREE pi SEIGREBERONe OF LT HiasI MVENSION nmenber 512,

whi ch includes a 'ston151 , indagle in g 20 cylinder 516 for within a
housi ng 518. The B‘i’tjsc-{'on i & POV HRECH h REENtRET nY s YT 2ondilsti ng of a
passagevay S5khvithe aag%&@myméﬂée@xtl@n.ds Them @i §e6h et &F oygh a port
515, fornmed in the piston 519. An annul ar groove 521 25 is fornmed in the
cyl i nder so timatludes gas phshteomihi sdticaftrlgm ke ijpordc&ibeariound to t he

remai ni ng_interfacjn rt. 523 ,and conti nui,ng through. the ssageway to its
out | et at5poﬁ}%ﬁe‘%oﬁgeéﬁéﬁ‘ﬁpy,“bn‘?e 8?’1515'(% tﬂ%'. end & ¢ zl?,ggﬁassageway
511 opens i Nt} &L HEfy SRASC an2@nhihe1t P@ QuRPShhe R ds dd QREns into

t he gas space 529 19" June 2003 19 to provide, the comunicate to nmaintain
the centeri ngadden2Zhe prkeopipdidser 1ds sapahet@dsiai farisitl uStuatded in Fig.

5. The piston 514 is,cannected through 5.integrall)y fornmed flange 533 to
per manent nmagk&cs 5%% and 537, sl‘?lceorﬁgrné‘{r:%? AR s 2536 A%d %%?g

reci lor ocatle Wialdh tclﬂ!.EBtESJﬂxéfvgn f5344d5'§§6§éé§§!53573u@@i !owsiﬁelb@ai&dzéﬂ all(‘) irst
annul ar pol e piece : gnets an reci procate between the

annul ar Yol e apidedd® ®d5 HhiseE 1% hkd housing 518 and a second pol e piece S39
Stirling cyel e oryoioorbre Frasomh Fakiing! o Bud "Ly IBH B Bt ai ne a
regenerator aidh s 'd&mﬁm«adabycan@eme@t igs tefl, S¥Aet Al adar spring
576. The free fp%mc%nf 5t10 qz__ilgo.ha%_a h%ﬁt r% ecting system57B for
rej ecting he&t S YELEDF At P 58Q- The fFReSpiChRTHe Igthi ne 510 is
illustrated i a tic ' i 9R. o] e e piston 514,
under stati c5 cs)ﬁgfntiﬁc/)aﬁsr vmbl ?Jat%%geég%ﬁv\gr&dl ﬁ%lﬁl Q?‘ﬁceéqg@n%u gén\f Iégnge 533
seats addi nspoam O3 ngopdRindhe i@t ngtlps ovispaseson®6 gushihyutgh t o prevent
the piston flange 533 from 25 falling directly agai nst the upper end of the
i nner pol e pitBEETEGINGhPURIuRE ol (58P HREA546 chimednd@ i@t coil 534

t 361 or's 158 cdthedree s 5
appl ying & DE VAT Page 1o Tho Garl. 548" 50 TR SR ary ey Wi £ Cimorar 1y

applying a arity h tenporarily
applies an upadid and finally through a port D, opening into
space 24.
20 The free piston machine 10 1is wvertically
oriented. Consequently, before start-up the

piston member 12 will move downwardly under the
force of gravity into contact with the end wall
20.

25 The free piston machine 10, shown in Fig. 1,
diagrammatically 1illustrates a broad variety of
types of free piston machines, which are known in
the prior art. Such machines typically have a
further component 32, which, depending upon the

10 type of free piston machine, may be, for example,

a compressor or pump valve mechanism or the




19 June 2003 20 force on the magnets 536 and 537 until the AC source is
applied to the conductors 589 and 586. Fig. 4 is a block diagram of the
‘preferred enbodi ment of the invention and Figs. 6-9 5 illustrate details of
nost of that block diagram Therefore, Figs. 4 and 6-9 are t@gJdane BEO3

simul taneously and the identical referengg nunerals fromFig. 4 are used in
Figs. 6-9 Were applicable. 10 An AC source or | oad 400 is connected
through the normally closed contacts of relay termnals 902 to coil 404. AC
current is controlled by a series connected triac 406, controlled by a
triac control circuit 408. The triac control circuit is 15 not illustrated
in detail becaﬂgﬁﬂggch circuits are well known and conventional. The source

of DC vol tage i AF8Ed by ﬁegﬁpﬁéaﬁoéontrépped rBe&Efi er eBFP@§IEC 1 cui t
010, The SCRs ofciheriees! fher bridam 4p9-3604 coulralingd By ggke 20

drive circuit 912. The bridge rectifier 410 and its gate drive rl
illustrated in fAee pistdhi St idegheeati pesp2ha/ Y i de zecomnbody
detector circuit 419 detects tgg time at which the voltage of the AC source
or |oad 400 crd<8ERroefotosafontide PIFRIratCAMe SERRYE of FYRECOIEL T er

bridge 410 Egy be figedyby %Qe%ﬁgqﬁfﬁﬁpaarﬁb EBECHBhsﬁ}Q;gfsaaQQSHEEd phase

lag after t Zero crossover. ing phase is select’ed to provide a
saf e and effectmagn®Cicallgntliké@nmpor as i Ipy sower amembkee 30ompbheas t he
armat ure mﬁndiqg@of a | i negr, notor. The rectifier bridge and its driving

circuits are 58nd 3221 15U PREBE - a ¢ RAGWMT LR hBXBEPBr art

and therefore graniot desploned | 96 yst herpdatMhéne Thidighe d SmagRLaR! i shed
by the DC start timng control 418. The timng cycle for the timng 5

control 918 is bwitaat eanbpcpdng wperdf 3he cPrcuetheiren mechandesired to
start the ee pi ston machi ne., The out put the timng control ¢cjrcuit 91B
is appli ed{{)o b]g%'hk?%%' Sd?gavéedrfi)*/%%grél ,Jas vvechnsaes e’%{g;yt/ r bR®sel ect
driver 920. 10 ddigponépes 923rof tthee ti mngre@NtrabmBie hasya figst state
upon initiation of a timng interval and a second state at the end of the

timng intervalmecdhasbgadhy| y, linkedt artegerheel edndri vdcipoecahech

GFTves L 1) Rgte B2t 0uptty Bl SR CUSRANE SUAST 62 PELeST e

DC vol t age outpd% rectrfrer e Qﬁ 900 in

the manner desqiidesh ahemberThemponpuitt 4%2 adfd thee tpidt@ncontrol 919 is
also applied to the SCR gate drives 912 in order to 20 prevent firing of
the SCRs wheén the DG voltidye-§ r oRPLRe ret?¥Rier Bhitfye 43Biftehn. ofOappl i ed

to the coil 90 lé@f:‘\@t?@éigg'&ioﬁxrn‘?@c@le@hé'”@,ggimé@tSttgfat @gﬁsﬁg{p hat

i nvention have been discl os et al 25 1t is to be un
vari ous nodifi caf i Bs edmcthel Galoptedranthder depeplybggf DEMdleresptrit of
the invention Cgosgggecggltu Jxﬂgﬁgméligéﬁjgfrcuiﬁl%h&gddL\sﬁfféﬁr’~
contact 44 is closed or for connecting the coil 34
20 to an AC source 46, or other AC circuit.
The coil 34 may be the coil of an AC lineas
alternator, the coil of an AC linear motor or a
coil installed for the purpose of practicing the
present invention. If the coil 34 is thé coil of
25 an alternator the AC source 46 will instead be an
AC load. Similarly, a magnet or electromagnet
component 36 may also be used principally for an
AC linear motor or alternator or may be installed
for practicing the present invention.
30 The control input 48 of the switch 40 1is

connected to an electronic timer circuit 50. The



i I .. ~~1S 19 June 20~3~ ~~l~~~~ ~1. CLAIbIS 1 1. A piston centering
apparatus for noving a free 2 piston nenber, which includes a piston

“ slidabiy 3 reciprocatable in a cylinder forned in a housing 9 nenber, away
froman end wal |, the piston 5 separating two fluid spaces18dungi2@§3its 6
opposite ends, the apparatus conprising,,7 (a) a coil nmounted to one of
said nenbers and 8 nmagnetically linked to the other of said 9 nenbers to
forma linear notor; 10 (b) a source of do electrical current; and 11 (c) a
switch circuit connecting the do source to 12 the coil, for supplying do
current to the 13 coil in a polarity to drive the piston away 19 fromthe
end wall when the switch circuit is 15 closed. 1 2. An apparatus in
accordance w tthn&@rmai m ¢ivkedei,n 2 thensw tmdcdagiagconta ol i lgonnect ed

toa 3 tinmer circuit for closing the switch and actuating 9 the linear
motor for a s&l&Gted Greti odehaATheal-Kgother inpyk Bignah sine 2003

23 1 3. An appaial usdin. aceprdangec whtld aim afieyehzohle sWikghhas a

control inputconnect pi ston nmenber position sensing circu
foropeni ng9 t lagycdw ttd awmd tsthoppheagwagiamt » dnoff t bkeki sedrtcot Or tion

response to a sel ectedpi stonmenber 6 positijagn. 9. An apparatus in
accor dance wi CRNERG M 3 wi@rei $PRLYRBIpidst Bh dﬁ#b'é?g?néloud@éeacﬁ’&énet as a

piston 3 menbey cogpongnt rBaneldLaliyatighed, ko ¢he cii; 4 pnd pherein the

position sensing circuit includes 5 an I npedance connected in series with
the switch, 6mhheectoi 3@andddwrtoe sovamperamd lwheraesn 8 heDZ appaeakus
further conprises passages, forned i theog housi ng for, dynam cal]y

centering the™Bt8fon by’R Y i A ® I ﬁQQﬁN(ﬁﬂ9%ﬁl§%e”M§ﬁcF@paces to
10 flow to thgrghg?ﬁf 'éJéldec.SP@tﬁetEh%JJ‘echE SH98tbh Terdk fx’?”%ﬁé.ed

position and | se“detector having 12 an I nput connected to the inpedance
and an out(put désicennediedctaonhhe sWhehn ¢t r aliminput ihae ropdni ag 19

t-..he swatch jn response to detection Ef a pul se_15 when thsgfiston is at
a position peEhft SiMPESard ¥émest QHY RESRE P 5SelRCherr ReNiR of appar at us

having a pisteing, s!{fablof il RhRIALAD! & Idt ghgy! INWICERLOTEBH G @ 3
housi ng nmenber and a nagnet nechahically linked to 4 one of said nenbers
and magnet i calhputi fkedof o swi% atoi 4 0 nount 2wl t oht Hehet hepesaitd nemder to

bl Ston 2 sepabETRAG*wg 11 ui A4 acer BORRAF A 1% Bhpddree s BHHE: a piston
geln,t e(rji n95appa%@£y§ifow AR RGHi8 Pr PhBL PN imdiaegn?n fck wld s of the
yl i nder, the apparatus conprising: 6 (a) a source of do electrical
current; and AC linear motor or alternator operation to apply
an oscillating dynamic drive.
The time of operation of the timer 50, during
which the DC source 42 is applied to the coil 34,

20 may be determined experimentally for each free
piston machine., Thc Lime interval is the time
needed to move the piston member 12 away from the
end wall 20 and near the position at which the
centering ports on the piston and cylinder walls

25 become interfacing at 15 so that the centering
passageway 11 becomes operable. Thereafter the
switech 40 is switched to apply the AC source 46 to
the coil 34 so that the oscillating, dynamic drive

becomes operable to initiate the oscillating,

30 linear motion of the piston member 12.



7 (b) a switch connecting the do source to the 8 coil, for supplying do
current to the coil 9 when the switch is closed to operate the coil 10 and
“ magnet as a do linear notor. 1 6. An apparatus in accordance with claimb5
wherein 2 the switch has a control input connected to a 3 19 dene20P3uit for
closing the swtch arid actuating 9 theslinear notor for a selected period
of tinme. 1 7. An apparatus in accordance with claim6 wherein 2 the switch
has at | east two positions, one 3 position for connecting the coil to said
do source 9 and a second position for connecting the coil to 5 an ac
~ir~cui _t. 1 8. An apparatus in accordance with claim5 wherein 2 the
switch has a contrql ipput connected tqQ a.3 piston positign sensing circuit
for opening the 9%@%‘%6 oty gﬁf&ﬁﬁi Jcﬁq’tﬁléedbgl SREECe5 motor in
response to g <SRl £ PLEt @RePRH ) 0o actubBIWNRe 20081 as a d2 - » +
. 1,. ~9. An apparatus in accordance with claim8 wherein 2 the switch has
at | east twolgosiag ometoosnels pesialilgn hot conheiciedg hémagse! the sai d do
source 9 and a econ]g4 posi,tion.for con)gecti ng the coil to 5 an ac circuit:

1 10. An app&at 22F3rBaRdd YitOF BT aPRRE NS S rd S +ReCP6sitti on
sensing circydeH Net Ules 3padeispadagicer gonnagiiad d4\s Se&E8S1Wckhat he
switch, the 4 coil and the do source and wherein the apparatus 5 further
conpri ses pagesgespirdngedwiiliht héeladagengp@st f dthedypdsitoal | geadst.ering the
pi ston by pegnittif\r;a%7 quit fromaone of _the quidfspaces tg.fl.ﬁwto the 8
other fluid SPSEE WS t he PiSton %S in SPEM%Er ed f§558si ti 6A™ANd a pul se
det ect or havigi@edle ddpidn las@nnegi 6dity t BE | fredapeetand aBr@uhput
connected 11 to the switch control input for opening the switch 12 in
response to d&dedti ofrBfea Pl sehmhenPEheelegliramagnat k¢ al pasSAti on
permtti saj.qd fluid fLaw. 1A hod for initiating t start up
of a freggz g‘i%t%Jn' appérgatégha(\a/%ﬁégéedi gﬁgln gpiedag'la%tlrngci pl)rgocg?zsibl ein
acyl i nder f orewpe dimexitoakl pgdererbdameahdt ha tagne tapgohas cat ¢ yt imeked t oone
of 5 said nmenhers and nagnetically |inked toa coil6 nmounted to the other
sai d nenber, ¥H&ERodE T ohpPFsPn§eEOMAA ng the pi stonaway from an end

wal I of the 19 Jung 1903 26 95 exLhRdes by t B2 v, 2RP! ¥, hgep do
voltage to 10 the c% I . %’12. ?A tho??n accor dance vy}/lth c%(glﬂmc?l wherein
2 the apparatiss iidlssatriatesef dne the ddrawvlingge additappkiledpdbeshe coil
and an oscil | a‘%{' ngnqgé(‘nam' c 4 driive is applied to the apparatus

subst ant 12l | PN§! | MR} afPdt S sPATHSEATHY MY dBevotRahedsdf rom t he
coil. 113. Agmt hogcggm?jqqgrﬂq{ﬁe Wdld} Gl Shdn Z2qngd, 544 ther cpgpri sing:
firstapplying a do voltage3to the coil at a voltagepolarity

dri vi ngt he9piestamp ten amnemf Hf phs idyilamderandds ubsielguent £y aappb§Eng ado

vol tage atthecanposiie RO &g LYSHIG L ShEm BV 0T e gnd

| . A?. AL32. A, .4A93. Ad1AGR AN ABt AQfs. AONSEe Ar¥dA%hat ALNG. AlwiAleh Ayo A ABo7=TL
*| wr ngb] Xéca] ca] ca] c”a] ca] ca] ca] ca] ca] ca] ca] ca] ca! (’\:E{ﬁcal)ca] c™a] ca] ca] ca] ca]
ca] ca] calla] & ca] czg kY c Rt al&g] caPrtred7: i ,bging the

" id_Z :

o caycor o cASREFER coran o0 aeCol copgaesl ik pmkeeelepd oo el
222@&222{vql gldnqd celicajda]scawhdjoda] exlec afoaoallya] calfealrea) capcajsaV] caV] caj
cal cal cal cal ez qal cal cal o] cal ¢3.cal £l ca! 222 28R35 8407 LT /{1777 7a8b8T.
}xsni d_7] | calaq] ced £a] ealaalta] cad caked] cia ceheaberlaenlerd cad sl cal cal cal ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca!l;

P=] ="=Al A3 A) AB BCCOCCAE IEHTFFPHHHOA T 2yl L NNFWS Sic i7p] g ¢des] ca) ca] ca]

o o ookl eokeslonken) raledlsaleebenlgal sal onl al ol ool ool
a] ca] ca] ca] cajwd] cal eakeakaal ealwrdwa] 6a] caldad £8] aalcalhgajcal £od caj cal cal ¢

a] ca] ca! b; cCcKcTcd=eJeMeegggghhiijjj I | *mm ngnpppuuuu} xsni c] V
a control input for "switching between the on and

off states. These include the well-known examples
30 of relays, triacs and transistors, which are

commonly utilized as switches. The control inputs



UV] caV] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]c

.a] cal.ca] ca] ca] ca] ca] ca] ca] ca! uuuuuvkx7yPy]y ydzpz}~~~_(!.1q| ~ytoje }xsnic]V
UV] caV] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
caj] ca] ca] ca] ca]ca] ca 19 June 2003

UV] caV] caBoi K- G10% & () -910% & ()-fs‘log%ﬁ&' ()-y10% & ()-Myl0% & ()-!10% &
()- :10% & ()-M7 A-GLO% +f10% & () -! 10%&' ()-z3%$10% & ()-!

c10% (& ()-SFt10% & ()-310% & ()-7Tr S4f s10%6&' () - #310%& ()- 10 10

10! "LO10%& ()- 'OLO10%& ()- ,/10% & ()-LdEr S4fs10F 109X ()- Y1

109638 ()-S) 109%& ()-L! 109X ()-F10%& ()- @s10%%' ()-L }[M?1 10 10

10! 7Y109%&' () - ! X7Y10%&' ()- !'3 f109%G& ()-"3 f10%& ()-"F
310%E&f()-L*,9f476EH§1 switches are typically the ‘coil of a

relay, the gate of a triac or MOSFET transistor,

or the base or other terminal of a bipolar

transistor, all of which are used in well known

5 transistor configurations for providing a

switching function. These circuits usually

include supporting circuit elements, such as bias

and current limiting resistors and protection

diodes. Typically electronic switches have inputs

10 connected to a control circuit or drive circuit,

of which there are many types. Typically switch

" control circuits receive an input signal, such as

a voltage or current, and have a reference voltage

~ or current for comparison to the input voltage or

15 current. They turn the switch on or off as the

voltage or current magnitude rises above or falls

below a set point reference. Switch drive

circuits may include or be only a voltage, current

or impedance transforming «circuit or Dbiasing

20 circuit for changing magnitudes to values

acceptable to the input of the device being
driven.

Fig. 2 1illustrates an alternative embodiment

of the invention. It has a generically

25 represented free piston machine 210, connected

through a switch 240 to a DC source 242 and

alternately to an AC source 246. However, instead

of the timer 50 illustrated in Fig. 1, the circuit

of Fig. 2 has a position sensing circuit 250,

30 consisting of a current sensor 252 and a pulse

detector 254. The current sensor 252 may, for
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example, be a low resistance resistor for
providing a voltage drop representing the current
through the coil 234. The output 256 is connected
to the input of the pulse detector 254; which in
5 turn is connected to the control input 258 of the
switch 240.
An inherent characteristic of the free piston
machine 210 is that the gas in the spaces 224 and
226 has a low flow rate leakage from one of the
10 spaces to the other when the piston is driven by
application of the voltage source 242 to the coil
. 234. Consequently, the piston will move slowly
away from the end wall 220 until the centering
' passage 211 provides communication between the
15 spaces 224 and 226. When that communication
occurs, the flow resistance between the spaces 224
and 226 is reduced as a step function. The piston .
member 212 consegquently has an acceleration and
step function increase in velocity. This sudden
20 increase in the velocity of the magnet 236
generates a current spike in Lhe series circuit
comprising the current sensor 252, the DC source
242, the switch 240 and the coil 234. This
current spike is converted to a voltage spike by
25 the current sensor 252 and detected by the pulse
detector 254. 1In response to the spike, the pulse
detector 254 switches the switch 240 away from
connection of the coil 234 to the DC source 244
and into connection of the coil 234 with the AC

30 source 246.
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Consequently, in the operation of the

embodiment of Fig. 2, a manual or signal input 251
to the pulse detector 254 will switch the switch
240 so that it applies the voltage of the DC
5 source 242 to the coil 234, thereby moving the
piston member 212 away from the end wall 220.
When the piston member 212 reaches the position
where the dynamic centering system becomes
operable, the spike 1is generated and detected by
10 the pulse detector 254 which switches the switch
240 to connect the coil 234 to the AC source 246.

Fig. 3 1illustrates yet another alternative

embodiment of the invention. The Stirling machine
. 310 has a coil 334, which is connectable through
15 terminal 356 of switch 340 to an AC load 346, if
the free piston machine includes an alternator
using the coil 334. Although the free piston
machine 310 may be any of the types described
above, the use of an alternator and the AC load

20 346 illustrates one variation.

Instead of detecting the piston member
position from the currents flowing in the circuit
supplying power to the coil as illustrated in Fig.
2, the embodiment of Fig. 3 illustrates that it is

25 also possible to use any one of several position
sensing or displacement transducers which are or
may become available. Fig. 3 1illustrates the use
of a displacement transducer 380, which has one
end 382 connected to the housing 318 and a movable

30 opposite end 384 connected to the piston member

312. The displacement transducer 380 provides a
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signal to a position detector circuit 386, which

in turn switches the switch 340 from contact with

terminal 344, which applies voltage from DC source

342 to the «coil 344, into —contact with the

5 terminal 356 when the piston member 312 arrives at
a selected, sufficiently centered position.

The prior art has a broad variety of

applicable position sensing devices and circuits

for metering the displacement of a reciprocating

10 body. Examples are illustrated in the following
patents, which are herein incorporated by
reference: 4,864,232; 4,866,378; 5,342,176; and
5,496,153.

: Although the most important aspect of the
15 invention is moving the piston member away from an
end wall of the cylinder by temporarily applying a
DC voltage to the coil, in some situations it may .
be desirable to first apply the DC voltage in the
opposite polarity in order to move the piston
20 member to a known position against an end wall.
Thir ig desirable in free piston machine
applications where the static position of the
piston member is uncertain and the timing method
is used to terminate application of the DC voltage
25 to the coil. An uncertain piston member position
exists, for example, when the gas leakage past the
interfacing piston and cylinder walls is small and
there is no other gas communication between the
two gas spaces. It also exists where there is
30 only a small vertical component to the axis

orientation and particularly if the free piston
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machine is subjected to vibration when in a static
state.

Where the piston member position is

uncertain, the DC voltage may first be applied to

5 the coil at a polarity so that the effective DC

linear motor will move the piston member to an end

wall of the cylinder. This permits the piston

member to always begin from the same position when

it is then moved away from the end wall by

10 temporarily applying a DC voltage to the coil at
the opposite polarity.

Fig. 5 illustrates a free piston machine 510

in the form of a cryocooler driven by an AC linear

- electric motor. It is not described in detail

15 because its features are not unique to the present

invention and there are many other free piston

machines which can be used with the invention.

The free piston machine 510 has a piston member

512, which includes a piston 514, slidable in a

20 cylinder 516 formed within a housing 518. The

piston is provided with A centering system

consisting of a passageway 511. The passageway

511 extends from a port 513 through a port 515,

formed in the piston 514. An annular groove 521

25 is formed in the cylinder so that the gas can

communicate from the port 515 around to the

remaining interfacing port 523 and continuing

through the passageway to its outlet at port 517.

Consequently, one port at the end of the

30 passageway 511 opens into the gas space 526, while

the opposite port 517 opens into the gas space 524
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to provide the communicate to maintain the

centering when the piston member is at the
position illustrated in Fig. 5.

The piston 514 is connected through an

5 integrally formed flange 533 to permanent magnets

536 and 537. The permanent magnets 536 and 537

reciprocate with the piston 514. A circular coil

534 is located in a first annular pole piece 535.

Magnets 536 and 537 reciprocate between the

10 annular pole piece 5353 fixed to the housing 518

and a second pole piece 539 also fixed to the

' housing 518. Since the free piston machine 510 is

a Stirling «cycle «cryocooler, it also has a

displacer 572 which contains a regenerator and is

15 mounted by a connecting rod 574 to a planar spring

576. The free piston machine 510 also has a heat

rejecting system 578 for rejecting heat pumped

from its cold tip 580.

The free piston machine 510 is illustrated in

20 a vertical orientation. As a consequence, the

piston 514, under static conditions, will tall

downwardly until the annular flange 533 seats

against an O-ring 582. The O-ring provides some

cushioning to prevent the piston flange 533 from

25 falling directly against the upper end of the

inner pole piece 539. The conductors 584 and 586

connected to the «coil 534 are connected to

circuitry embodying the present invention for

temporarily applying a DC voltage to the coil 534

30 in a polarity which temporarily applies an upward
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force on the magnets 536 and 537 wuntil the AC
source is applied to the conductors 584 and 586.

Fig. 4 is a block diagram of the preferred

embodiment of the invention and Figs. 6-9

85 illustrate details of most of that block diagram.

Therefore, Figs. 4 and 6-9 are described

simultaneously and the identical reference

numerals from Fig. 4 are used in Figs. 6-9 where

applicable.

10 An AC source or load 400 is connected through

the normally closed contacts of relay terminals

402 to coil 404. AC current is controlled by a

series connected triac 406, controlled by a triac

control circuit 408. The triac control circuit is

15 not illustrated in detail because such circuits

are well known and conventional. The source of DC

voltage is provided by a silicon <controlled

rectifier bridge circuit 410. The SCRs of the

rectifier bridge 410 are controlled by SCR gate

20 drive circuit 412. The bridge rectifier 410 and

its aare Adrive 412 ure illustrated in Fig. 6

within the dashed lines 410/412. A zero cross

detector circuit 414 detects the time at which the

voltage of the AC source or load 400 crosses zero

25 voltage so that the SCRs of the rectifier bridge

410 may be fired by the phase control circuit 416

at a desired phase lag after the zero crossover.

The firing phase is selected to provide a safe and

effective DC current to temporarily operate the

30 coil as the armature winding of a DC linear motor.

The rectifier bridge and its driving circuits are
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therefore are not described in further detail.
Timing is accomplished by the DC start timing
control 418. The timing cycle for the timing
control 418 1is initiated by power up of the
circuit when it 1is desired to start the free
piston machine. The output of the timing control
circuit 418 is applied to both the SCR gate drives
412, as well as a start/run select driver 420.
The output 422 of the timing control 418 has a

first state upon initiation of a timing interval

‘and a second state at the end of the timing

interval. Consequently, the start/run select
driver 420, which drives the relay coil 424 (Figq.
8), switches the switch 402 between the DC voltage
output of rectifier bridge 410 and the AC source
or load 400 in the manner described above. The
output 422 of the timing control 414 is also
applied to the SCR gate drives 412 in order to
prevent firing of the SCRs when the DC voltage
from the rectifier bridge 410 is not applied to
the coil 404.

While certain preferred embodiments of the
present invention have been disclosed in detail,
it is to be understood that various modifications
may be adopted without departing from the spirit

of the invention or scope of the following claims.

19S 109 ()-* 109 ()- y 109% ()-
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CLAIMS

1 1. A piston centering apparatus for moving a free

o

piston member, which includes a piston slidably

3 reciprocatable in a cylinder formed in a housing
4 member, away from an end wall, the piston
5 separating two fluid spaces bounding its
6 opposite ends, the apparatus comprising:
7 {a) a coil mounted to one of salid members and
8 magnetically linked to the other of said
9 members to form a linear motor;
10 (b} a source of dc electrical current; and
11 (c) a switch circuit connecting the dc source to
12 the coil, for supplying dc current to the
13 coil in a polarity Ep drive the piston away
14 from the end wall ;;en the switch circuit is
15 closed.
1 2. An apparatus in accordance with claim 1 wherein
2 the switch has a control input connected to a
3 timer circuit for closing.the switch and actuating

4 the linear motor for a selected period of time.

AMENLED SHEET
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1 3. An apparatus in accordance with claim 1 wherein
the switch has a control input connected to a
piston member position sensing circuit for opening
the switch and stopping actuation of the linear

motor in response to a selected piston member

S U e W N

position.

4. An apparatus in accordance with claim 3 wherein
the piston member includes a magnet as a piston
member component magnetically linked to the coil
and wherein the position sensing circuit includes
an impedance connected in series with the switch,
the coil and the dc source and wherein the

apparatus further comprises passages formed in the

(o] ~ oy e W N

housing for dynamically centering the piston by
9 permitting fluid from one of the fluid spaces to
10 flow to the other fluid space when the piston is
11 in a centered position and a pulse detector having
12 an input connected to the impedance and an output
13 connected to the switch control input for opening
14 the switch in response to detection of a pulse
15 when the piston is at a position permitting said

16 - fluid flow.

5. In a free piston apparatus having a piston
slidably reciprocatable in a cylinder formed in a
housing member and a magnet mechanically linked to

one of said members and magnetically linked to a

(5, B - S % B A B

coil mounted to the other said member to form an
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AC electromechanical linear transducer, the piston

separating two fluid spaces bounding its opposite

ends, a piston centering apparatus for moving the

piston away from an end wall of the cylinder, the

apparatus comprising: |

(a) a source of dc electrical current; and

(b) a switch connecting the dc source to the
coil, for supplying dc current to the coil

when the switch is closed to operate the coil

and magnet as a dc linear motor.

the switch has a control input connected to

the linear motor for a selected period of time.

7. An apparatus in accordance with claim 6 wherein
the switch has at least two positions, one
position for connecting the coil to said dc source

and a second position for connecting the coil to

an ac circuit.

8. An apparatus in accordance with claim $ wherein

the switch has a control input connected to

piston position sensing circuit for opening the

switch and stopping actuation of the dc linear

motor in response to a selected piston position.

6. An apparatus in accordance with claim 5 wherein

timer circuit for closing the switch and actuating
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- 9. An apparatus in accordance with claim 8 wherein
the switch has at least two positions, one
position for connecting the coil to said dc source

and a second position for connecting the coil to

! o w NN

an ac circuit.

10. An apparatus in accordance with claim 8
wherein the position sensing circuit includes an
impedance connected in series with the switch, the
coil and the dc source and wherein the apparatus
further comprises passages formed in the housing
" for dynamically centering the piston by permitting

fluid from one of the fluid spaces to flow to the

o Jd o s W N

other fluid space when the piston is in a centered

9 position and a pulse detector having an input
10 connected to the impedance and an output connected
11 to the switch control input for opening the switch
12 in response to detection of a pulse when the
13 piston 1is at a position permitting said fluid

14 flow.

11. A method for initiating the start up of a free
piston apparatus having a piston slidably
reciprocatable in a cylinder formed in a housing
member and a magnet mechanically linked to one of
said members and magnetically linked to a coil
mounted to the other said member, the method

comprising:

0o N oy U W

moving the piston away from an end wall of the
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9 cylinder by temporarily applying a dc voltage to
10 the coil.

12. A method in accordance with claim 11 wherein
the apparatus is static before the dc voltage is
applied to the coil and an oscillating dynamic
drive is applied to the apparatus substantially

immediately after disconnecting the dc voltage

(o2 W ¥, B S OV BN B

from the coil.

13. A method in accordance with claim 12 and
further comprising: first applying a dc voltage
to the coil at a voltage polarity driving the
piston to an end of the cylinder and
subsequently applying a dc voltage at the

opposite polarity to drive the piston away from

< oy s W

the end.




