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(e) BACKGROUND OF THE INVENTION 15 1. Field O The Invention This
invention relates generally to free piston machines, such as free piston
Stirling engines, free piston heat punps, including coolers and

cryocool ers, and linear conpressors and punps, 20 and particularly rel ates
to free piston machines which are connected to an AC linear electric notor
or alternator. The invention is an apparatus for WO 01/ 16463 PCTI USOO 21517
2 centering the free piston and its associated structures before an
oscillating dynamc drive is applied to the free piston machine. 5 2.
Description O The Related Art The prior art has and will continue to
provi de a broad spectrum of free piston nachines. 1In a free piston
machine, a piston linearly oscillates in a cylinder. However, the piston
is 10 free in the sense that the opposite ends of its
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{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



di spl acenent are unrestrai ned by mechanical |inkages, such as cranks and
other notion transmtting structures which have conponents novi ng

rods or
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reci procation of a free piston varies as a function of |oading and power.
In sone free piston machines the free piston is a part of the load to
is directed and in others it is a part of the prinme nover or

whi ch power
drive. 20 Usually the free piston is nmechanically linked to
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structures which reciprocate with the piston. Such other structures
include linear electric notors or linear alternators. Therefore, the term

"free piston nenber”

free piston afRPt@He Dt He cIh5s _ (
l'inked to thesphsdtQirdPrbefdd PLOCHEENO 44 1

is used herein to 25 designate the conbination of the

ne®t 35PPucBhfes 1kAi cAsaPeiatehani cal Iy
I dynBRCAUSEL $deientire piston

menber is free, 30 there are conditions under which it wll collide wth
structures wWhRRLiRd Yodine Sxeq Bé§bAT BREMERS WO 01116463 PCT/ USOQ 21517 3
or both ends of its intended range of reciprocating notion. Such
structures are herein terned "end walls". The term"end wal | "

generical Iy ta-

o) hh“ h

a1 a g
fet ude o

refers

if 5 the piston noves beyond

o ) nb.e
the intended |im tg, of ggf%rzvgfg '%a%sckhhat%@eregbﬂEﬁﬁééi0@0 The need to
wa

avoid the collision of a piston nenber wth an en

acute in

10

15

20

25

30

provide a broad spectrum of free piston machines.
In a free piston machine, a piston linearly
oscillates in a cylinder. However, the piston is
free in the sense that the opposite ends of its
displacement are unrestrained by mechanical
linkages, such as cranks and rods or other motion
transmitting structures which have components
moving along specific limited paths. Ordinarily
the amplitude of the reciprocation of a free
piston varies as a function of loading and power.
In some free piston machines the free piston is a
part of the load to which power is directed and in
others it is a part of the prime mover or drive.
Usually the free piston is mechanically linked to
other structures which reciprocate with the
piston. Such other structures include linear
electric motors or linear alternators. Therefore,
the term "free piston member" is used herein to
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,
there are conditions under which it will collide

with structures which are positioned beyond either

I's particularly



machi nes in which the piston is subjected to tinme 10 varying gas pressures
intw fluid spaces, each space bounded by an opposite end of the piston.

Wen a freeyRigiheqs! inearly oscillates in its reciprocati pgrosdoresty it
does so in opposite directions froman average position centered 15

between its peak, axially opposite excursions. Because sone net gas

| eakage through the gap between the pisfon and cylinder walls usually
occurs fromone fluid space to the other during each cycle of

reci procation, the gas masses in the 20 two spaces gradually change. This
change causes the center of reciprocation to creep toward the space with
decreased mass. If this creep continues, the piston center position wll
eventual |y be di 37 ac®@t8uf f PRE2nt ISE  art tBhat 1RFRNEES pi d@dFewi | PEcol | i de

with an end wal | @écfgﬁ%ca%%g fbtiba. 0SEchaldthgcRREEONarbNhRLEEL L0 avoid
this consequence during the ynanlc steady state operatlon of a free

pi ston machi ne, weumed etgndfwaihahd ¢ J&et drdmy 'SBrdicvak b 3efare used.

These centering %%gjpgaﬁr S chu f ;ai pkng a fixed
center of WO Ollf%%gghg%gﬁﬁSaonl egcﬁggb%aﬁﬁ nk&gsggg agtstructures
for limting 5t hettendimbvenswvesf befiengi shoninfErised ﬂomﬁabnpéihtSpiston

menber dlsplacenent %ytiu $l§g%§néqgg§ c@%§b the term"centering”, as
used herein, refers tur 6 nalntalnlng a specific,

fixed, center of reci @ecatdean, t@savweld BISe collision of a piston
member with an end wall is particularly acute in
machines in which the piston is subjected to time
10 wvarying gas pressures in two fluid spaces, each
space bounded by an opposite end of the piston.
When a free piston linearly oscillates in its
reciprocating motion, it does so in opposite
directions from an average position centered
15 between its peak, axially opposite excursions.
Because some net gas leakage through the gap
between the piston and cylinder walls usually
occurs from one fluid space to the other during
each cycle of reciprocation, the gas masses in the
20 two spaces gradually change. This change causes
the center of reciprocation to creep toward the
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 ordexr 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



confining piston nmenber displacenent within range |limts spaced
sufficiently fromthe end walls to prevent collision. A few exanples of
dynam cywiPpfigdsseri ng structures are shown in the fol |l ovwdgusefrgisent s, whi ch
are incorporated herein by reference: 4,183,214; 4,404,802; 4,583, 364;
5,461, 859; 5, 385,021, 5,537,820; and 5, 873, 246. Mst free piston machi nes
are operated at or 15 near resonancé because efficiency is nuch greater
Mechani cal resonance requires a mass drivingly linked to an energy storage
device, such as a spring. Therefore, the piston nenber is designed to
have a mass which is nmechanically resonant at 20 the operating frequency of
the free piston machine. The piston is |inked to the housing by one or
nore springs.FSSUPFOSALiRGs iafcIMRdd T i BafucHiorior ahdrisHid ngs, gas
springs, magnatd Genc RhdviterdiNh ¢ NensSPsi o hemde Of cSOMPILESIDI € 25 fluids
in the spaces bounding the ends of the piston. There are a variety of free
pi st on machi neistonTheeebepcldig@lBegmentype tyi®e i fafie SFard¢ng  engi nes
and heat punpj a ' Q0 cqal a ocC , as well as
Free b ston T R S timas. “0r fon FRobo Fooe D 01116463
PCT/ US00/ 21510tls piost shruetirerws flogvemahetziping oa nepdabftal |y linked to
an AC eIectrogEQ? ticc%kgggr BFan§%%&§%bca§E8H asaglidg¥y npg or or | i near
alternator or ‘otHer élecitical generator. For’exanple, a free

confining piston member displacement within range

limits spaced sufficiently from the end walls to
prevent collision. A few examples of dynamic
10 centering structures are shown in the fcllowing
patents, which are incorporated herein by
reference: 4,183,214; 4,404,802; 4,583,3064;
5,461,859; 5,385,021, 5,537,820; and 5,873,246.
Most free piston machines are operated at or
15 near resonance because efficiency is much greater.
Mechanical resonance regquires a mass drivingly
linked to 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 linked to the housing 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



5 piston Stirling engine linked to an alternator is able to use the heat
of the external conbustion of fuels to generate electricity and a free

pi ston hegh opygigs Ng apparatus linked to a |linear notor mavssezissed for
cooling and cryocooling. An AC 10 |linear notor can drive a free piston in a
cylinder having inlet and outlet valves to provide a gas conpressor or
fluid punp. An AC el ectromagnetic, |inear transducer, whether a notor or
alternator, generally consists 15 of a coil nounted to a housing for the
machi ne and either a second coil electrically connected to operate as an
el ectromagnet, or preferably a permanent magnet, nounted to the piston as
a conponent of the piston nenber. There are also 20 practical_ |inear
transducers of Phet@bvitaFdaes Rype ithsd cRickencorechanifisirdted to the

piston as a CoNpRREAt +&f af hie r A RERLINRYBI $1 R0 FEIPSsARd -, t he magnet,
ei ther a permanent nmagnet or an el ectromagnet, is nounted to the housing.
The 25 term "naghed" §ss ysddneereimetos ref erindprectliteeshgtorodsoth a

per manent magncheAgs 83cELeeLiOMRORELaco Al t NeUaN Al ! | Bear aptor oan

al so be forned a coil and a perneability, romagnetic material
to forma rebucpantennBtorloperenging |1ke&ks80 w0 su7t endiaknatiogse sar e

inef ficient and therefore. nol prof o o, MO0 10408 PCTIIROY21517 6
Exanpl es of devicCes usSing |rnear alternators or Tinear notors are shown in
the follow ng Uf8els to generate electricity and a free piston
heat pumping apparatus linked to a linear motor
can be used for cooling and cryoccoling. An AC
10 linear motor can drive a free piston in a cylinder
having inlet and outlet valves to provide a gas
compressor or fluid pump.
An AC electromagnetic, linear transducer,
whether a motor or alternator, generally consists
15 of a coil mounted to a 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 linear transducers of the moving coil
type in which the coil is mounted to 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.



Pat ents, which are hereby incorporated by reference: 4,602,174; 4,642,547,
4,649, 283; 5 5,642,088; 4,912,409; 4,926,123; and 5, 148,066. \Wen a free

pi ston mygduifigaedegi Ns operation, it makes a transition HoTarsee2static to a
dynamic condition by initially linearly oscillating at small anplitudes
of oscillation. The anplitude of 10 these oscillations continues to
increase until the machine reaches ifs st eady-state operating conditions.
Since nost free piston machines are provided with nechanical or other
springs which hold the free piston nenber away fromthe end 15 walls under
static conditions, these snmall transitional oscillations do not cause end

wall collisions. As the oscillati.ons grow, the dynam c _centering
structures, descri B&8™Bb8Te Lt g,ewg.egvgmqgg =g Ia}qtceo’:lr’la\%é)lr(?ns during
steady-state 23 opaiciy Giotd¥E iafd OskbHi€Chinartepridianiviagd una.|

collisions. However, some free piston_machi nes,do not have springs which
hol d the statiP@tsméfon nBibeR AES f PSHEENd WAPFRIRMEAS%he fchine is not
25 operating. JfgRseqeent|y.q tdwey, 1maqui req sometsiimng  to, wd,MeE;n the
linearly oscillati n%é\%i ston nmenber sufficiently far fromthe end walls

during staPt- 42 08%asi 4-8621 43P0t/ 9813 @nFare LB 9F%- problem for free
pi ston nmachi nes inwfich pfieeéaxg,ﬁg& qﬁaémé)r%r{@%%é@@ﬂ cal or has a
vertical conponent of orientation. In such machines, 01/ 16463
PCTI USOQ 21517t 7makes a transition from a static to a dynamic
condition by initially 1linearly oscillating at
small amplitudes of oscillation. The amplitude of
10 these oscillations continues to increase until the
machine reaches its steady-state operating
conditions. Since most free piston machines are
provided with mechanical or other springs which
hold the free piston member away from the end
15 walls under static conditions, these small
transitional oscillations do not cause end wall
collisions. As the oscillations grow, 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 is 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,



gravitational forces, sonetines assisted by vibrations, cause the piston
menber to slide against an end wall when the machine is not in operation.
| f startupgwiohiibss i ated when the 5 piston menber is at orp@gedsegisiend wal |
when an oscillating dynamc drive is applied to the free piston nmachine,
the piston nenber wll, of necessity, repeatedly bang or collide agai nst
the end wall until the anplitude of oséillation is 10 sufficiently |large
that the dynam c centering structure becones operable. Because many of
these dynamc centering structures rely upon one or nore ports in the

pi ston and cylinder walls comng into registration when the pistonis in a
centered 15 position, a substantial tine interval can pass before the

pi ston oscil | at soavakptienale bdoswes. sufPnetioms y pRapgetehat entering can
be effected. There._ Ls; ere eed..f.ar _a statl nt ey 4 appar at us
for use with thgslgrlfa?:é%ﬁ%'l st%ér)\&seezoacr?nr}chgﬁggopn @vﬁ?cﬁft hggpigio(%grrenber IS
capabl e of creepigagnsbowand end endl hawhewnhedrhet heachaiols neési siotnaoitn oper ati ng
so that the static_centering 1 2APRAL aLus vvisll r. vier%tedper%odi cthcol | i sions
during start--0F°6F the: free pi 8 HBchthe.* P51t %Fs TREY ef 0t% an obj ect
and feature of thetofir @eebtri nserdt ot t et Oxhdendn wappardicns gr0 nove a
static piston nenber fromits rest position into, position_at which the
dynamic centeri ﬁécéﬁ?EH‘gV\FWa‘B’e‘éoaﬁl ?)erlﬁblaé’pgﬂlfagnd'rost%-{ﬁ)e% n order to
30 avoid end waldi séehl | 2@Asne)\O @hel64H53tBeT/ WoRPe2154A11, of

necessity, repeatedly bang or collide against the

end wall wuntil the amplitude of oscillation is

10 sufficiently large that the dynamic centering

structure becomes operable. Because many of these

dynamic centering structures rely upon one or more

ports in the piston and cylinder walls coming into

registration when the piston is 1in a centered

15 position, a substantial time interval can pass

before the piston oscillation amplitude becomes

sufficiently large that centering can be effected.

There is, therefore, a need for a static

centering apparatus for use with those free piston

20 machines in which the piston member is capable of

creeping toward an end wall when the machine 1is

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.



8 (f) BRIEF SUMVARY OF THE | NVENTI ON The invention uses a coil mounted to
the housing and nagnetically linked to a piston nenber conponent, such as
a per mangtorAe@set or 5 el ectromagnet, to form a |inear pewusn02181% hough

t hese conponents can be provided exclusively for practicing the invention,
preferably the coil and the piston nenber conponent to which the coil is
magnetically |inked, nost preferably 8 per manent 10 nagnet, are both part
of an AC linear alternator or AC |inear notor which are a part of a free
pi ston machi ne. The invention further includes a source of DC el ectrical
current and a switch connecting the DC source to the coil for supplying 15
DC current to the coil when the switch is closed so that the coil and

pi ston nenber corrponen(tf)t SRIEE éHMW*R?{sOFm%ﬁ"&VaﬁNVqu nked operate as a DC

| i near notor until plhe PLocRPids @FR@UALE! YoiXemorheddl Ofo Sttld - up W t hout
collision. The DC 20 source voltage is tenporarily applied to the coil to
nove the pi st GPURi@g BRGMMRINERYCHALY binked te 2 iRpbEron MRPSHy be

acconpl i shed Qyapplepitng  then DCA0 the Gldndiintd Phegrier mgwed tinme
interval, or by sensing when the piston_has 25 reached an adequately
centered p&sitélmetyogrIBREEF TOESTRIPT? ONioFaTHROSPYERAIAMIENSTOF  THE

DRAW NGS Fi gs.¢ e 3 aLgnsdd@ild d | egh dbaorithy i 3 iddistdiadkhyd 4dye principles
of the present " invention.
practicing the invention, preferably the coil and
the piston member component to which the coil is
magnetically linked, most preferably a permanent
10 magnet, are both part of an AC linear alternator
or AC linear motor 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 switch is closed
so that the coil and piston member component to
which it is magnetically linked operate as a DC
linear motor until the piston 1is adequately
centered for start-up without collision. The DC
20 source voltage is temporarily applied to the coil
to move the piston away from an end wall of the
cylinder. This may be accomplished by applying
the DC to the coil 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.



WO 01116463 PCT/ USQQ/ 21517 9 Fig. 4 is a block diagramof the electrical
circuitry enbodying the present invention. Fig. 5is a diagramof a free

pi st on macWoeisds® Whi ch the present invention is appliedecrustogssiz6, 7, 8
and 9 are schematic diagranms of the details of the preferred enbodi nent of
the invention. In describing the preferred enbodi nent of the invention
which is illustrated in the draw ngs, 90 specific termnology wll be
resorted to for the sake of clarity. However, it is not intended that the
invention be limted to the specific termso selected and it is to be
understood that each specific termincludes all technical equivalents 15

whi ch operate in a simlar manner.  to acconplish a sim]ar purpose. For
exanpl e, the word coff®ct 8diSor® tRYGhks| MaHEA™ R bf afEeottiiRlused. They

are not |iUite@i&euﬂhE?Cémﬁaéyﬁﬁaﬂt%@1pQHEeﬁﬂCiﬂﬁghtﬂa%DnePti0“ through
other circuit elenents where 20 such connection is recognized as being
equi val ent by thoseF&gi| Pedisip €hagas®. of n2afaeei Bhstoripaghing are

iTustrated whi g @hecRf cRe tyR& MY GhveREEER M2 WRI1-k@own operations on
electronic signals. Those skilled in the art will" recognize 25 that there

are many, and in thefFtasure nby bendddiatcosghenatierdbagraniafcui ts which

are recognized a3 eguival entebgsausg, LPEY, A OUffiSatfie SBEE Rerations on
the signals. 30

invention.
In describing the preferred embodiment of the
invention which is illustrated in the drawings,
10 specific terminology will be resorted to for the
sake of clarity. However, it is not intended that
the invention be limited to the specific term so
selected and it 1s to be understood that each
specific term includes all technical equivalents
15 which operate in a similar manner to accomplish a
similar purpose. For example, the word connected
or term similar thereto are often used. They are
not limited to direct connection, but include
connection through other circuit elements where
20 such connection is recognized as being equivalent
by those skilled in 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 eguivalent because they provide the

same cperations on the signals.

30



WO 01/ 16463 PCT/ US00/ 21517 10 (h) DETAI LED DESCRI PTI ON OF THE | NVENTI ON
Fig. 1 illustrates a free piston nachine 10 having a piston nenber 12. The

pi ston neyvGinneded | ncludes a piston 14 slidably reciprocbingsooistr 5
cylinder 16 fornmed in a housing 18. The cylinder or housing has an end

wal | 20 and an opposite end wall 22. The piston 14 separates a first fluid
space 24 froma second fluid space 26109so that each of these fluid spaces
bound opposite ends 28 10 and 30 of the piston 14. The free piston nachi ne
10 is also provided wth a conventional centering system the sinplest of
which is illustrated in Fig. 1. This centering systemhas a passageway 11,
whi ch extends froma 15 ort 13 opening into the space 26, through
interfacing ports ath)1®E ﬁéPﬁEdDFECB%%E&QHEQEdmﬁyI%V§@TﬁﬁNcyl|nder wal | and

outwardly facing pisipn 1\A@hhusefa§t£g ngl Ipedehrough 2 RAEEi & ppening into
space 24. 20 The free piston nachine 10 is vertically oriented.

Consequent |y, bevire atristop mRabepi d€on rMrhepistomn membrwyel downvar dly
under the for ayi 0 n 20, 25 The free
. . 91%69135 ov\n% %éﬁ%ﬁm % EgEEaM%&QQEFP {e

pi ston machi ne in iagrammti C ustra?es a broad
variety of 5typebindesf rke ﬁwsmeﬁlnmcmlhee$lmmlb& ar@hkngmmlnderthe pri or

art. Such machpegolyphgaly BRVend Wit ' 6" a58MRANEBhod2ce WEhgh, depending
wall 22. The piston 14 separates a first £fluid
space 24 from a second fluid space 26, so that
each of these fluid spaces bound opposite ends 28
10 and 30 of the piston 14.

The free piston machine 10 is also provided
with a conventional centering system, the simplest
of which is illustrated in Fig. 1. This centering
system has a passageway 11, which extends from a

15 port 13 opening into the space 26, through
interfacing ports at 15, formed in the interiorly
facing cylinder wall and outwardly facing piston

wall, and finally through a port D, opening into

space 24.
20 The free piston machine 10 1is vertically
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 illustrates 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

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

a compressor or pump valve mechanism or the



30 type of free piston nmachine, may be, for exanple, a conpressor or punp
val ve nmechanismor the WD 01116463 PCT/ USOQ/ 21517 11 di spl aces,

regener at orywgpfidi@at exchange structures of a free pistorpcSisodzisy engi ne
or free piston Stirling heat punping device, commonly referred to as heat
punps, coolers or cryocoolers. 5 Acoil 34 is nmounted to the housing 18 and
is magnetically linked to a piston nenbér conmponent 36 to forma |inear
notor. The preferred piston nenber conponent 36 is a pernmanent nagnet
nounted by a connecting rod 38, or other nechanical 10 linkage, to the

pi ston 14. Consequently, the conponents of the piston nmenber 12 are
mechani cal |y Ilnked together and reci procate together and include the

li nkage rod 38, ®herlafatron nEpERICXARIonenttB6 aR§cthe H*PEMIB4. 15 A

single pole, doublg,ddyQu syetch 4Pceal l%rt@%tls/teim q,%r&n@ﬁéf»né hgrcoil 34 to
a source 42 of DC electrical current for supplying current to the coi

when the switch ér%%u@xann(ﬁﬂyxhyngt@ﬁatc§hm9£¥g4ﬁeY%FQﬂ(ﬁﬂﬁ¥QQ1onr
connecting the c ékei?'rc-id thQ: a@‘coﬁallbjéce Hrerd ot B@goégof fguit. The

coil 34 may be t € col I'i he ternator, e coill of an AC
|l i near notor %r a cﬂslccpﬁstaeal Il@dm@mtedetput@@s@omlr}gd@tla@dngﬂ he

DreSSNt LTI ORaohlel 0867y ed SHOS, Sl Ao} UgRIGALEY N AC
conponent 36 nay3al 80 Hermsed Jpimeaei padtdor. forThH1preferred plston

member component 36 is a permanent magnet mounted

by a connecting rod 38, or other mechanical

10 linkage, to the piston 14. Conseguently, the
components of the pisteon member iz2 are
mechanically 1linked together and reciprocate
together and include the linkage rod 38, the
piston member component 36 and the piston 14.

15 A single ©pole, double throw switch 40
alternatively connects the coil 34 to a source 42
of DC electrical current for supplying DC current
to the coil when the switch circuit through switch
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 linear
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 the 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 is

connected to an electronic timer circuit 50. The



AC linear notor or alternator or may be installed for practicing the
present invention. 30 The control input 48 of the switch 40 is connected
to an elmaséegsc timer circuit 50. The WO 01/ 16463 PCT/mS@Se@dmsi7y 12 ti mer
circuit, upon receiving a nmanual, electrical, mechanical or other input
signal at its input 52, initiates a _conventional timng cycle to switch
the wiper 54 of the switch 40 to 5 cdftact 44 for applying a DC voltage to
the coil 34 so that the conmbination of the coil 34 and magnet 36 operate
tenporarily as a DC linear notor. Cbviously, the voltage polarity nust be
properly selected to nove the piston nenber in the 10 desired direction.
When the timng interval of the tinmer 50 tines out after a selected period
of tine, thetimelr aPpFfetta si PRSP tofERE ¥HRdrol @ i nPaRYABr of switch 40

to switch theeYedeFiddl ! NRech8hiEdRl 026. oS tepatnad@maineaOC | inear
notor 15 operation and substantially imrediately initiates AC |inear notor

or alternatoribperBt®h t5Frapphytiahedscd | RN dPRad ctéPive. The time of

operation of the1&i gBr sRQecHULhRY wiMarCh 4t Ner DG SO L6246 Stgppl i ed to the
coil 34, 20 nay be determ ned experinentally for each free piston nachine.

The tinme interoatact fhe formappd@éadd a Phovel kdge piat bhe neaber 12 away
LgorhtGhe. end3)iva§o ZPhggd ﬁeearfgl]&}ggp%ﬂ& ogsat hi gRs i heyy cggaeri ng ports
pi ston and cyl'i nder wall's econe interfacing at 15 so that the
centering magnet 36 operate temporarily as a DC linear
motor. Obviously, the voltage polarity must be
properly selected to move the piston member in the
10 desired direction. When the timing interval of
the timer 50 times out after a selected period of
time, the timer applies a signal to the control
input 48 of switch 40 to switch the wiper to the
terminal 56. This terminates the DC linear motor
15 operation and substantially immediately initiates
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. The time 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
switch 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.



passageway 11 becones operable. Thereafter the switch 40 is sw
apply the AC source 46 to the coil 34 so that the oscillating,

drive bec%%&%r able to initiate the oscillating, 30 |poramsooxsia on of

t he piston ne

12. WO 01/ 16463 PCTIUS00121517 13 The | ength
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of tinme
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f sw tc t ncluded
Bb? LU L EHE A h R gfg}sgsbtre e# r% H%J}lat% tdhe switch 40
20 be a relays W bBtht&f comd repadespa é& belngThhe gaelagt=cdiilke tthere are a
devices and circuits which ar connDnIﬁ1ref rred to as

gRECtTVINE afithndeesA9%e RFSEd. PoTh@P&PH T4
¢heeBESre, the gas spring force limits
acceleration and velocity of the piston motion
under force of the DC electromagnetic linear
motor. As an example, in one machine it was
experimentally determined that an appropriate time
interval was 4 or 5 seconds.

Although a single pole, double throw switch
is illustrated in the drawing, additional poles
and additional switch positions may be included
for accomplishing additional purposes. For
example, an off position can be added if an off
switch is not included with the AC load or source
46. Although it is preferred that the switch 40
be a relay with its control input 48 being the
relay coil, there are a variety of other devices
and circuits which are commonly referred to as
switches in the electronic art and can be used.
The term "switch"™ is used in the broad electronic
sense to refer to a variety of switching devices
and circuits, including necessary conductors, to
turn electrical current on and off and which have
a control input for switching between the on and
off states. These include the well-known examples
of relays, triacs and transistors, which are

commonly utilized as switches. The control inputs

h" is used



25 sense to refer to a variety of switching devices

and circuits,

i ncl udi ng necessary conductors, to turn electrical current on and off and

whi ch h

WeFor/184680Nt T O

i nput for swtching between the gicTaisdonzif st ates.

These include the well-known exanples 30 of relays, triacs and transistors,

whi ch are

bi pol ar

such as

conparison t

commonly utilized as switches. The control inputs WO 01/ 16463
PCT/ USOQ' 21517 14 of such switches &afe typically the coil of
gate of a triac or MOSFET transistor, or the base or other term nal of a
transistor, all of which are used in well known 5 transistor

configurations for providing a swtching function. These circuits usually
i ncl ude supporting circuit elenments, such as bias and current
resi stors and®fpr suebt i shitehtenreTypyerarelel ddrer osPélswwi clfes have inputs
10 connect ed L) g COMJ Oa€l 16kl b Ulrsdid o Gt ool s IS

many types.

Typl

ly swt

a relay, the

limting

there are

control circuits recelve an I nput signal,
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% vartes ®Hecept abi®e %t o ?Jrfec“\lﬁﬁut keida

include supporting circuit elements, such as bias
and current limiting resistors and protection
diodes. Typically electronic switches have inputs
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
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 biasing
circuit for changing magnitudes to values
acceptable to the input of the device being
driven.

Fig. 2 illustrates an alternative embodiment
of the invention. It has a generically
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,
consisting of a current sensor 252 and a pulse

detector 254. The current sensor 252 may, for

PSRt Vol age Ghilf G Sileq THEY Jihn Lhg,swi teh on or

bel ow a set

edance transformng cirguit or biasing 20 ciycuit for
changi ng nagn?qﬁefoc g éﬁt?)’l

devi ce being



Fig. 2 illustrates an alternative enbodiment of the invention. It has a
generically 25 represented free piston machi ne 210, connected through a

switch 240 source 242 and alternately to an AC saoufrasott6?
However , iﬂ&&ggggsgf 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 pul se detector 254. The current sensor 252 may, for WO
01f 16463 PCT/USOOf 21517 15 exanple, 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 swtch 240. An

i nherent char act eramspie, of behe o r ekowpi streaishanee ne r28OstE8rt hdtort he gas in

the spaces 224 and 226 has a low flow ra r oNE t he 10
spaces to the otR&PY t%ev%#%?%% ?%O%r%g%%ggy g%%ﬂ?g%tloﬁ%%% t he
vol t age source 24Rrbegh heheaidil 234.. Cohsequeptty256 his peetraeted | nove
slowy away fromthe end wa

112 unti,l the centeri : 211
provi des comuni E9t i8R B@?%Eeﬁftﬁ%eléngﬁﬁceeFff$°§n3%%263ﬁ§%%%%fhat
conmuni cations 0gGYASist Benhéeoted esé Stive Ceotpioieeimpute 25saces 24  and 226
is reduced as a steg function. The piston nenber 212 consequently has an
accel eration ands¥step %4fhction increase in velocity. This sudden 20

increase in the vel ochtyiRfetdte BEIRLt236stic 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 consequently has an acceleration and
step function increase in velocity. This sudden
20 increase in the wvelocity of the magnet 236
generates a current spike in the 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 Dby
25 the current sensor 252 and detected by the pulse
detector 254. In 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.



generates a current spike in the series circuit conprising the current
sensor 252, the DC source 242, the switch 240 and the coil 234. This
current wodbiieagss converted to a voltage spi ke by 25 thepcrosoonisizensor 252
and detected by the pulse detector 254. In response to the spike, the

pul se detector 254 switches the switch 240 away from connection of the
coil 234 to the DC source 244 and i hfo connection of the coil 234 with the
AC 30 source 246. WD 01/16463 PCT/USOQ 21517 16 Consequently, in the
operation of the enbodinment of Fig. 2, a manual or signal input 251 to
t he pul se detector 254 will switch the switch 240 so that it applies the
vol tage of the DC 5 source 242 to the c0|I 234, thereby nmoving the piston
menber 212 away f FGORSERESBEAYal 1320 R RP]HRF IRt oREmenti& 212 reaches

the position emiafithelnte oy #al.c 2Geat AEHAGL SYS! SDGRECOMMSat oper abl e, the
spi ke is generated and_detected by 10 the pul se detector 254 which sw tches
the switch 240 ¥8ecBHMERt dﬁﬁScEBFI 2584 widlt pwikchsdihceswidssh Fig. 3

i llustrates ygfo aggt hega@l tigr nQ%;bl’f’e@”t?;@l@' Mpoit8fe t R | B¥ENtAON. The
Stirling machine 310 has a coil 334, which is connectable through 15

termnal 356 $Furf t éA2340 t Bhen ALl o%ﬂ&gherebyh@om@s pilst on nmachi ne
mchi ne. 310 1Ry Ber 8k BPt Red y BaT desart DT ahave " the A% of an’
al ternat or arhemet A€ |pdsston member 212 reaches the position
where the dynamic centering system becomes
operable, the spike is 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 illustrates 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 illustrates 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



20 346 illustrates one variation. Instead of detecting the piston nmenber
position fromthe currents flowng in the circuit supplying power to the
coil as illwehipgd in Fig. 2, the enbodinent of Fig. 3 iROWENPAYSES t hat
it is 25 also possible to use any one of several position sensing or

di spl acenent transducers which are or H?y becone available. Fig. 3
illustrates the use of a displacenent ansducer 380, which has one end
382 connected to the housing 318 and a novabl e 30 opposite end 384
connected to the piston nmenber 312. The displacenment transducer 380

provi des a WO 01/ 16463 PCTI US00121517 17 signal to a position detector
circuit 386, which inpn turn switches t sw tch 340 .fr o] cl, With
termnal 344, whPiENappltPed RATHGE rcg%elﬁé°§ouﬁlcrecul§4 t6 t hZic%:hoil 344,
into contact wthntharh &eiBtRas 856 whebch he4pi sten ecendert 3dixrarrives at
a selected, sufficiently centered position. The rigr ar% has a broad
variety of applFééﬁ#éagoéﬁiioWF%&QuﬁHﬂ}%&évW8é§a BATEPP T tTPVEF et eri ng
the di spl acenent 396 appecipsocasing 34k bodwntoExaspkest argitn | usig ated in
the followng patents, which are herein incorporated by reference:
4,864,232, 4, 866L87Bingl3326 17en e misien PSIbep| Phoughtt RS st

I mportant aspect 0L 4R te%? &M ENLiIQR 1hS cBRYE PG LS iRliginQn menber away from
an end wall of the cylinder by tenporarily applying a DC voltgge to the
coil, in some situatiBhe iwrigy art has a broad variety ©

applicable position sensing devices and circuits

for metering the displacement of a reciprocating

10 Dbody. 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.
This is 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 Sspaces. It also exists where there is

30 only a small vertical component to the axis

orientation and particularly if the free piston



be desirable to first apply the DC voltage in the opposite polarity in
order to nove the piston 20 nenber to a known position against an end wall.

This i swiseieaddl € in free piston machine applications pdwosookis7static
position of the piston nmenber is uncertain and the timng method is used
to term nate application of the DC vgltage 25 to the coil. An uncertain

pi ston nenber position exists, for éﬁanple, when the gas | eakage past the
interfacing piston and cylinder walls is snall and there is no other gas
comuni cati on between the two gas spaces. It also exists where there is 30
only a small vertical conponent to the axis orientation and particularly
if the free piston W) 01/16463 PCT/U5.0 0/2 1 51 7 18 machine is subjected
to vibration NHEHI 1B SHbiectest 0 VIRREF LR nBRER stBn2 nékdBIC position i s
uncertain, theed¥a voltage may first be applied to 5 the coil at a polarity
so that the effective DC linear notor will nove the piston nenber to an end
wal | of the cylind&ererhi £hfer niPEStPRe pMEMBAT neRBEELEIN al wh§'s begin from
the sane posigi-tiel) dee isc then J0W ath pWedrd¢ Ofa thgo ey ved | by 10

tenmporarily applying a DC voltage to the coil at the opposite polarity.
Fig. 5 illust¥kg escalf pée i RPEATHuthFfethad the takfeerimiP@ cryocool er

driven by an £GddoftoPlAGt inbvifle dhbtbd RBhoEESEE! brdehq detail 15
because its features are not uni que to e present
wall of the cylinder. This permits the piston
member to always begin from the same position when
it 1is 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 3518. 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



invention and there are many other free piston machines which can be used
with the invention. The free piston machine 510 has a piston nenber 512,
whi ch i nclwdesnaepi ston 514, slidable in a 20 cylinder S5IETEROMNRSIM t hin a
housi ng 518. The piston is provided with a centering system consisting of
a passageway 511. The passageway 511 extends froma port 513 through a
port 515, fornmed in the piston 514. AY3annul ar groove 521 25 is forned in
the cylinder so that the gas can communicate fromthe port 515 around to
the remaining interfacing port 523 and continuing through the passageway
toits outlet at port 517. Consequently, one port at the end of the 30
passageway 511 ogens intg t he gas space 526, while the Qgposite port 517
opens into the §8s &F3T&9824 YW 0 WE3cpEe T B8OOMREEEP 119 H§ provi de.

t he comuni cat ecbAr 8RLAG Al whdhe tieent®rdiigh Wikidehe RisSt gk MeiRer is at the
position illustrated in Fig. 5 The piston 514 is connected through an 5
integral ly forne8sitbpyel B3P GtEEr ABNERE: mgnets 536 and 537. The

per manent nagnets 536,@ndp530on I €51 Pr ofat ecdhddddie RipstRnS14n A circul ar
coil 534 is located in a first annul ar pole piece 535. Magnets 536 and

537 reci procat eibtegeehl ¥ heommeanhlange pole B eperBEBNY Xeagned st he housi ng
i o S eeeBlent e Sihchioabitet Mphie, SogTn 38 5o the

reciprocate with the piston 514. A circular coil

534 is located in a first annular pole piece 535.

Magnets 536 and 537 -reciprocate Dbetween the

10 annular pole piece 535 £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 c¢ycle 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 £all

downwardly wuntil the annular flange 3533 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 tc the coil 534

30 in a polarity which temporarily applies an upward



di spl acer 572 which contains a regenerator and is 15 nounted by a
connecting rod 574 to a planar spring 576. The free piston machi ne 510
al so has wolagadses r€j ecting system 578 for rejecting heat powopsebisirromits

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 fall downwardly until the annul &° fl ange 533 seats against an Oring

582. The Oring provides sone cushioning to prevent the piston flange 533
from25 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 enbodying the present invention for tenporarily applying a DC
vol tage to thefesff 34 gbei Magnsssar?i§ #RfchPIenpBEali Ityheangi es an

upward WO 01/ 184Q3-8CT{ U3 i2bk6 2@ £ehagcehrs Nes impnetsy 36 and 537
until the AC source is applied to the conductors 584 and 586. Fig. 4 is a

bl ock di agram of t hBigr eflerirseda epdogknehiaasm f | fhenpiredeanddFigs. 6-9 5
illustrate det %}n%éd%e st ogf t bgggéng&ggra%d Thﬁ;cg oreG_Ei gs. 4 and
e S1 mu nd t refer

6-9 are descri taneously a e 1denti cal ence “nunerals
fromFig. 45aréllsetdrave Fdgbails Johhmpet gpplthe&blbéock(ddagh@usource or

|37 400, = S ORRBELRAL T s L1y oL Y oS £OTLAGER b !

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 gate drive 412 are 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



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 wel | qu,pgvgﬂm% conventional. The source of DC voltagecraspgyasizded by a
silicon controlle 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 gate driveLl412 are illustrated in Fig. 6
within the dashed lines 410/412. A zero cross detector circuit 414 detects
the tine at which the voltage of the AC source or |oad 400 crosses zero 25
voltage so that the SCRs of the rectifier bridge 410 nmay be fired by the
phase control circuit 416 at a desired phase |ag after the zerq crossover.
The firing phasecizcuidisecetd & otyRdvikdewh slHf etBfd PXéPFeciTve®BE current to

tenporarily Oper@i%@ré 30 r60hbt a8e L B dTBLUEG rehBdi 88 £f1 2 DC | i near
nmotor. The rectifier bridge and its driving circuits are WO 01/16463
PCTI USOQ 21517 21 ciTigiings isf agceppél ey nthehPGHrit@rtati™aRE therefore

are not described | ur r detall .. B0 NGy kBe 2GLALLShed 3yqt he DC
start timng cont’?ll(l)?rcgemwﬁhe titrfihkngtlcng/lc e ?%r etzhe timng 5 coﬁtrol 418 is
initiated by powesntyolof 418e ieiriwitiattesh bty | podesi rewl taf stdet the free

ot h the SCR gat 61 G es "8 T2, *Bs Vel Fodt 88 s R« PRAEE selsht drtver 420, 10

The out put 422 opisben tmaghichecontTid ddiputasofa the timing control
circuit 418 is applied to both the SCR gate drives
412, as well as a start/run select driver 420.
10 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 (Fig.
15 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
20 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,
25 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.



first state upon initiation of a timng interval and a second state at the
end of the timng interval. Consequently, the start/run select driver

420, whiwhoflidssses the relay coil 424 (Fig. 15 8), sw tchefusdopisiv tch 402
bet ween the DC voltage output of rectifier bridge 410 and the AC source

or load 400 in the manner descri bed above. The output 422 of the timng
control 414 is also applied to the 8R gate drives 412 in order to 20
prevent firing of the SCRs when the DC voltage fromthe rectifier bridge
410 is not applied to the coil 404. Wiile certain preferred enbodi ments of
the present invention have been disclosed in detail, 25 it is to be
under st ood that various nodifications may be adopted w thout departing from

the spirit of the invention or scope of the following clains. WD 01/ 16463
PCT/ USCQO 21517 22 CLAIM5S 1 1. A piston centering apparatus for noving a
free 2 piston nenber, which includes a piston slidably 3 reciprocatable
in a cylinder fornmed in a housing 4 nenber, away froman end wall, the
piston 5 separating two fluid spaces bounding its 6 opposite ends, the
apparatus conprising: 7 (a) a coil nounted to one of said nenbers and 8
magnetically linked to the other of said 9 nenbers to forma |linear notor;

10 (b) a source of dc electrical current; and 11 (c) a switch connecting
the dc source to the

CLAIMS

1. A piston centering apparatus for moving a free
piston member, which includes a piston slidably
reciprocatable in a cylinder formed in a housing

member, away from an end wall, the piston

1
2
3
4
5 separating two fluid spaces Dbounding its
6 opposite ends, the apparatus comprising:

7 {a) a coil mounted to one of said members and
8 magnetically 1linked 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 connecting the dc source to the
12 coil, for supplying dc current to the coil

13 when the switch circuit is closed.

2. An apparatus in accordance with claim 1 wherein
the switch has a control 1input connected to a

timer circuit for closing the switch and actuating

s W N

the linear motor for a selected period of time.

heet Has Been Replaced

T g



12 coil, for supplying dc current to the coil 13 when the switch circuit
is closed. 1 2. An apparatus in accordance with claim1l wherein 2 the

swi tch has wo gio¥skd30l | nput connected to a 3 timer circuitechasoediog ng t he
switch and actuating 4 the linear nmotor for a selected period of tinmne.
This Sheet Has Been Replaced | 1111U 111112121 killlYi,/j,iiii,11111111
LIELIIITl L 1111 WO 01/ 16463 PCT/US00123%17 23 1 3. An apparatus in
accordance with claim1l wherein 2 the switch has a control input connected
to a 3 piston nenber position sensing circuit for opening 4 the switch
and stopping actuation of the linear 5 notor in response to a selected

pi ston nenber 6 position. 1 4. An apparatus in _accordance with claim3
wherein 2 tHe pistith SRPRESLUFN&RUAESCRCFREM St ESs A aiistomheseiBnber

conponent magnetiyal ky; Linkedst 05t heygolh  Mand wWaghekped hgPogi tion
sensing circuit includes 5 an inpedance connected in series with the
switch, 6 tRe dviftandemperdpossdbier aemsiteraiscuilte for gppainagus furt her

conpri ses passa f i h Si far .dy i |y - ering the
pi ston by Q%pegﬁ?%t?%g@ ru?8&f§§° gﬁggofn%ﬁ?%ﬁfﬂigﬁgbg@%siﬁgg§% flowto
the other fl i d mpave wWhenredmorniest bn is skleicted cehstmmedmpobeti on and a
pul se detect(g \@§¥1Qn12 an i nput connected to the inpedance and an out put
13 connected to € swWwtch control input for opening 14 the switch in
response to detection of a pul se

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

1

2

3

4

5 an impedance connected in series with the switch,
6 the ceil and the dc source and wherein the
7 apparatus further comprises passages formed in the
8 housing for dynamically centering the piston by
8 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

[ I - VI B

coil mounted to the other said member to form an
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15 when the piston is at a position permtting said 16 fluid flow 1 5. In
a free piston apparatus having a piston 2 slidably reciprocatable in a
cyli ndenydoirigggd in a 3 housing nenber and a nagnet nechemusmizist7]| i nked to
4 one of said menbers and magnetically linked to a 5 coil nmounted to the
ot her said nenber to forman | 111111111111211112112111 11 1111 Ms WO
01116463 PCT/ USOQ/ 21517 24 1 AC el e@fronechani cal |inear transducer, the
piston 2 separating two fluid spaces bounding its opposite 3 ends, a

pi ston centering apparatus for noving the 4 piston away froman end wal |
of the cylinder, the 5 apparat us conprising: 6 (a) a source of dc

el ectrical current and (b), a_swi,tch connecting the dc source to the 8
coil, for up%?y??‘@cﬁ’ém?ﬁﬁ}faé’rhcatlo lipgagoitrang Hﬁ%ﬁ'tﬁEeSWFEﬂnl s closed to
operate the CObbard@i it WRIPLLi @SsPadés | bBEARI NPt OFs bpPosfBeapparatus in
accordance with claim5 wherein 2 the switch has a control input connected
to a 3 tihereedfcupt PLEECR| 6SPRGTIPE ARPREMWHATRELWAYiIRG thSthe |i near
motor for g Ssigesﬁdap§§l poRfati BBd dal1 AP BRRAELJLYAQER, aggerdance with
claim6 wherefn 2 the swtch has at |east two positions, one 3 position
for connecii ngpphea’f—:'éﬁ’lcqlwrslaﬁldl%c source 4 and a second position for

connecti nthhe C@) tgoui_-'ecgn ACqLi dLMidri kL8 cuérlteﬁgpagﬁ&us i n accordance

with claim5 where
7 (b) a switch connecting the dc source to the

B coil, for supplying dc current to the coil
9 when the switch is closed to operate the coil
0

1 and magnet as a dc linear motor.

6. An apparatus in accordance with claim 5 wherein
the switch has a control input connected to a

timer circuit for closing the switch and actuating

o> W

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 ceoil to

;e WD

an ac circuit.

8. An apparatus in accordance with claim S5 wherein
the switch has a control input connected to a
piston position sensing circuit for opening the

switch and stopping actuation of the dec linear

(8 I S UV B AR

motor in response to a selected piston position.

AR



2 the switch has a control input connected to a 3 piston position sensing
circuit for opening the 4 switch and stopping actuation of the dc |inear

5 notor inwgrsReRse to a selected piston position. 111111lpchiisoafsid411111111
1 1111 M S WD 01/16463 PCTI US00/ 21517 25 1 9. An apparatus in accordance

with claim8 wherein 2 the switch has at | east two positions, one 3
position for connecting the coil to sai4P dc source 4 and a second position
for connecting the coil to 5 an ac circuit. 1 10. An apparatus in
accordance with claim8 2 wherein the position sensing circuit includes an
3 i npedance connected in series with the swtch, the 4 coil and the dc
source and wherein the apparatus 5 further conprises passages fornmed in
the housing 16 for AdyRRRPEAFLY ERMEFIFRRITe Y ggtﬁhabW PeVRfteithg 7 fluid
fromone of phe dieui duSRages vhg fhew taakhe o0t Besitlstg, Space when the
piston is in_a centered 9 position and a pul se detector having an input 10
connect ed t 03t h@dsisé@anéer apaneerbindlthec siddctedsaid €6 $PRredi tch
control input f ni e i AR9Rse action of a

pul se when t%e %r{l??o%?s%%%r?{]e%?ﬂaé%&si%%on@%ﬂerm t?li%’ngtth%aid%% u%cg 14 fl ow.
1 11. A net héd faor aicnictiravihg the start up of a free 2 piston apparatus
having a piston slidably 3 reciprocatable in a cylinder forned in a
housi ng 4 nenber and a nagnet nechanically |inked to one of

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

other fluid space when the piston is in a centered

O o ooy s W N

position and a pulse detector having an input

jus}
(=]

connected to the impedance and an output connected

P
et

to the switch control input for opening the switch

=
N

in response to detection of a pulse when the

[
w

piston 1is at a position permitting said fluid
flow.

j
oo

11. A method for initiating the start up of a free
piston apparatus having a piston slidably
reciprocatable in a cylinder formed in & 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:

W ~N o e WD

moving the piston away from an end wall of the
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5 said nmenbers and magnetically linked to a coil 6 nounted to the other
said nenber, the nethod 7 conprising: 8 noving the piston away from an end
wal | of W&IAMG{,I IN 11212 11121 1222 11 1111 WO 01/ 1646>chfUshesIddr 21517 26
9 cylinder by tenporarily applying a dc voltage to 10 the coil. 1 12. A
nmethod in accordance with claim1l wherein 2 the apparatus is static

before the dc voltage is 3 applied t$®the coil and an oscillating dynanic
4 drive is applied to the apparatus substantially 5 inmediately after

di sconnecting the dc voltage 6 fromthe coil. 1 13. A nethod in accordance
with claim1l2 and 2 further conprising: first applying a dc voltage 3 to
the coil at a voltage polarity driving the pi ston to an end of the

cylinder afd 5 svibseepiey %eafmrﬁlrﬁéyaaHEWbWa@ed%tv?%"eag% Yhposite

polarity tg driveg,the,pi ston away from 7 the end. 1 1 11 1 11 111 11 11
11111 CLMS

12. A method in accordance with claim 11 wherein
the apparatus 1s 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

G s W N

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

the end.

S oy ol W

i



