-1 -5 August 2005 LINEAR MOTOR CONTROLLER FIELD OF INVENTION This invention relates to a
controller for a linear motor used for driving a 5 compressor and in particular but not solely a refrigerator
compressor. SUMMARY OF THE PRIOR ART Linear compressor motors operate on a moving coil or
moving magnet basis and when connected to a piston, as in a compressor, require close control on
stroke amplitude since unlike more conventional comprebsors employing a cranReizit 2005ke amplitude
is 10 not fixed. The application of excess motor power for the conditions of the fluid being compressed
may result in the piston colliding with thiel SiinBeviRScCRMOENIROISLBRated. In International Patent
Publication no. W001/79671 the applicant has disclosed a control system for free piston compressor
which limits motor ppwes asg\Nstiong 15 property of the refrigerant entering the compressor. However
in some free piston refrigeration systems it may be useful to detect an actual piston collision and then to
reduce motor power in reSHeriB¥eNgaeHHadpale gy EHIRI 1B fasddl Mare (P eprespantoc B st or damage,

when excess motaorPNesReEITieHafat@aYHiR P BoRly GOLIFi Reusedn@feaswy of ensuring high
volumetric eﬁicien%@ecificall}é in relation to the latter, a 20 compressor could be driven with power set
c

to just less than to '%%\{09 &m@,‘%@%me the piston operated with minimum head clearance
volume. Minimising head Litearanopresiommet@adpeiatimraasadngaeinvetrioviitcregost [BEMMMARY OF THE

Someway 1o achio g F B M a8 e oA oL onu) SESHRG MY o1 ey
broadly be said to Soesistike afresopistsivp saoprassesseMomingisimekelaflisidele ampliktdais30 said piston
reciprocable y¢thin, stk @YliRf€ pplication of excess motor power for the conditions of the fluid being
compressed may result in the piston colliding with the cylinder head in which it is
located.
In International Patent Publication no. WO01/79671 the applicant has disclosed a
control system for free piston compressor which limits motor power as a function of
15  property of the refrigerant entering the compressor. However in some free piston
refrigeration systems it may be useful to detect an actual piston collision and then to
reduce motor power in response. Such a strategy could be used purely to prevent
compressor damage, when excess motor power occurred for any reason or, could be used
as a way of ensuring high volumetric efficiency. Specifically in relation to the latter, a
20  compressor could be driven with power set to just less than to cause piston collisions, to
ensure the piston operated with minimum head clearance volume. Minimising head
clearance volume leads to increased volumetric efficiency.
SUMMARY OF THE INVENTION
It is an object of the present invention to provide a linear motor controller which
25  goes someway to achieving the above mentioned desiderata.
Accordingly in one aspect the invention may broadly be said to consist in a free
piston gas compressor comprising:
a cylinder,
a piston,
30 said piston reciprocable within said cylinder,
a reciprocating linear electric motor derivably coupled to said piston having at

least one excitation winding,



a reciprocating linear electric motor derivably coupled to said piston having at least one excitation
winding, -2- 5 August 2005 means for obtaining an indicative measure of the reciprocation period of said
piston, means for detecting any sudden change in said reciprocation period, said reduction indicative of a
piston collision with the cylinder head, and 5 means for reducing the power input to said excitation
winding in response to any sudden change in reciprocatidn period which is deteéeglIrdfrably said
motor is an electronically commutated permanent magnet DC motor. Preferably said compressor further
comprises back EMF det@&fdhiPheRinde abisgicasivsgerssadk BrEsRIREianPednd af ikt one
excitation winding yy&tem exciting current is not flowing, zero crossing detection means connected to the
output of said back EMF detecrEiﬂon éneans and timj mﬁans which ngtermine.the time intera/al between

zero crossings to thereby G8&rMInELRE I8 & SHOGEI PR TG RO LatE Biston, and
means for summingdweti sutcissive dfal boyotectiissntoviphakedsy eddr B&ademprocation period. Preferably

means for detecting any [ ' i Tolo I r separate
filtered or smo%othed valui]lég(&?éﬁéﬁqnegﬁ %ﬁé@éﬁ%ﬂ@%@% g@?l%%?{r%n%;ﬁg@%gﬁ Eﬁﬁ%g%@%%%gtgﬁ% smoothed
values of alternateshedeeybragime sedprpretioicees entithdsl deigaledf reciprocation period, means to
compare the most recentQ4nsRsuRthasiPIos IR REHomMithFAithem BatsrkMalHS, A Beiprocation

period, to provide a difference value and means to determine if said difference value Is above a
predetermined thré&18ld for a predetermined period. Preferably said compressor further includes means

for incrementally increasmgfefaglpawe rciippeteosdittheindiea REKEMK tneiidnespmegerto a reduction
in power _25 input. In a sec n?bqaﬁﬁ the prgge_nt im/egtion ma broadglk/ he said tﬁ’ rc]:onljsl;[]in a method
of controlling rmatire Ié%[?% e'@i%%e F.hi?' ARSI 88?1%'3 |H\’d g9 when exciting

current is not flowing, zero crossing detection means connected to the output of said

back EMF detection means and timing means which determine the time interval between

zero crossings to thereby determine the time of each half cycle of the reciprocation of

said piston, and means for summing two successive half cycle times to provide said

15  reciprocation period.

Preferably means for detecting any sudden change in reciprocation period
includes means to produce separate filtered or smoothed values of the times of alternate
half cycles, means for summing the two smoothed values of alternate half cycle times to
produce a smoothed value of reciprocation period, means to compare the most recent

20  measured reciprocation period with said smoothed value of reciprocation period, to
provide a difference value and means to determine if said difference value is above a
predetermined threshold for a predetermined period.

Preferably said compressor further includes means for incrementally increasing
the power input to said motor over a period of time in response to a reduction in power

25 input.

In a second aspect the present invention may broadly be said to consist in a
method of controlling armature excursion in a reciprocating linear motor comprising the
steps:

determining the reciprocation period of said armature,

30 detecting any sudden change in said reciprocation period, and
reducing the power input to said linear motor in response to any detected sudden

reduction in reciprocation period.



steps: determining the reciprocation period of said armature, 30 detecting any sudden change in said
reciprocation period, and reducing the power input to said linear motor in response to any detected
sudden reduction in reciprocation period. -3- 5 August 2005 Preferably said step of determining said
reciprocation period includes the step of detecting zero crossings of the back EMF in said linear motor
and determining said reciprocation period from the time fhterval there between® Prslesadfl)said step of
detecting any sudden change in said reciprocation time 5 includes the step of deducting said
reciprocation time from aPfifieradioreihstsopEds PERIBINgS I SEHICclifR PeFed Dalideaing §ie84l difference

value is above a pgreetriBRccriREaRRal it BapkadateimiardipeaOfotadumNG ditPpRMYesiaput to said
linear motor. Preferabl subse ent 0 a reduction in %&%@g l&ﬁ?m to said motor the motor power is

incrementally incré5$8 B@W (508? HRETRHE 4tk in 10 reciprocation time is again
detected. To those skllle@nefetmblamand swpalf theoivgrhgrsuddateshamgeniy chidmgaprotatomsimection and

widely differing eﬂﬁ&%@ﬁ'ﬂ% f%B% U‘&ﬁH oorfe *Eerd”é’ Jh“t‘? &¥hn? ﬂﬂ%%ht S’RSS{P{@osg’V'ﬁhOUt departing

from the scopé of thé Invention as med pende alms oS ke descriptions
herein are purely iflustieitide &ﬁd‘felgﬁaee\/ﬁb'?mt‘@lri(ﬂédl@od!féerﬁr@ﬁy@éﬁ% divaiteng PTEtiStBiVERASGON consists in

the foregoing and glsQiRiy BRAGR-aeRAIHEH YRR, ‘Pé'ﬂl?é?néhﬁefBH\Q/W'ﬂ%&'Y&%R%ﬁ‘ﬁBQ'%tﬁR'EF
DESCRIPTION OF THE DRAWINGS One preferred form of the invention will now be described with

reference to the 20 accdrP&iRPIMG NSRS haBRUSHIRIGUY 8OWRS HBH4S-SUE BT HAIMOM compressor
according to the pirsgt idnveniimtdigurerdded 6vess-sReidancdftihe dauble aailbnenametpr of the

present inveqt&on }Qchs)%gétlon time is again detected.

To those skilled in the art to which the invention relates, many changes in
construction and widely differing embodiments and applications of the invention will
suggest themselves without departing from the scope of the invention as defined in the
appended claims. The disclosures and the descriptions herein are purely illustrative and

15  are not intended to be in any sense limiting.
The invention consists in the foregoing and also envisages constructions of which
the following gives examples.
BRIEF DESCRIPTION OF THE DRAWINGS
One preferred form of the invention will now be described with reference to the
20  accompanying drawings in which;

Figure 1 is a cross-section of a linear compressor according to the present
invention,

Figure 2 is a cross-section of the double coil linear motor of the present invention
in isolation,

25 Figure 3 is a cross-section of a single coil linear motor,

Figure 4 is a block diagram of the free piston vapour compressor and associated
controller of the present invention,

Figure 5 is a flow diagram showing control processors used by said controller,

Figure 6 shows a graph of compressor motor back EMF versus time, and

30 Figure 7 shows a graph of piston reciprocation period versus time.



25 Figure 3 is a cross-section of a single coil linear motor, Figure 4 is a block diagram of the free piston
vapour compressor and associated controller of the present invention, Figure 5 is a flow diagram
showing control processors used by said controller, Figure 6 shows a graph of compressor motor back
EMF versus time, and 30 Figure 7 shows a graph of piston reciprocation period versus time. -4- 5 August
2005 DESCRIPTION OF THE PREFERRED EMBODIMENTS The present inveregtpréddes a method
for controlling a free piston reci@rocatiér%r%om ressor powered by a linear motor of the type shown in

Figure 1. Firstly it RES@QREAILKRY Szl ErmpRRdERR @W@Q\‘ﬂ!};{'ﬁmﬁéar motor of the type 5 described

in US4602174 and thus regligRsstie aasihtidiisprbaaes keppmbe pifidemneninghaatriewdgtsnedium power
output at the expense of slightly reduced efficie atEi h power gutput. This is an acceptable
compromise for a CGHRETERLE SREPHALE PRIFT S i B TB7 RRLH e L85 A e 9B ler output

most of the time aféralyhighapawed@atpsit dessripand20%h e ctine dmien {tHiseac cuosod ofitige pyveods of

frequent loading 14, ﬂ‘i’éﬁ‘&‘lﬂ%ﬂ&)?ﬁﬁ‘%}rlfﬁl%‘fé%&%s‘{%@%%@iﬁrﬁfs%ﬂa‘@‘g’lé&%ﬁsﬂ@@% C%ﬁrggﬁl Jy ltuses a

control strategy which allows optimally efficient operation, while negating the nee ernal sensors,
which also reducestdipe tEnaestist Pories tyti fdbNoswerpedsssefiphidiihe giesseefivieravtidmighdescribed in

relation to a cylindsigal ingaamAiRy i Wi RecanRbRetisginatinis meihinprissAHR LY RBRiIGRIe to 15

linear motors in general and in particular also to flat linear motors, see for example our co-pending

International PaterERERIREHIWAIFL e #YeACO /e Aveb AR BPvATIRE AFB& 88 HdHARd herein by

reference. One skifg@ldincipudresyendd zemLirenaqisieaeinl oetlostderiagptidie 6PRtQlSi RIggNherein
ressor shown in Fi% rel inm'%l.ves aéperm nent magnet

described to? y form of linear rp tor. The comdo .
linear motor conne %H%@%@cfe%l’b'i'?)f@gﬁ%ofr%é"ﬁ@?o% %Yﬁﬁ’rggg%ar. hSc§ c%ﬂ e, g%tbo rted by a
cylinder spring 14 swéthgy this aatpme sptmshigléf3icichheppistion, Whils segapiog et radidily dxyethel bearing

formed by the cylir}g%o 0 PéH%IEI(? r%BUEE! gig’e\gﬁ‘dt &§pring mount 25. The bearings may be lubricated by
any one of a number o rhetqwods as are known Iin the art, for example the
While in the following description the present invention is described in relation to

a cylindrical linear motor it will be appreciated that this method is equally applicable to
15  linear motors in general and in particular also to flat linear motors, see for example our
co-pending International Patent Application no. PCT/NZ00/00201 the contents of which
are incorporated herein by reference. One skilled in the art would require no special
effort to apply the control strategy herein described to any form of linear motor. The
compressor shown in Figure 1, involves a permanent magnet linear motor connected to a
20  reciprocating free piston compressor. The cylinder 9 is supported by a cylinder spring 14
within the compressor shell 30. The piston 11 is supported radially by the bearing
formed by the cylinder bore plus its spring 13 via the spring mount 25. The bearings may
be lubricated by any one of a number of methods as are known in the art, for example the
gas bearing described in our co-pending International Patent Application no.
25 PCT/NZ00/00202, or the oil bearing described in International Patent Publication no.
WO00/26536, the contents of both of which are incorporated herein by reference.
Equally the present invention is applicable to alternative reciprocation systems. For
example while below a compressor is described with a combined gas/mechanical spring
system, an entirely mechanical or entirely gas spring system can be used with the present

30 invention.
The reciprocating movement of piston 11 within cylinder 9 draws gas in through a

suction tube 12 through a suction port 26 through a suction muffler 20 and through a



gas bearing described in our co-pending International Patent Application no. 25 PCT/NZOO/00202, or the
oil bearing described in International Patent Publication no. W000/26536, the contents of both of which
are incorporated herein by reference. Equally the present invention is applicable to alternative
reciprocation systems. For example while below a compressor is described with a combined
gas/mechanical spring system, an entirely mechanical oP entirely gas spring sysfetaushrd9é used with the

present 30 invention. The reciprocating movement of piston 11 within cylinder 9 draws gas in through a
suction tube 12 thiGHANYUERIA poin 26/ D RIGH 8108 S IMBFAE PUsRRE Bfroligfhcarsessiligust 2005

suction value port g4k thea Kalg ml@tﬁgm deh@ GOVRRKESSHOrB SRaAEBNESY ihheiReRARIeRRAtle RS then leaves
through a discharge yalue port enced in a discharge muffler 19, and exits through a discharge
R e

tube 18. The com /3 art stator 5,6 and an armature 22. The 5 force which
generates the reciprocat‘ﬁlgpmmmmm mbtbrecpmpmeﬂ wwrpastimamme amtersatictucd P&OTaanular radially

magnetised permanen g@?)%[}?% teéntdgh?'e ﬁpgglt%tﬁshgﬁsﬂnc yﬂ%lﬂatrﬂge 7), and the

magnetic field in an air uce colls e two coil version of the
compressor motorIgt@m&hqmqu@nm%dadiaﬁwmwtmmnemgane@tznamsta%wém&lmmwg 2 coil 1, which

creates a flux that (é@t‘é@]@d‘ié'ﬂb(ei’a'@féﬂ 16y AFIS5OT NG SHREN SRRl d AW &R | A?r@mﬁhm@oend stator

tooth 32, across the air p 33, then entérs the back iron 5. Then it flows axially for a short distance 27
before flowing rad?If& Qro@aﬁgr%gst%%)alr gap 33 and back into the centre tooth 34 of the stator 6.

The second coil 2 createsta tg swhivk fiomvs taabaHYpr@sﬁam@brtm\nﬁmragqmm afel %@Mﬁsﬁ the air gap
axially for a Sib(r)rt dis éanceé% and outw ds throu #he air 33 | nd toot The flux
crossing the ait galf 396 188 425M eﬂég%w 882 %*}8@ a[‘ﬁ%ar % B\ﬂﬁéﬁ?é Ulnets 3,4
providgd that the nfegnatisafitre efitbies, radghiytdB tigand th@mmpmsmeommn;pmtaa atruss thaginet 4: It will be
appreciated that '@? eﬁdtﬂﬁﬁ%@%‘ihér&'&l?. IO UG BE ERLALLEARPBIS B IRYRERYDSLERTST colls on the

20 opposite sides of'the’'ma
flowing radlally mwards across the air gap 33 and back into the centre tooth 34 of the

stator 6. The second coil 2 creates a flux which flows radially in through the centre tooth
15 34 across the air gap axially for a short distance 29, and outwards through the air gap 33

into the end tooth 35. The flux crossing the air gap 33 from tooth 32 induces an axial

force on the radially magnetised magnets 3,4 provided that the magnetisation of the

magnet 3 is of the opposite polarity to the other magnet 4. It will be appreciated that

instead of the back iron 5 it would be equally possible to have another set of coils on the
20  opposite sides of the magnets.

An oscillating current in coils 1 and 2, not necessarily sinusoidal, creates an
oscillating force on the magnets 3,4 that will give the magnets and stator substantial
relative movement provided the oscillation frequency is close to the natural frequency of
the mechanical system. This natural frequency is determined by the stiffness of the

25  springs 13, 14 and mass of the cylinder 9 and stator 6. The oscillating force on the
magnets 3,4 creates a reaction force on the stator parts. Thus the stator 6 must be rigidly
attached to the cylinder 9 by adhesive, shrink fit or clamp etc. The back iron is clamped
or bonded to the stator mount 17. The stator mount 17 is rigidly connected to the
cylinder 9.

30 In the single coil version of the compressor motor , shown in Figure 3, current in
coil 109, creates a flux that flows axially along the inside of the inside stator 110, radially

outward through one tooth 111, across the magnet gap 112, then enters the back iron 115.



An oscillating current in coils 1 and 2, not necessarily sinusoidal, creates an oscillating force on the
magnets 3,4 that will give the magnets and stator substantial relative movement provided the oscillation
frequency is close to the natural frequency of the mechanical system. This natural frequency is
determined by the stiffness of the 25 springs 13, 14 and mass of the cylinder 9 and stator 6. The
oscillating force on the magnets 3,4 creates a reaction-férce on the stator part$. AudistRE0Stator 6 must
be rigidly attached to the cylinder 9 by adhesive, shrink fit or clamp etc. The back iron is clamped or

bonded to the statot§iblirfiovys sHall¥tiba ot isanee RtK?E dtonyiBe tedigd X HBWAIAMREPY. 188 In the single

coil version of the gREHRERBBANMEIAHRZRAMD e ligbir @odtHeLee i ihis ¢adkdABe ertirdesagridexdhat flows
axially along the i sid%t of the iniid.e stator 110, radiallly outward through one tooth 111, across the

magnet gap 112, tA&h FRLARRCID S Feg'PE MIINEUAIANSt 2005 Then it flows axially for a short
distance before flo@ongroh8imbiegywards across the magnet gap 112 and back into the outer tooth 116. In

this motor the gntire ma?%ﬁ%gﬁﬁﬁeg@%&@&?a%'ﬂl%d%%%(%&' %{o%%pggaﬁﬁﬁ?gg%%me rategy S

Experiments have estab ree piston compressor Is most efficien riven at the natural

frequency of the _cdmm‘e@sim rpﬁ_&t@hf@gnﬁgtxyémmmésemim_éﬁﬂng %W@x_ﬁéms:wmr%igoany _
deliberately provideghigia! SPHBG-GTE RIS BRIVARS SRENGpHNG, siGEtivaSRiRaFPgaiant of which,

in the case of a refrigeration compressor, varies as either evaporator or condenser pressure varies. The

electronically comARit3edet TBetMsSAERY RAgARE Fhutdr hiie Higyrare U AseHI G (UM ORI §58Rhg techniques
including those derivieglds eitmdhe anpheaol sopeiepessitealeainninabiaesniiatethpatanent magnet

t di din Int tional Patent Publicati . WO01/79671 f le, the.contents of
hioh are ncBlporBRFRETBTFR) IR e T RSB SO RO e E e i
WOOl/7_9671 itis mxssiblaeivmﬁiﬂﬂmat ﬂhmappﬁt;ppﬁsmpﬂﬂeu@oinwmmrmﬁgaﬂsemraL_JIet&eII peheseettie e_xcursion
of the piston (11, %H& ngﬁgﬁsuél‘ss i 08831"ﬁ!WﬂtWHQti%h%Wa"i‘%PT?ﬁglgaéiﬁg(ﬁo.FWBEﬁ/%bewhn%? this occurs

(the first collision 302, see Figure 7) the piston reciprocation perio
example, the contents of which are incorporated herein by reference.

When the linear motor is controlled as described in WO01/79671 it is possible

15 that the compressor input power increases to a level where the excursion of the piston
(11, Figure 1) results in a collision with the head of cylinder (9, Figure 1). When this
occurs (the first collision 302, see Figure 7) the piston reciprocation period 300 is
reduced compared to a filtered or smoothed value 308. More importantly because the
piston period is made up of two half periods 304, 306, between bottom dead centre and

20  top dead centre, the half periods are not symmetrical. The half period moving away from
the head 304 is shorter than the half period moving towards the head 306, although both

half periods are reduced in time whenever a piston collision occurs (second collision

310). In the preferred embodiment of the present invention a collision detector is
provided by monitoring the half period times and when any reduction in the half period

25  times is detected thereby indicating a collision the input power is reduced in response.
It will also be appreciated the present invention is equally applicable to a range of

applications. It is desirable in any reciprocating linear motor to limit or control the
maximum magnitude of reciprocation. For the present invention to be applied the system
requires a restoring force eg: a spring system or gravity, causing reciprocation, and some

30 change in the mechanical or electrical system which causes a change in the electrical

reciprocation period when a certain magnitude of reciprocation is reached.



reduced compared to a filtered or smoothed value 308. More importantly because the piston period is
made up of two half periods 304, 306, between bottom dead centre and 20 top dead centre, the half
periods are not symmetrical. The half period moving away from the head 304 is shorter than the half
period moving towards the head 306, although both half periods are reduced in time whenever a piston
collision occurs (second collision 310). In the preferredembodiment of the pre&etidHye?ftitn a collision
detector is provided by monitoring the half period times and when any reduction in the half period 25

times is detected thereby TriBfdBFGed AbifRAGRHE! SYSEIHERWP id Fder 8 ACkesMEHSEECHONIA also be

appreciated the prgsenioiaveotigi lﬂe@m@“mml@m@mwfaﬂgmm@a@y@aﬂm@dltn& elesdrable in any
re(:lprocatlng linear mOtfl' % %T]It or control the maximum mag btu e of reciprocation. For tf&e present
Ray 3 Junsls Syl

invention to be ap|y {5 VRS TIRRIS TLOPR G AT R Ee" &feson PRGN causing
reciprocation, and themﬂlBﬂ)nhamgmnaaﬁemmamimairefeel@;bmﬁmmmm mhlpmmaummmange in the

electrical rec'grocﬁwtéogufrgﬂltogompﬁréﬁﬁﬂt%'% Y] 4Hd§efg‘%{ger N@r ﬁ fp éﬁlf%%%hg tCt78 é&ugust 2005 In

the preferred piston control system shown In lon IS use etect the electrical
period of reciprocatioptioningliesatppaivedrahonethe\diitednt theoprefrescreBhestisivrisoh hatoeeamt the

compressor 210, e,&afh Fd‘u\éFcé’r?éﬁp%rnﬁfgﬂeﬁ%st'%ﬁecﬁ‘é'éﬁ'@mf%?é@(o?%4\’éﬁ8'@nl@ dbmgenterred

embodiment of the present invention 5 the current controller 208, a back EMF detector 204 and a collision

detector 206 funchBi§iityH0GEs HRRIABHLRAINAATTIarS iF?éeﬂr'@f@ergacé‘?ﬂ%H?ﬁ‘?éﬁ%fﬂﬂﬁlé @ddent invention
the current COﬂtrOl&fu@%éhﬁpﬂ@ﬁJmEMﬁ Satereiodlrk aﬂd dtser@télhﬁmg@emﬁw PRbcanssioAplemented in

e R BT e S S RS R e pecue o
EMF detector 204 latkmdauegt oveosbieit or mesbemf;aaﬂwmihwe«xiﬂnbaﬂ;stoolhstbrmei:Wqumst()FhaNlth the
cylinder. The curre &%I}H’ﬁl']&r § S rCéH{IEﬁ[[&J %% éw V&% lied by the
drive circuit 200 to t'%I([:- stator Wlnc?nsaag@% {%xamp Wav orms in Mnear mor éﬁ@p%]yl%ﬂ%e present
invention are seendiivelGrFidia0gathecrEHORNDEVEIrms of motor winding voltage (the first portion of
which is Example waveforms in a linear motor employing the present invention are seen in
15  Figure 6 which shows waveforms of motor winding voltage (the first portion of which is
referenced 400) and motor current (the first portion of which is referenced 402). The
stator winding voltage at 400 is fully positive for a time ton(ex) during the beginning of the
expansion stroke. With the voltage removed the current 402 decays (402) to zero over
time torr1(ex), With the stator winding voltage forced fully negative (403) by the current
20  flowing in the windings. For the remainder of the expansion stroke, time toffex) the
winding voltage represents the back EMF induced in the armature 404, and the zero
crossing thereof represents zero velocity of the piston at the end of the expansion stroke.
A similar pattern occurs during the compression stroke, rendering a time  toffa(comp)
relating to the zero crossing of the back EMF 406 during compression, from which the
25  reciprocation time can be calculated.
The process the collision detector 206 uses in the preferred embodiment to detect
a collision is seen in Figure 5. Using the back EMF zero crossing data successive half
period times are stored 504 and a smoothed or filtered value for each of the first and
second half periods is calculated 500, 502. These smoothed values which provide an
30 average are summed 506 and the sum is monitored for an abrupt reduction. This is done
by comparing the sum with the sum of the two most recently measured half periods. If

the difference exceeds an amount A (506) a collision may be implied. Because of a



referenced 400) and motor current (the first portion of which is referenced 402). The stator winding
voltage at 400 is fully positive for a time to,(ex) during the beginning of the expansion stroke. With the
voltage removed the current 402 decays (402) to zero over time toffl(ex), with the stator winding voltage
forced fully negative (403) by the current 20 flowing in the windings. For the remainder of the expansion
stroke, time toff2(ex) the winding voltage represents the back EMF induced in #@ugkisiadtieé 404, and the
zero crossing thereof represents zero velocity of the piston at the end of the expansion stroke. A similar
pattern occurs durfi@)#hBYSApRESIoN atioic ereritbe HinatiAte teRRidinp))e FEABHRR BBPHEEYero crossing
of the back EMF 4p-ghdiig\eampessiatichion vhichidhe Shispsiprecatinmdine, canhesaivalated. The
process the collision detector 206 uses n.the preferred emhodiment to detect a collision js seen in Figure
D eing the back ERHESURATHEK Ao va HaTPHEIoH drHEL Ar Sestil 8Bt smoothed
or filtered value fos@aebsivt ttyeltissTan threshobtmdi fifatnpevidds Asi Calefatabdds G0 3G Oiecrdseesadsmoothed
values which provide an Vv . e [ | t reduction.
This is done k%y comparire:\gg?1 t e%%%@@siﬁe@ %ﬁ@ﬁt%@w%%}nﬁggpé@égﬁﬁaggg&%%aﬂﬂp %)Lébziods. If the
difference exceedsdapreases it ANI(BUBNYBGINSIohhmEpdustionsindte Becatiard s inpuEDAWEUSt 2005 signal
noise caused for VaHiGHsHeARORSILIE IRt SALRIMFORSIECRHANG HRINE Mo dhe ianeaXeageliAg value A as

indicative of a piston collision. A number, B, of successive reductions greater than A is required. The

variable B (508) isGHEFHBI5! QUPARSSE (R HE SERYEPEG MALE PHY thPRYURB IS HifferHEEPRINE"A is preferably

set at 30 microsecgétitsl & When appedisiniely deteated (eARtifigLee 2hrtbe auIramaansnites (208, Figure
4) decreases the curret%'g mat%nitude Thqgreductio S t?#he currenr%]sgréd thus iBgm'(ﬁ‘?\?WH to. the motor are
reduced incretentf) B e RILHRLS HaeRES s dR LN IR A6 SOOI HBEE W RS R GRS s to its

previous value oveNa @Ry bitinsed By ¢fierably terepectdaldimigosihpp raximasgbein bamgdlternatively

the current wil rerygigy gdyced 0 the duslen waiiabiss oliRNde HRAITGATL daopg spodiment

where the system n i use ) e main current controller é.|gOI’It m, suchn a system
change might be RROITItESRBANSS 1 cheagasiintHeTIRIEYER! RYARRTAIPN EOIPertUTe thateasesfevrsuld

embodiment the combination of that algorithm with the present invention providing a

15  supervisory role provides an improved volumetric efficiency over the prior art.



be in response to a change in frequency or evaporator temperature. In the preferred embodiment the
combination of that algorithm with the present invention providing a 15 supervisory role provides an
improved volumetric efficiency over the prior art. -9- 5 August 2005 CLAIMS: 1. A free piston gas
compressor comprising: a cylinder, 5 a piston, said piston reciprocable within said cylinder, a
reciprocating linear electric motor driveably coupled to saéd-piston having at leaghegistedibation winding,
means for obtaining an indicative measure of the reciprocation period of said 10 piston, means for
detecting any sud Mﬁ'ge in said reciprocation period, said reduction indicative of a piston collision
with the cylinder head, and means for reducing the power input to said excitation winding in response to
any sudden change in reciProcation eriod which is detected. 15 2. A free piston gas compressor as
claimed in claim 1%7\/here1°h §%ﬁc?'ﬁ§%rfc9gf’scgwp5qg8{r8?fﬂé{fﬁ}%mmutated permanent magnet DC motor. 3. A
free piston gas compressaryéiaddgimed in either of claims 1 or 2 wherein said 20 means for obtaining a
measure of thg reciproca&isggagﬁriod of said piston comprise: a back EMF detection means for sampling
the back EMF Iinduced in'said at least one excitation winding when exciting current is not flowing, zero
crossing detection meansaibpistectersiyaerbleithinofeghiy ek EMF detection means, 25 timing means

which determine the timeaiFbté_?bY@éef?ﬁH“i‘ﬁ%‘arzé?éE‘%ﬁEQ%EQB&rf\%&%ﬁf%@@(p%t%@aj F%ﬁiﬁﬁgiﬁ’é gach half cycle

of the reciprocation of said piston, and means for summing two successive half cycle times to provide
said reciprocation [5&pStIe £X AR ¥EidRYas compressor as claimed in claim 3 wherein said means for

means for obtaining an indicative measure of the reciprocation period of said
10  piston,
means for detecting any sudden change in said reciprocation period, said
reduction indicative of a piston collision with the cylinder head, and
means for reducing the power input to said excitation winding in response to any
sudden change in reciprocation period which is detected.
15
2. A free piston gas compressor as claimed in claim 1 wherein said motor is an

electronically commutated permanent magnet DC motor.

3. A free piston gas compressor as claimed in either of claims 1 or 2 wherein said
20  means for obtaining a measure of the reciprocation period of said piston comprise:
a back EMF detection means for sampling the back EMF induced in said at least
one excitation winding when exciting current is not flowing,
zero crossing detection means connected to the output of said back EMF detection
means,
25 timing means which determine the time interval between zero crossings to
thereby determine the time of each half cycle of the reciprocation of said piston, and

means for summing two successive half cycle times to provide said reciprocation period.

4. A free piston gas compressor as claimed in claim 3 wherein said means for
30  detecting any sudden change in reciprocation period includes means to produce separate
filtered or smoothed values of the times of alternate half cycles, means for summing the

two smoothed values of alternate half cycle times to produce a smoothed value of



30 detecting any sudden change in reciprocation period includes means to produce separate filtered or
smoothed values of the times of alternate half cycles, means for summing the two smoothed values of
alternate half cycle times to produce a smoothed value of -10- 5 August 2005 reciprocation period, means
to compare the most recent measured reciprocation period with said smoothed value of reciprocation
period, to provide a difference value and means to deted@ine if said difference YAveust 26eve a

predetermined threshold for a predetermined period. 5 5. A free piston gas compressor as claimed in any
one of the precediff§ EFRFRALCTRHRY. iMERIEI FCATRARS s TIRSHEPREHtBIRISHEF2SI RGP EAECP AREdnput to said

motor over a periqetafJAmeibsasIOna gty 6 e haE td HPbNidOabrifferptaamIaé eantrolling
armature excursion in a recjprocating linear. ppotor comprising the steps: determjnin He reciprocation
period of said armBHETE (BEREAT a0 U E G o Yo BT e DEFS DRI Tetcing the
power input to saigiadermiaddipaniodsponse to any detected sudden 15 reduction in reciprocation period.
7. A method ag claimed in claim 6 wherein said step of determining said reciprocation period includes the

step of detecting zero crossings of the back EMF in said linear motor and determining said reciprocation
period from the tinfe inteAdrendistopWiscop@pIeSEI Anedatiord 48 anxiPredohtbetescediomiel®® or 7 wherein

said step of detecﬁﬂﬂr@%&&b‘?ﬁ&ﬂé&'ﬂ?%%ﬂ?eﬁ%&ﬁ?iﬂ&%@tt{gﬂ%@&ﬁmmﬁ%%ﬁﬁ%&ﬁﬂﬁgUC“”Q said

reciprocation time from a filtered or smoothed valve, to provide a difference value and if said 25
difference value isPSHSYETHIFI HEiRRANTR P FRLHBIRNTBY ROWRE H¥mined period, reducing the power
input to said linear motor. 9. A method as claimed in any one of claims 6 to 8 wherein subsequent to a

reduction in power input t saiqé otor the motor power is incrementally increased over a 30 period of
il t

time until a stdder®'chan ek eontialing a g]gtdéqneé%t{g&?gdp a reciprocating linear motor

comprising the steps:
determining the reciprocation period of said armature,
detecting any sudden change in said reciprocation period, and
reducing the power input to said linear motor in response to any detected sudden

15  reduction in reciprocation period.

7. A method as claimed in claim 6 wherein said step of determining said
reciprocation period includes the step of detecting zero crossings of the back EMF in said
linear motor and determining said reciprocation period from the time interval there

20  between.

8. A method as claimed in either of claims 6 or 7 wherein said step of detecting any
sudden change in said reciprocation time includes the step of deducting said reciprocation
time from a filtered or smoothed valve, to provide a difference value and if said
25  difference value is above a predetermined threshold for a predetermined period, reducing

the power input to said linear motor.

9. A method as claimed in any one of claims 6 to 8 wherein subsequent to a
reduction in power input to said motor the motor power is incrementally increased over a

30  period of time until a sudden change in reciprocation time is again detected.





