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LI NEAR MOTORCONTROLLER | MPROVEMENTS FI ELD OF | NVENTI ON
This invention relates to a controller for a linear
woreaosH0219sed for driving a conpressor and i n parCT/mabmmu/000208
but not solely a refrigerator conpressor. SUMVARY OF
THE PRI OR ART Linear conpressor notors operate on a
Movi g Coinn GISR TENERoPRERIMIIOVERneRNECt ed
to a piston, as 1n a conpressor, require close control
on stroke anplitude since, unlike nore conventi onal
conpressors enploying a crank shaft, stroke anplitude
FIELD OBIINVENTIORNhe application of excess notor power
for_the conditions of the fluyid being conpressed may
r e S IOV EHOReTelites: i9rp eentroligy ffg aHLRgRT topetor: Psadnfs driviieda compressor
[ ' b 1l . | i onal Patent
and%’ %ﬁ%@%}iﬁgﬁ nkﬁs.oh%%g%s%% CtB {@Hagg% [icant has
di scl osed a control systemfor free piston conpressor

ﬁ?l [ i tor r as a function of a property
SU Clﬁg(:)gh&ijamlzg&wﬁn ng the conpressor. However in
S OMBncaf BSPreSIoR Mndtbis dpRLA@bh @ MENSE 88F of tndVRY, i
usef Ul to'%‘et ect an Saé%ual pi ston écoisqfio}gl}non a%w%g%?%rl})ams and when
conttegted eid L pistast, @ ipoweompressossregnie cldeodontrok bn attrelgy amplitude since,
coul d be used purely to prevent conpressor damage,. .
unlif Hhate, chRvERTaRsY sompisoasrs BRBlG et Piahk shyforswake amplude s not fixed.
The (a??l_icﬁ_ﬁoﬂ DE @x&Es anBY pSerefds did Schdii@l orahéIMRld béing compressed may
efficiency. Specifically inrelation to the latter, a

result gihedisernt clbding vt te cylindenhead ipoviaeh 4 és locgeflust | ess

th . C stan I LA ShOons,, to _ensur .
| DI RO B ARG 50 502l BT s tsctosed
contucdlsystem fdd freerpistongohpacksed whith Nigfts\ bt BoweddS fuldction of a property
i ncyeased vol, un&tsri c efficiency. In International ) ‘
of the g¢tgigerapt gitering the sompresyy dorergpn spmetfEasghiton refiigeration systems it
tar . : Lo . _
o s 0L S50 .0 LA Wbty OERYE e i eponse
Such 4 stegegyi ¢tduldibe agiddurestuc prevanti contphesstuiaddmaper wheh txd®Smotor power
[ ngL{:ati ng a col l'i si on havi ng occu%[r ed. Subsequent . )
OCCUFSHUCT 178 TE1OPNET ICADIE BEhets t 3'h FasyEaE MHeh giolumetric efficiency.

Spedif@YI§Sin trBI8ti 69 FP (IRSBAL:, hURRIRGsbculS baldgived \AH{hg%)ewer set to just less
volunetric efficiency and clear of the head. However
thantwis foand ftocausedsten geBisionbeld dnsuihe PisderB 6pernted uivitle sninimum head

L. collj.sions to cur which i etrinentgl to the .
cleailiie, MiFdRRaneat GFfead obiipt Badth mpRrenaphBruns otfciency
| tId BitéhdtidnaliPitehtopgicetic N8. WawoBMabes Qelteit @ &y8m for detecting
driving current to ensure efficient operation w thout

pistogsp]lisiqngraen irgcqusswethe drscribedisystemdativiles momiteringdhe hilf period times

1. C 1V alil ' e.. SUMMARY CF .TH .
it ROVRRIE B ot dh TR ot P BRI F b ocoummea
Subspquent cetuciiuit ¢fothe éiput ppwenviertedliSeamihdibr @8ves the compressor running in a

state of high volumetric efficiency and clear of the head.

However the control scheme described in WO 03/44365 requires actual collisions to
occur which is detrimental to the long term performance of the compressor. Furthermore it is
difficult to determine how much to reduce the driving current to ensure efficient operation
without collisions. To lower the risk of collisions an overly conservative adjustment may be

made,
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someway to overcom ng these di sadvantages or which

will at |east provide the industry with a useful
webwsozveAccordi ngly in one aspect the inventiPCI/NZ2004/000208

consists in a free piston gas_conpressor conprising: a

cylinder, a piston, said pist%ﬁ'reciprocable wi thin

sai d gylinder in alternating conpressi on and expansi on

SUMMARYOF ITHR INYENEYPNg | i near el ectric notor

dr ikvab P t ' ' | east on .

0 Y oL e A R0, B ol B which o
somewny tabdveptonsidp tisdse pisadvanitayes or tadidhhwill dtreast pp@tid¢ therindustry with a

tﬂgl basis of a relationship including at |east one of
usefphiofieesent conpression stroke or expansion stroke

dunat.j | at [ i Malcl [ djrect

or S eeiheLy 1501t BipcB L SRl RANEh o Bt pisER" bk comprossor
comprisihgidi ng in the absence of any collision. This may

for exanple be the difference between a single stroke

an&cyﬁ@ﬂgnnediate nei ghbour, or may be a short term

avgr t he maxi mum m ni num or nedi an of several

strokes, with the several strokes being every second

st sgleistom regifroeablewithipsendd cylimler mv elternamgonsprsssion and expansion

a free piston gas conpressor conprising: a cylinder, a

stro st on, said pi ston reciprocable within said cylinder

I N agbdipfodatingMencaP BRERRShORr afithk RNt Sdid PlBsh having at least one

.rQC|p(oqat|ng linear electric notor drivably coupled
excitagos Figdipg.#8n havi ng at | east one excitation w nding

an . controlling or adjusting power

[ n%ﬁ?@%{e?h%ﬁiﬁiﬁgé %fot or on the basis of a

r ekaditiad s bdjost poeted dipiy t@thel 1G@st mote oafthé baiPsLsfMtionship including
conprg%iion stroke or expansjon stroke duration, the ) )
at leagd) ofG ofntginsessat AYPISETIe SIS PHPERAEEIOY shioke dyrations fhe) relationship
beinGab8 G0N b RGO ph S bl Shcuding in
abseaspeftanytcoBispmesent i nvention consists in a nmethod of

Cot}%lrsorlnaif Yor %Xample be the difference between a single stroke and its immediate
neighbour, or may be a short term average, the maximum, minimum or median of several
strokes, with the several strokes being every second stroke.

In a further aspect the invention consists in a free piston gas compressor comprising:

a cylinder,

a piston,

said piston reciprocable within said cylinder in alternating compression and expansion
strokes,

a reciprocating linear electric motor drivably coupled to said piston having at least one
excitation winding, and

control means for controlling or adjusting power input to the linear motor on the basis of
a relationship including at least one of the present compression stroke or expansion stroke
duration, the relationship being indicative (directly or indirectly) of the TDC position of the
piston, including in the absence of any collision.

According to a further aspect the present invention consists in a method of control for a
free piston linear compressor including controlling or adjusting power input to the linear motor

on the basis of a relationship including at least one of the present compression stroke or
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free piston |linear conpressor including controlling or

adj usting power input to the linear notor on the basis
w@boos/oeb@t i onshi p i ncluding at | east one of tPEI/NZ2004/000208

present conpression stroke oerpansion st roke

duration, the relationship berng indicative (directly

or |nd|rectly) of the TDC position of the pisto
expansiqnyiokg duritiopethg pelatienshisy bejpg indicative i(@ﬁecﬂxcqwnéimi:glw of the TDC
n consists in
pomh8ngfﬁgéﬁg§£con(ﬁgén%ﬁégﬂf%g§8Fm§p%ﬁm+#§ear conpr essor
I nAdedidigg thed rrthienbspget tihatprdisbet ipvedton cbbXisisdn prmetho@be control of a

to the head for a hi st orj cal cl e by aobserwving
free;mgony Einser. HRIESSPh @%&E@% detergining ifh@{ thegpistoRphIAG; i proximate to the
heac?tf&mé Aldrdhfeal @ %78%"'(? oBkavin etﬂe A drO BB - théo‘%&?l@fjésﬁgn stroke or
t er aspec presen i nvention consists in

expemsrmtsiimkte o&ﬂatwrto iotﬂer ofeasuréd dwapost on | i near conpressor
i nc|] udi con ower, i&gut to .the line

r
Mot OB cf eitiet B SPER gy IO O TE e GURGEPSAE control of a
free %ﬁst&rhﬁné‘a? @%?1%%‘@09 kiR @oﬁ&lqﬁﬁ?ﬂfé?@w& it &ﬂ‘ﬁe thhg@r motor based on
uration of the expansion stroke. According t
a reiatmonriecluémigetbp tivhe dpragise mf ihn\ﬂ@ntpr@asm@oﬁml@tmd¢mnéenﬂy of the time
duraie gg}of contrg of a free piston |inear conpressor
ury ]ﬁgl eej‘p%sﬁ?q' ]iqki ng the power input to the |inear

MotAcofitiid foda fuHhler spRaChE prédpe ial éRIdn L3R Si6ks @A adfethod of control of a
analysis that is reactive, at |east under

free pigen Hinedrgompressehiaalgiing @ﬁépﬁmgriée ®oWer pshtp, thedinepemotor dunng

PR EGRAR0, Sy SHPANR 0 0 BB LA LR sty

unchmtghiigcbpefatmg rabmdahom:st toatht tigee drirstianofl the) e;qj’anﬁOﬂEfr&lSéS or
includ g con%ueﬁ ling the power input to the linea
T %sgﬁgct,hp yr@ﬁ@rlqu:rgwntpg§§ats% aénethod of control of a

ﬁeeg{ij [1h§'e{?r1:oﬁj és&“lﬂgﬁlﬁ Qb %%h@%ﬁ%xpmght Il 1id®8r motor during

ration of the conpression str
full tépaedih opdatlorﬂ‘hzfseqb oefagronguris@l of 4 Gmshop onw}atims}iuasﬁ dheotime duration

the relati v conpressi on stroke and
Oft}i&:ﬁgf%i’sﬁwn§ 1P ?(‘é(l gé"”@@h&fﬁi@fe}%r s to the overall full

cyaihe géfertbd QQatlcﬁasﬁﬁ%ﬁ? BeN@is&f of r@1@‘6 EPATRS R AR hs ST tﬁg &ompression

indegendent of any Shortening of the expansion stroke

strolrenag 9;@1;@931911 strolee amnmlwtg@ to|the gvem]é fulih syt¢lealgratian. A shortening of
the + : %g Fgg n sﬁ%kg fln(i%ggnc?eg n‘B? %rlgg n% #e%%fgg }gaqﬂgﬁglltsggi(% éncﬁcates piston

TD® Irﬁd\@ﬂig Haﬁbrnﬁ@VﬂhB thegd. 08 GengtBedihe off ¢l ex&hﬁloﬁ@tl@ké QfiddpeRdent of any
i ncl ude an absolute or fractional conparison

lengii@pweeﬁ theorppsrgsiassiokn absp ladipriesspisian JioR@Vingrdeses tsthe head,
or T%ef fe?%ﬁfo'ng’lﬂﬁl m mﬂ@fud§ Of} ba%&éﬁ'ﬁ%n of ni?ac(ﬁ%ngll oqiﬁgnson between the

conpression o ansion s urat’i ons an

comptession Gy Cdxpaisr @ﬁiokeStimekiens;I Lt ad lﬁ@ﬁﬁomﬂiy:ob@aﬁiombetween one of the
single (for exanp he nost recent) st ance or nmay

compEESgAn querPggEon ﬁté%iie ratiggs A HEHDONE AYSIBFOd. . set  of

CORLGRP A3 fi¥nd ﬁ%‘“bé 8fa Eﬂgleqmr@%ﬁgmg i %&%@?1&%9@ or may be an

the average of a previous set o I X such I ons
average, median, maximum or minimum of a set of contemporary results. For example each

duration may be the average of a previous set of six such durations.

Identification of “compression” or “expansion” strokes as such is not generally
necessary. In some formulations it may be necessary, for example where control is on
expansion stroke alone it will be necessary, in which case it will generally be sufficient to select

the alternating stroke of longer duration.
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Identification of "conpression" or "expansion" strokes
as such is not generally necessary. |In sone
WO 20050166 ons it may be necessary, for exanpl ePGITNEZE04/000208
control is on expansion stroke alone it will be
necessary, in which case it W Il general ly be
sufficient to select the alternating stroke of |onger

dufCenirehbassé opdhe rhafvashin mpeinchidgidostisiiug or@gripde feritack control

ont tnuoys: . Fad
oL BRSPS RSN AN 8P ASHLB s st o
numbticg) @atpuy af thegelbgdahipd The feedbutkecontal amliteptionstip ke for example be
. relationship. The feedback control _and rel ationship
Simpig gr Fetehisdadiprions ISRt WIiRE Gietat dHegsomuesmugy e preset, for
| . o .
cxah 9815, AN BLS005,  Tl i T 9988 PLURSARIL By vt o, i
exangjglt éolhowiagd detecied nbBispoos betoaes thy pistonhirsitloeag, THeotrigger values may be
exanpl e foll ow ng. detected collisions between the .
AepeBigH g P OO CPREGER] RSB SE e | B SUHERTER For example in
a refBigeRB6n QYstdR e IREEPENANLPBEY %te!d%gerﬁfa,ﬁfjbﬁ {H%ns%cf?ér% %ig@ pressure or

conpressor. For exanple in a refrigeration system
tempterdtyge Wheat iigs depopdird sin dye etaperedapetatiog dohditisus thednigger value may

i de. pressure qor te rature. ‘\Were. it is d ndani. on . .
be a 3o o DR R PG TeB b e doRes fiogyt fOabatLEDlepntaining an
arrayP6f prefddgtal on of the operating condition or may be a -
derived froma | ook-up table containing an array of
pr d8e cofzal prefemblyciseludes mpingdivingtahpuimit lof thesrelationship close to but to

221 [ I tp . rel ati onshi | ese .t o but .. o
o LTI 10 e LSS, FLE) ot
the subtrestival of otrl afethe Bxginsioalstipke [daratioh aihi @AspIrdsios stldRe duration from

subtrgction of one of the expansion stroke duration )
the ofher- Loty Bwslen subtraskian @ the peprosiogiioke dytatien, frqm the compression

oy L o '
s SBT3 B1L BTGRPSO HLIPI By (i oy b
negative) MHthig irvedves culbterefion fod thetpupreation strak deatdn idiu ¢he expansion

i ch be negative), If this invo]ves subtraction . .
strokly QDT e 5 G B L1 pock sy e P RS h X xehes grich will mo

noﬂﬁg§q%qwggh%gion then the control tries to keep the
ouf put above a preset value, which will not normally

beTheganiek. inthidingonvaledtion o andi ngatieashipuatd clerivingafipm that an
oo B R TR B 1, PR R0, SR SREBb et cncrty i

softv4¥® o i b &ideledtdni®logid & H04 t¥RMbRalsn iikrébF Pre@dr861Y PN Bnplemented
logic or in a conbination thereof. Preferably it'is

entirphygn spiwerecexestphle op g micserirooRsse. Ehetalevabt eutont of the microprocessor
LGr I t f .
may BTGB SGERE s LU, SR Sl sp e fpge motr

c oMo eldsechilletl it e powewhitpht ihventidheeldiés) @iy BBh®fes id Qonstruction
tgcf e ifl%i |led in.the art to which the invention
and pifeay differipgngmbadimgis and applisationg of dhe ErEnligryBIY suggest themselves

o dLf . : ool £ .
t

Wit SRR SO Dot TG AREI RS POl A appradsd cloims. The

disclbsuras #rdvkths depeiptibnd hereinrare pureby ilhstraigfd aeidare mot iended to be in any

| ai ms. Th
sensERRSEAGEC ol aime. The

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a cross-section of a linear compressor,
Figure 2 is a block diagram of a free piston vapour compressor and associated controller

which may implement the present invention,
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di scl osures and the descriptions herein are purely
illustrative and are not intended to be in any sense
wo 2ooso2re66 BRI EF DESCRI PTI ONOF THE DRAW NGS Fi BUTF/SZ100#/900208
a cross-section of a linear conpressor, Figure 2 is a
bl ock di agram of a free pistbﬁ“Vapour conpressor and
associ ated control |l er whjch may inplenent the present )
i nVegwe oh iFiagilew diageany showipgdihgegsterkes pentiollgr trecess according to a
c 0 ording to a preferred
pre@%%%ﬁ%ﬁ@%%%gétﬁép%é%ggﬁ’t%m?%genti on. Figure 4 is an
ex ¥igure 4pisain efanglé Fﬁiﬂtof anttemodridageltage neusdss tinie fdrod filll compressor
full conpressor cycle. Figure 5 is a chart
cyclg| | ustrating the threshold val ve | ookup table used by
t he: f Fi &k ' i Y
nodib ey aar arcar adind inc LB S Tk 1alll ulBPHTHIE process of
Figut®B. a prototype |inear conpressor executing a control
as _herein descriped.. DESCRI PTI ON OF THE PREFERRED .
EVBERIRENT & ﬂteogmé@mn ﬁ%&eﬁ?qrmpep(r 88 o ¥STSHS PUAROsRIing temperature
TevdPhor @ARSHBL 1iBBarofdpB&stl XEQRinLSLIRHBE AL hd¥oin GRIRS RS OF
( ﬁg&%rgg6b§ba]li%egrpéléctric hgﬁgr. V&?%e gﬁ tﬁg
foll owi ng description the present invention is

%ﬁﬁiﬂ' ' o izﬁﬁ:gg :igs ' I near notor it
DESf; @gﬁgﬁt}?lﬁf ﬁfﬁﬁﬁ W']&é equal l'y
apIhk GRBeAt Brehtiti® ProviBsOf ndthod e ESHtroadith bMNfree piston reciprocating
particular also to flat linear notors, see for exanple
compigssor poweredthyonaieapeleetnic mder- i cat i on no.
Pq%h% 2 t he ntents.of which are incqrparated .
her €i ncﬁ/%%e@é?‘évh (,ge&é% 10snk?hIeI %fase.“ﬁ nf‘f%gg? {® %%Fée& i relation to a
cylifideigul Higeanon@pe i will &f fprécidted applifistheh6Om eqlally applicable to linear
strategy herein described to any formof |inear notor )
moteys iy gpASRled gn paBieulas Hse de Sl lindaianetarp pession exampigpur fnternational
Pateht gx:ééﬁc ion! ﬁw%d?ﬁqzﬁ)omﬁ?r{ﬁé‘tcoﬁ%%ﬂ{é%§ Wh%agrenﬁg&g)orated herein by
connected to a reciprocating free piston conpressor.
referthee. cQhe skidled 9n itlse st ppoid sduby ne pytinhelort spapply thed control strategy

within the conpressor shell 30. The piston is
herel de3sdo ARATaIT 3 Byt A B SV PHEoF BB OBpTEHe
CY IThBd&mtedser R Ing Bt g ddoWed §hSerSRhdd gmﬁ%’ré‘ﬂtlinear motor

25. The bearings may be Tubri'cated by any one of
connggied do agtcipmchiogsirespisioe ckmpvgssom Theecydintler 9 orsuprentgd Iy a cylinder

.th .beari ng descr,i i our , co-pendi n ) )
sprin £ ST B ent Balloft: ¢ Tof Biedtol P Rriondnes iistly by the bearing
Fe . | ! arnati o _
omgh e b3S DALE: 1 LB R P arngsmy
lubrigpfied yare onscel parmbed oheetiods iy arekaewnde thegtafor example the gas

bearﬁ@edegér%se%QB oiup\ég—%%}uﬂﬂg iII%ZeI%QHJ)Iilaﬁ %te%t Application no. PCT/NZ00/00202, or
the oil bearing described in International Patent Publication no. WQ00/26536, 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 gas spring system can be used with the
present 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 suction
valve port 24 in a valve plate 21 into a compression space 28. The compressed gas then leaves
through a discharge valve port 23, is silenced in a discharge muffler 19, and exits through a

discharge tube 18. Wide variations on the flow paths are possible. For example the suction
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to alternative reciprocation systens. For exanple
whil e bel ow a conpressor is described with a conbi ned
w@amsnebani cal spring system an entirely gasPGPNZ2IH4/000208
system can be used with the present invention. The
reci procati ng novenent of piséon within cylinder 9
draws gas in through a suction tube 12, through a
pathegyt ey bsothrouzd, the Hpgdeylef dhe pistore With e suctizo, paghthrough the piston
CI_O_Vg,][prough a suction valve port 24 in a valve plate 21
It o a conpression space 28. The conpressed gas then
| e ahescohlpr &d@hmadtdd coaipaicgea wad yert Retdr 23 ahd as bint6RM2. The force
in a discharge muffler 19, and exits through a ) )
whieh gseatesehe rasdprosatingmaeyopent af the mistem 1 1 pemes om she fnderaction of two

e [ - EOf ugt. .

o B4 BORS) Rt R p AR sl 305 BR BN 274 o e pison
11 hyoe fladider Qu gl tHeampirstio fiel iavam. ail bep 8B pHESSIDY B is@tor 6 and coils 1,

conprises a two part stator 5, 6 and an arnmature 22.
2)- The force which generates the reciprocati ng novenent

of i M LN i

Or SRS S SRR LRGP AL Bl Mg, s o cuen
flowtigeinagontal, whaclp@regtas & ok et flows ziapiysiary thy imidel efnlgestator 6, radially

7 and .t he tic field in_an.air 33 (i nduged, .
Out%d fase B ho 3&5%0%{5 pRicposs Sy airrgep % ?%?noffp%f Hhefgci iron 5. Then
it IGABLABSOT aMRbA ik N9 bbiRe A radRAMInwRdE h&Hgs]?clhc}I ):?ir gap 33 and

has a current flowing in coil 1, which creates a
bacls e the eenreatoiothl B4 ofiithestatond. i Hhe deconfl aofle? staatesra Byx which flows

I.adi al | ut ward through the end stator.tooth 32, .
raci gl S el Y 90 S, o R it oy aistance 20, and
outw@nthirdugh! hesiagdpadd shid te éndstaett 35li BANGL crbsiRe RS Sir gap 33 from
flowing radially inwards across the air_ gap and back
tooth BPoindReescathierial fejse Pngtheoradiahly wagaaiised mapnetsshé anevided that the
Ll i Lally. i ro :
gy SF 38 Sl SMACTRLRLSABEL ) e K HED . 1 i v
apprstiatet] thiitdhstemiolBe baddiron Sviardsild be equdilyt ssidle todape 3dother set of
.into the endH{ oqu-ﬁ%' The flux crossing the air gap
coilszon the ORPeYSSifies o1 fisdiResSan axi al force on the

r adiraddci1ARg Qﬁﬁ%ﬁ?ﬁ cBRIN&LS 23ndt Iﬁgc?%iaﬂfzdsiﬁﬁ@ida%,g‘?eates an oscillating

magneti sation o e magnet 3 is o opposi

forcpohdhé magnets e that el gregthetmagnetst andi $thtobsulsstymtiel reddtnd movement

t hat.instead of the back iron.5 i | d be equal l :
provigh g P36 BSrlredutfor Reriote Yof nebyrildtisiereS pudepenical system
ThisShA#@81 GeqhdiRy TR@eRIBinedbyomhe| tilfRbésNSf 4 ks 118, €21 the mass of the

.1 and 2, not necessarily sinusoidal, creates an
cylinglse P [apd staty 6 endcibe eAditineel gag sening &ffert pfithe gais Withip vempression space
et s and tor s antial relative novene
28. T8 BRI SPCeT iR b il e bioe B GG ator parts. Thus

the stbiu6 alust begprRIe Mtahed Retherehad: Oy siheties) shiifik Fit or clamp etc. The
natural frequency is determned by the stiffness of

back jan g rqlagred; g1 bonded: i thepsigtosrmep £5| | Hheeptar gpepnt 17 is rigidly
comﬁ%@&%§t@cﬁﬂﬂd&@ﬁ addi tional gas spring effect of the
gas w thhi i

conpr essi on space

Control Strategy

Experiments have established that a free piston compressor is particularly efficient when
driven at the natural frequency of the compressor piston-spring system. However as well as any
deliberately provided metal spring, there is an inherent gas spring, the effective spring constant
of which varies. The electronically commutated permanent magﬁet motor already described, is

preferably controlled using techniques including those derived from the applicant’s experience
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28. The oscillating force on the magnets 3,4 creates a

reaction force on the stator parts. Thus the stator 6
wore®s/obwes | gi dly attached to the cylinder 9 byPCT/NZ2004/000208

adhesive, shrink fit or clanp_etc. The back iron is

cl anped or bonded to the statdr mount 17. The stator

. mount 17 is rigidly connected to the cylinder 9. )

n e@&ﬁpm@ﬂllss@p@f@g@tectys@aqq%hfl@agﬂ%rv@om ab|dissnsed tim dategnational Patent
: [ St (o) [ I ficler .
P WU SRT R3O RL LA S KBl HISRes i by

refeggngé.on- spri ng system However as well as any

del j perately provi ded rreﬁal spring, there is an . . )
i n_ﬁkﬁ%ﬂn@eg@ga@am%ﬁ oquiolled g desopbed w WOV 6¥ilahds Rssible that the
comphis&d? i‘flﬁ%ﬂ &NerTﬁ%regée%%r@mé\fé?yﬁéré W&}&%} BEHBBENn results in a
t I's preferably

gnet r al ready descri bed, p
collisiont with [teel valse pdate entinsigg ke iend lofidhe gylidtes.e Ideni Ie@rnational Patent

f.rom jcant's eriencein el ectronicall o
P D R R S A6t RSB RN S3 n cottison ocurs
the PiStbR ké@broeiRh JRAbE N oideRiel $@FdI P Rre MBIDAI{REY %r ing(goetkllend value. The

. exanple, the contents of which are iIncorporate
pistasyperides enasie. upvicivor ledf périnslarbetmeenr battonc deadrahiredndisop dead centre
scrikhed jin Q/ 79671 itis ssible that th .
and, BRI BES s et Bl RSRBE P o ErdE i Gom dend i longer
thanek€ UaHipefio®@imdvies ivel@Nthe el StholgR b6 ﬁdlﬁ?éﬁbd‘@"a}@reduced in time
the valve plate enclosing the end of the cylinder. In
whepglfer ripigion soilisi omasenin Msppretaredormbagineitief3®s present invention a
it f . ' I S19Qns. en . .
coi e B AEL G W SRI B8 Sy B Baops s i the
peri@bisimey exhittointifates a eoitidiodgaidthe ifipdt petvesis@eduebd ot fe6sbnse.
value. The pjston period is nmade up of two half o o
peficeRrdingo\iRe Arepat dprentem i edene Aevisgite s¥sirny &xdletesminiag proximity
f pRAAh, THECAL FaRBMIAgS LChe i
? pperiod ngvinga§% ;ﬁ?rgﬁgﬁﬁQQﬁggﬁﬁﬁghﬁg#g%;p%ﬁgﬂﬂ?ﬁénvetothehemi
influentes therichtiveraiuraipnt ofveads of like kepahsioal adibughpiesdibn strokes. TDC

hal f _periogs.are reduced, in,ti whenever, a pi_ston .
posify S @]‘eéﬁjf@ redi [ tisy Bl OBt MOt coppgred with TDC
posifdéSfther RS H IR cePha@! TR HEsiEHsEESRS td the Béﬁéih?%%ebt%ﬁﬁ duration of

moni toring the half period tines for any rapi
the ¢xpansien strpks compaedesith WG positidic Arrder aweyl frirsitbe head. We have

NP i s reduced in.res ., Accqrdin
eeo B B RU RSEL o B BB G B comprsson
withdeTPOpasitivg Ramdinedt dof tolths hiead nt feckRBryvak Wesh out{)ut operation)
.. plate, W have found that the T position relative to o

witht &, slgpeicant; edpefimmcidscalligon ecenrepee.d kg isomaitaied Withput requiring a
- ' - [ r S. i ti.ons . . .
posif S RORE o A, SATHBE L 268300 PR P Do v
a coliivivpr dsait@mssdasaitedciaryar e3/44863) bbBCo¢ag iihplRAtnfabld Medoftware and

away from.the head. TDC pﬁ),sjti ns closer to the head
sharing GogyRen (H it | FheloPORIRON edqieston oty sismsoteay cbsp e dacluded, for
exantlé B rkEXopRAR deh @R i ddi 0@t Om [ he head. Ve have

recogni sed that thi's can be used as the basis for a

st Th& prafemed stirokehentiolinslctlates|d timar differspee s drom the duration of the

compression stroke, tc, and the duration of the expansion stroke, tg as:

At = te-tg

Although this may be calculated for every cycle it could for example be the difference
between a single stroke and its immediate neighbour, or may be a short term average, the
maximum, minimum or median of several strokes, with the several strokes being every second

stroke.
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with a TDC position maintained close to the head (when
necessary for high output operation) with a

w@e@aiotioeant reduction in collision occurrencePCIINZR0#/800208
mai nt ai ned wi t hout requiring g proxi mty or absolute
position sensor for the pistdA” This may be provided
in conjunction with a collision_detector as described

i n AN galculalzdzt intstvalshandreempaspd wete abireshiold yelue weadefrom a lookup
i nout o .
b SO ST 901 AR AL KA Th 8Dty s o varying
operaiing cqpiditivhspebsglattivgldriyethe obmpresfor sattiongressure] Bdich in a refrigeration
preferred stroke control calculates a tine difference
systesp, 15y SeRtREY 0 SVanskatere PreeSESAPE ds s¢lafRd dp (thk evanogating temperature
hi ' f the expansion stroke, as: Dt =t
W lé{iggf({gﬁgﬁggﬁﬁéﬁ?{geﬁay be cal cul ated for every cycle it
cohe léakupeatd epirebdpretibterminkd dorengiweb edmprersoa agd A¢ftigeration system

desigrté %ﬁ(#( E(Fil&agiﬁé’tn?tp Wgh%ﬁ%ﬁﬁgﬁbﬁq{ﬁcegaﬂ%g@ﬁ et]az?t dséts]i(zr,{l.t Alternatively
the RBXES #blSbhPKE %[ené%‘&ea bh GadeM R ua tc()ﬁlf)ﬁ%s&eljnnzg c&lftthdlon procedure

. .second stroke.Dt is calculated at intervals an
inclyshing slosdy vinethasing npwshohdervalvadetyeafl operatimg cowditioms and developing

a stored in non-vaolatil.e nenory. The.l qokup.tabl e .
toee PR, B cCiehitng s VPl & o9 B kgt i S e’ the cottsion
dete@@pd birn@RtnenftOSichP tHa€ Wepdribedt ReiaORRd &u8iaE ®EChiRRold on the At

pressure, which in a refrigeration system Is
obsegveddmmegiiately prier g thpepllisiong pressure and is related to

h i ch_i i | .
U8 RS S M kBN bon ate cun

norngil viennieg el ees com@eshor.ef Forgexatplon sheihend desiigp @obedure may be
) pneIOfded into_all controllers for use in accordance
interfitentiyirepeaiedi JRIS Dipscdirptiay dpslude, monioing thead) while gamping up the
po S BB S50 UL oA e o o conotin
thresholder Atiolgberved shatly @tipr taf tho peliatonngcamingdi t i ons and

deyel opi t hreshpl d. by i.ncreasjn ower, untj | ,
Goifl SRS ESSUELny e asi e Bt L€ o
presé&iRtiBedntiog. aHB@Qﬁ@r(ﬁﬁ@rsilngﬂ%ﬁeI?&iéﬂ@aa{re %ﬁﬁﬂegﬁgh&ﬁ lfehBting from the

and basing the threshold on the Dt observe
genem%wsmm%ﬁy poesient inventiomeingits briogdesh aspast. a@that teatrrdtalgogithm may be

; | ookup .t e may i.nterm.ttently derive a .
dertlel, B RBRA Bt o R PRl MRS, ot ol i ke duraton andr
expa@EioRr KHEO durkih eX@0Rkdl powél apholtd Herdomipiési &8 Ad1R6l achieving
may be intermttent|ly repeated. This procedure may
maxingEn Glrarapsh iteutgllis@sDt  whil e ranping up the power

in ] o LIS i c nd .
RO LS e B s cumion o
a wholessgcleathrativmr t |y prior to the collision occurring. The

control sche descri bed above is the applicant’'s )
pr efeherer %moHéin‘Qe gfomparison of an expansion stroke duration with a whole

cycle duration.

In each case the respective half cycle duration and the whole cycle duration may be an
average duration of more than one such half cycle or full cycle. For example an average of the
preceding six instances may be appropriate. Alternatively, a maximum, minimum or median
duration may be identified from a contemporary set (for example preceding six instances) and
used for the subsequent control.

The calculated relationship between compared observations may be subject to

considerable variation. For example rather than a time difference being calculated a ratio may
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present invention. However other inplenentations are
possi bl e wi thout departing fromthe general scope of

wao b®spewsent i nvention in its broadest aspect.PC/NE2004/000208
control algorithmmay be deriyed to make use of the
observed changes in the conpféSsion stroke duration
and/ or. expansi on stroke duration tq control power

be caleplated: ek pe theofrpip o COPPrEsien spke dyrhipR ip AEPansionrtfivke duration or

the 2HE ¥ 3G s ABRE afRkibh $b BB cyde Pﬁfaﬁ&n.a@ﬁﬁér'feﬂc%ons may also suggest
exarrpl € mght use a conparison of the conpression

thenselvek & prsaisiskilletlan stherro et mpeet thedigcabargeritebiaadfiteing reactive, under

exanpl e uld_be_a conpari son of an expansion stroke
subsiipaNy w%@ﬁd deffirsrationypisemy Gpadifians. Prehengs wnde dpwation of the
compRIAER kol A@ok dE%EbE of WAL AN Grdige whol e cycle

uration may be an average duration of nore than one

suChtentiblf cantodl ealgorithulsl heyec lbeen Fscrébed nplielambave rvegeh effectively

of the, preceding six_.instances may be appropriate. )
provids & AUy boR R Ry T RCRT AL OFe AHEAR B, i grpansion stroke
durafiBY. behisd @ 'lfe_bl@dfoflﬁd)%apﬁﬂ/meeﬁp%a%ﬂébﬁ:eﬁeéifegroﬁﬁ%&?&ﬁience from

precedi ng six instances) and used for the Subsequen

refrigeratioro ysterh eonditions. afiéectied aentem diis hebreuvkievedcbyntiar Exventors under
e 230 S 0 NPT b oC0E P BHBBA el o i
indegallicidl exp@dedthabéfifertivaybeiralah gy hisb &6 aSM@%d&?siﬂé‘@an@ﬁdrﬁtoﬁng of one
of conpressjion stroke duration to expansion stroke .
of thgexpansyi sioke ped poppresHon Hiqkanwith sompridiea of theespastivestroke with a
y ] i . . o u est .
vl i SYELE L5051 B0 A 30 1Yol o 90 o of e
compiesHais arr gxpandivrestrakeofittbe cogtane aalueve, under

substanti al | y unchanged refrigeration system ,
S e R RIA S ST SR AL, et of the expansin
stroleCdREEST St R1dh SkhiBiE aa}ﬂﬁjélpg,regtléf ﬁ{cké&ﬁ?rgfaﬁttﬁg dg@efgz%@ $hdtt is exhibited in

stroke. Potential controf algorit ave
the cdepressivadirbkd éfrhtjormbove whi ch ef fectively provide a

rel ati onshi bet ween .t he ¢ ressi an_stroke duratjion . .

i P SIS SRR (R MIERS DR AR A< SEAF dgisqtion i used
to détBctPthe\efiBd I £AAPBRNE AndadE §Rri6d JFNASPIRERNC AL ERMR sensor 602 is

refrigeration systemconditions. Effective control has

conngelen iadratigkwitbythe meotpnwinriagss6Qnd&he EA4F issnsoe 602 provides a digital

.Ng.: €O ' ' nl.y. sensi ng -Qf t.he suction
o P SER LIRS R L RIE 5Pl SERFLED 2l 05 BHEL{ Rt o e
EMIefdneett 602eispoomidel as@y inpus o &oit@dt hiieroprbctsbNB0RNAYtemperature sensor
moni toring of one of the expansion stroke and

fixedt drmdhee sefgerant prperatol Provadstpar PYpht stenehindicasiye «fi the evaporating

tempr%gtﬁ]é.e %]F%l :Eiﬁlay Q%T ld%{i%eg%rglr PR)Qflfdel(iptot lc%n{rgf nﬁ!:#yp#(%rgssor 603 as a

at'i onshi p”suc son of a function o
furtheo inpue s $he nomirol enjprpso @rscs 608 kievelopd centd BhaRtbaval oie the digitised
s considered that, this i ke t

t ]d]t (ies I Iy q(i be . .

EMFaitd; @R9TaHng ICoTCEALe BP Y apchRigwides Gentrol g1eaalsaman dnpyerter bridge 604,
The inverter bridge switches power to the motor windings 601 on the basis of the control
signals from control microprocessor 603. The general control program for the control
microprocessor 603 is described in applicant’s patent publication WO 00/79671.

For the purpose of implementing the preferred embodiment of the present invention and
implementing collision detection as described in WO 03/044365, the control microprocessor
implements a stroke period determining algorithm. The stroke period determining algorithm

determines the duration of each compression and expansion stroke by monitoring the digitised

EMF signals received from EMF sensor 602. The algorithm determines the stroke period as the
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stroke duration which exhibits a nmuch greater increase
than the decrease that it is exhibited in the
w@eoopoewsé on stroke duration. In the preferredPCI/NZ2004/000208
control Il er shown in bl ock forﬂgln Figure 2, back EMF
detection is used to detect the perlod of a full cycle
perlod of each stroke. An EMF sensor 602 is
ﬁmecﬁﬁswé eé\aeqnn aokr BMFAerqicassinge  Figvss 4illndrasssexsomle Waweforms in a

linedr Yoo B525te8 UL a P?d’éﬁxg@ %rl\ﬁl fk Bbhiddl &L@&?escnbed in WO 00/79671. One

representative o acr oss t or wn

wavdtoem delgesemtsetﬂe Ei\aﬁ-'orauimmg wiltapd¢0ENVFhesethsoradddrm ﬁepresents the motor
rol m croprocessor 603.

an_in 0 co
currfry r”rééw iﬁa Fauianudiates e raslopns tieyah b%?&lﬁt Boapes gxcbmlng both an
expaREioH IsH6Re A QH&H{S&SS%IQ E“t%ké ndi6R eﬁ R rg&%r is being energised in each

evaporating tenperature. Thi's Si Igitise
half pyrdv ifereal ccumwtl]leé toontts.ol The statqmrvunémgoaoltﬁﬁslsamr&d on at the beginning

rt her i n The ntr ol cess 6 veI ops
420 g e ipati s o o ront Uit JRIFSEE e amofiage 1 applied. The
stato® WAR@IN@ioNEgd RMRETREARE ti¥PU! 8, ankitR rtHé’kfgl?a?ge%ﬂl%(@d dhe current 402
q sN?nal s to an inverter bridge “804. The inverter
ecay

¢ zdie Hefyerge times ttnt&e e e (exyud 7|ﬁh!¢ ﬁg@y@@lcucrnntt fwecdsa]se siator winding

vl RSB B B ORSBILE Rl RSB 2EE5291 kst ot

windihg EMI RaRs bavk BOF 405! whasedd B3ethotion @Pﬂielaﬁﬁﬁfu@ PRE BMF 404 decays
publi cati on WO 00/ 79671. For the pose of
to zqronge hedrmaiige rerchpy U pyition Evihest &@mth@heqdw@efprreé émes bottom dead

R R W ——

monienpbiierhd of thet explussiue strald dhdttepifinfigng tht g@hptebﬂbn dih6ke. With the
st.r ok eri od deter n|n al gorithm determ nes the

beginpipga Pl iy opmpEsseInsY vie wlnse dpaksinphied ¢ Biegnplpr winding and
the diBeht B¥2iMgtotie eg,'lﬁﬂltchég ot S0 24 eGEt V& dt;1<1{15 ?og(:“img has elapsed

sensor 602. The al gorlth etermnes the stro
(poitd dontebapt it gprera) dbe Bevingemwlioge ks EMevedr Vith dﬁﬁdrﬁgﬁg Voltage removed

BT A T T N TE T N
425. UBEE thd €6krédd KWL Zbro 4NG: )@Eﬁ@EMFW RPRRERS H8nduced back

not or wi ndi ng vol tage 400. Th (cmf her waveform
EME @ thes wipding. helhepingpcedy brekin EMIO 206 Thals fié g@roe as the armature velocity

s LB ALSR R IBYAL SR M ADAAGEAPE B b B8 o 0,

At TSIC dlke arnhaﬁuﬂehveiocﬂ@r isofhotrleBtatiBl Bérol SefR ﬂéﬁe ré}ﬁdsﬁ%ai:lﬂ EMF zero
each half cycle for a controlled tine, e stator

Cross\mgw‘b‘icﬁ’& Ybfrage i s turned on at the begl nni ng 420 of

W?@§@ﬁ@b&ﬁ(§ﬁé@ﬁl§1ﬂé%%%Bla&ﬂ%_ﬁggéuttgﬂ?%} Q%’Ilt%]og mi"c?oprocessor 603 is

progracinalge disemethoved cabssingoints {om)ex) Al tththRE. th&m@duratlon between
renoved the current 402 degays to zero between tines t

cons?cugye Z514 Gfﬂ%m@e}?ﬁiﬁ}ﬁsﬂalt oty Wmlgﬁtggs §tweets expagpion and compression,
1nd1cWe§‘ @édﬁ%lﬁ/g% Et?(ga% Jdﬂéﬂ&ﬁ D&@ahd é’t?ok@%ké[;{ﬂmg Eft&ngtﬁig%twgé}{ compression

he remainder of the éxpansion stro
strokwduehtmg dalFexipgndidre stoalok dEvEom 0 T he rsttuke getiyd deteiminingf algonthm has

t The, EMF 404 d t th
oo A P R S QB . M s

mostE@hedtfoke dufitids. bot t om dead

The control microprocessor 603 executes an algorithm to continually adjust the
energisation time, t,,. The process is illustrated in Figure 3. The process takes as inputs the
output of the stroke determinator the output of an evaporator temperature sensor and an

indicator of compressor demand, Peommand- Peommand iS determined elsewhere by the
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centre or BDC) at the end of the expansion stroke. The
zero crossing indicates the nonent of the end of the
wexpansivon stroke and begi nning of the conpresBCTNZ2004/000208
stroke. Wth the begi nning of the conpression stroke a
driving voltage 422 is appl i"dd To the notor windi ng
. and the current begins to rige as indicated _by curyent .
MICTEPROFESSAL 40T AEWhELy {7 A 'toé’ﬁr(d‘ﬁo gerater e‘FOélﬁ@Haf:(?}bitﬁ? basis of the
refrigérafdt % @aﬁ{ngeco‘iiﬂitf()'nﬁ‘.g ¥ Qh@R itsisrt%fﬁ?é’cf t ¥ L&y el8d capacity to be
rivi né) vol Tage renoved the current talls as 1ndi cat et
delivared4By tleencbrgpressst. afo thevillustirated exdntiplg @ dus,.f @i cakefanel of four values.

ositjye as at 425. C rrent has reduced tQq,,
he Sgits oY ool gampare beh £t miecea ThEGRENRjsquates to an
incrdoRétMrBEicR8n inl Eatind ULV NRC10 Bt hainkdnih® c&SdcRy @Bthe existing
the armature velocity decreases 1n approaching its
levebasi the onluel ‘38 egeatesotot inereheathllyriedreasingicapecifis Changiiemthe capacity is
.centre or TDC).. At. TDC the,armature velaocity is C e
achif N A SPTE TP BHRT 58 PeSrOrnd e e o engapigption in cach
half 676 SFRGhe phtpose @t this ddhirol {116 aStatialle waRké Pslue is the duration (in ms) of
determ ning al gorithm executed in control
cnergisglt@or ocessor 603 is programmed to discern the zero
cr ' i ' ' t .
cog\ggﬂgu irggenglg goag?%%é;sn%k g)gcla n#é@%vﬁwcﬁg 13}0%%9 a continuously repeated
loopthegirmiy Madtépng0d eAviierbapkaing bDsachridoys arpnehsd enits at step 304 for a

i ndi cates each si.ngle stroke_ duration, with the stroke )
zero giRsaB et 06 ﬁ%@ﬁ?@bb hanioke dstepniving PomdthpolQo. The zero crossing

event 4855 913 irﬁ&gurﬁﬁ)f@a@ﬂ% t]%rboﬁ{i ﬁérﬁnle%x%%tﬂ}d Sne L0 @oﬂc&?&éﬁ), so that the loop

period determ ning algorit as two out puts.
executedicnat d¢or ¢veey belf wyclencWhehi tie zeo cressmgsévegt sviadicated ey the stroke

other indicates, the nost recent_ stroke duratign. T .
deteZeion S0 G GPRBRL BP0t SR e 4o AP o PR Plole evaporating
tempfePitleHeh b¥a it tethP&aRRE EQIs82% 100 MTHeh Mocekding T8 8tep 312 a threshold

process is illustrated in Figure 3. Thé process takes

valug §Afmrpuit)sfor B¢ inmeaduin fedm tahleokupy trbte k4. eThe heakop tolle 314 records At

ut put, of an.evaporator te rature sensaqr d _an «
threpRl Yy o5f SRR o8 eShrarEE Rrbasiied "Rt kS pp grample <At
threshoREVIGS Verl) evhgthior piReR6&0Iookap )16 BVMIEViged 4k RiBure 5.
overal | refrllgerator controller, on the basis of the

r et istgR 346 dhe lpiesirake periedisbtaipgssirosieke detpiminptpr 3@6 and assigned
d r ' bi i
to v B ThBecklfe"§ YRS (E3PREblNel s By ARGLNETAHeBE the difforence
betwebn theunost aédeaty rebliatroké peridd)t,, enditicdmniediately ipravislisatieke period, t,.
alt of the compressor. The value "1" uates to an )

.. T ?]E]iogfﬁélﬁpléqce?dégg desigign is’ﬁ:p@gg qrey_At qzﬂgﬁ%gq? {estep 318 1s compared with

€ ' h i %aﬁity at the existing |evel
Attmeéhﬁlg%ﬂ?@ﬂ%ﬂ%ﬁgzgg%tgs t0%i nerement al | y increasing

c apfadsti is grea®h dragi Atgrddiehe alpaditny pioseatsho step 32Dy IfaAt is greater than the

orrespondj.ng i ncrease or decrease in the duration, t .
thresholt B plicles dity fhcg SOMBRERTT A CBMingo Flobhe oy piigm  capacity.
Acc&ﬁintgh}_} 8t ﬁé}f‘@t@h VaribBle ;Y aLd BRECVPS el“ﬁéaélg&*iﬂhﬁl ke proceeds to step

duration (in ns) of energlsation.
324.

If at step 320 At is not greater than Atuyesnold the algorithm proceeds to step 326. If At is
less than or equal to the threshold this indicates that the compressor is not yet running with
minimum head clearance and more capacity is available. Accordingly variable Pjycrease iS st to
1. The algorithm then proceeds to step 324.

At step 324 variable t,.; is set to the value of t,. This is for use in the next iteration of

the loop.
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Therefor referring to Figure 3 the preferred nethod

i ncl udes a continuously repeated | oop begi nni ng at
wWee@p/0302 At the begi nning of each | oop the nRCTNA2004/000208

waits at step 304 for a zero,ﬁgossing event to be

i ndi cated by the stroke deter "hing al gorithm 306. The

zero crossing _event agts as a

nterr | eading to
corte ralserithine thep IACSSES th SteP é%%twltﬂfe u*gf‘os utysmeplat 1t AGusted.  An
adjugtﬁ%ﬂt forecyl ﬁﬁmﬁ o8 & gémﬁ&? f1dRbke &1?&}1&{}%@1? ob B0 F&Bles Peymana
crossing event is Indicated by th erm nat or
and 3QB.Lhe mgetdhm:dsqad omaeleﬂstheaPcoﬁﬁaecp 1308, 1nt1matebtthe nrequested compressor

readl e eva orat te rature f
operaaip ShaEong THE e U BoBa S PR ato I FHeeAEp b cilicates gvhether the

com?fe@%rqg- glr@ad%[%ﬁﬁﬁg |afjcﬁ{9§l:1¥5e Zeko in&cﬁﬁﬁ’@n& ad(ﬁlﬁeﬁﬁl%a aQ:?c|§'U R ccordingly

e 314 [ ookup "tabl’'e 314 records hr es
whexeaPintas. agraks T theot iseddidfongheapasitt @ralla@maed altmhaleadjwsnplemt corresponds

e S A i
mnnfﬂ? Sho Aéonﬁir@ﬁoﬁlx@e bRt Q,§tdo$x&1r19§(309§rﬂ&%t|ail or up by 0.1ps, as
ai ne

r om stroke deterninator 306 and assi gned t
indigesed. aBihere PicdRs oqusdizang this 1@41@1’568311@ additionad cgmcﬁullaﬂ@ailable and the

plsto%gg)tal})%e 2 ?elfiﬁg inté lp%?ltlg{}egfrc}ger I% I)I%tﬂ%ﬂc eAQ o%r%\e gly t‘hh %on adjustment is

rec
indepeAtRdi aft B, Y. Rra8u i blb caskes ﬂ%ﬂ&c@;&he o duttation,. fol @NP1OBY A0S,
proceeds to decision step ere Dt calculated in

st Esvaeamade the fp ativsnint W at%%?&pth? algogthan groceedsjo v, at step 327,
f hoid the al th
o koo APS SRR, L0 407

t hitestid lbe etplpalsant ticht cmatopsratlbmt whére the mperaﬂscmntrbﬂer requires maximum
runqgm% close to X|nun1 ac“&Y. d|n .at step
capagyy the %96!11@6%58 aﬁ)w WEC Cbbgr‘? Bg &Qmpaﬁment)

PoombiQa HHB e IRfstatily ?ét as t3e PTHS Qv@[lealcﬁtont%)} bﬂ[cﬁ'@é &y 6. 'Pﬁ@ each half period)
al gorithmproceedsto step 3 i's | ess than or

untﬂeqa a$ graater Hbart treedhokida i ﬁlez ﬂcapomtlas tethperatune sensed by evaporating

tem PSSR0 oY naPe Beiseiry e SR reanr: Tada iadiyed dovmmard

(by V@IS adeh ﬁal@]p@ﬁé(@aﬁﬁl aets A gleatel Miganathe @irbdHorm. tllﬂ%ﬁlbsequent iterations toq
11E)rocee s to step 324. At step 324 variable tn-i is se
w1

6 adivsted apuardantil At igpregter hapghe theeshpldl, ppd sq et This feedback control

seesI t%nzhﬁétggt% V&%Buﬁ(f] 1!3‘96? {I‘?}ﬁcﬁ'&@ Q8 s ' W{nﬁ%&y ngle%dﬁ}e ntgl}rﬁshold value,

ere e t a

respf)@dmg téd Shadn@ench fHeCHVapord‘@@g sdngerdtadel Séni@d:iwﬂ:nstl& 30 4shend when they
basis of two vari abl es PCOmMmand and As di scussed

OCCUéEarI ier the i nput i ndi cates the requested conpressor

opehat | REn gﬁ@e tdsi&l AL | hlg Blreff debdlbell Nod hae é)rototype linear

al gorithm cat es whet he conpressor Is alr
comprensurrsgckats dmp&iesdrﬂoed epar cmpmnhﬂ1g Ngwnideabahdi fiatan apphcauon 526361.
e is

The G RR6 (A DESREICT IS TR BORRBTY RSPO TR firaiprimity of the
pistéPloltBS BEAGS its top dead centre position. The proximity sensor output was analysed and
monitored to determine the closest top dead centre position measured over a period of steady
state running at a given evaporating temperature while requesting maximum capacity
(Pcommand=3). The head clearance results for eight evaporating temperatures are plotted in Figure
5. This indicates that the control achieved a consistent minimum clearance gap of
approximately 0.2mm to 0.25mm without collisions. This clearance gap was achieved using

threshold values in accordance with the chart of Figure 5. The threshold values of the chart of

Figure 5 were selected for an intended clearance gap of 0.2mm.
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with the adjustnent requested by PCOmand the case of

our preferred small capacity, high running frequency
weowpoewsor, we adj ust t down by Ors, not at aPCT/NAROOWP00208

by 0.1nms, as indicated. Wereg,equals zero this

indicates no addi ti onal capé ity is available and the

ton_may be t .avers 03|t| ns.cl.os
PPy BT tceslich mor s e el s te oMl usthisnhe software

storé?lf 1na1‘ﬁf3r Ial:éss&aé(%s TR H&ﬁ&oﬁ hiRtecth ARl @ Recel vl the electrical period data

exanpl e nms. Having nmade the t adjustnent at step 326
and tlttectatapit fedhotiqns do ebelperiasl ofea fielh cycle as pistorBoallisivns with the cylinder
heacf; N, :]11?59?% é?etg?tarolglﬁg ?ng)firfg ﬁltlee{ﬂ; taﬁ inﬁig{')eg@g?tg} ﬁtJf it lcl)ntpoq algorithm of
Figu#®BtdrQhd Ehe MBPMtE@ iM%t EOAMOL ARaRity. from the

conpressor (such as when product is added to a

r eWhl@%mathlemIef@rm@ ambnémept pE dmmmmwlm\{enben dneanatiet plgorithm and

the F]téﬁ’l?e geé%na%?toa r}}\%vlfa lﬁﬂ? %sérgorega%% %ntt(sﬁénf o {are, %%chted by the

contf] ARRE rb AgsdredBethal woeldseuary H@quﬂ@ﬁ@{tad pAially or fully in external
tenperature sensor 310. Once Dt is greater than the

logie, rfigtsihwied, int mprq Fhaﬁeonédljneé‘ﬂlésd O amlﬁawateébly digcratgcapalogue circuitry.

e{ﬂeﬂafs e% %nl.ljj&lt S a ?refeﬁ‘ecp Qﬁlpﬁﬁ?e%a%)nt &aﬁ lgl%sent 1nvent1 n. Further

subsequent 1tefations e adjus

1mp1l&ﬂwﬁfadonm of theQiresent giveaticar wilhbe obhieus b p&’smisdskﬂhtﬂdmsthe art without

on. This feedb ck controh ees t fluctuat r ound %
depqrg@%frogltt GUSERgE2 mnchlg;my ?.th\zétﬂyn gtenggﬁa soqee of the present patent
applidi6s Pk forbahdie forfSpondi ng to changes in the

evaporating tenperature sensed by sensor 310 as and

when they occur. The inventors have tested the

al gorithm herein described on a prototype |inear

conpressor such as that described in our co-pending

New Zeal and patent application 526361. The prototype

conpressor was fitted with a proximty sensor to

measure the proximty of the piston to the head at its

top dead centre position. The proximty sensor output

was anal ysed and nonitored to deternm ne the cl osest

top dead centre position nmeasured over a period of

steady state running at a given evaporating

tenperature whil e requesting nmaxi num capacity The head

cl earance results for eight evaporating tenperatures

are plotted in Figure 5. This indicates that the

control achieved a consistent mninum cl earance gap of

approximately 0.2mmto 0.25mm wi thout collisions. This

cl earance gap was achi eved using threshold values in

accordance with the chart of Figure 5. The threshold

val ues of the chart of Figure 5 were selected for an

i ntended cl earance gap of 0.2mm As referred to

earlier, a collision detector may al so be inpl enent ed

in the software stored in mcroprocessor 603. The

collision detector would receive the electrical period

data and detect rapid reductions in the period of a

full cycle as piston collisions with the cylinder
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head. The collision detector may nodify the t val ue

i ndependently of the control algorithmof Figure 3, or
woreapsoz19sat egrated into that control al gorit hnPCRAKRZ2®4/000208

in the preferred enbodi nent g& t he present invention

the control algorithm and the™stroke determ nator have

been described as inplenented in software executed by
CLAMMStont r ol m croprocessor 603 they could equally be

i mpl emented partially or fully in external |ogic,

distributed in nore than one nodul e, or inplenmented in
1. di gcfred pisanajas guepessor udmpyisingthat has been descri bed

is a preferred inplenentation of the present

in@éﬁiwgﬁz Further inplementations of the present

I nyemdpn Wil 1 be obvious to persons skilled in the

art "without departing fromthe general principles,

whisgifl pigier redipriocable Methimsaid dglindse dp elterhatingcqmprsesen and expansion
Sudggtent application in its broadest form CLAIMS: . A

Pee pi ston gas conpressor conprising: a cylinder, a

Pi stredprosatith Bhék QRectrRChPloP AabAlty \6bibled t& sdid pe¥dr RElGfg at least one

in alternating conpression and expansi on strokes, a
excitagion priodiagiang | i near el ectric nmotor drivably coupl ed

;ga%gh%ﬂ&%igﬁﬁgr vihng at |east one excitation w nding,

a con progranmmed to: control or adjust

poweiitrdl P wljukstpdvirg ihpureatheiiiear motortdnethdasdis obi redationship including

relati opship including at | east one of the_ present ) .
at leagineficedls therPrssend cempresERn sHek G AT SKRBRIONJTIOKE | dFptionp ghe relationship
being b el REE iAol o nd BT T % O SR dlf (hO PG dhditding in the
abseabsefmy collissory col lision. 2. A free piston gas

conpressor as clainmed in claim1l wherein said

controller is programed to execute the steps of:
2. 0btaifienGisfonTBas Worpr&kde s | dMindeh indiclhi@r eneBelel WRIAN controller is

a conpression stroké duration and an expansi on stroke
progiammeil tnexegdieube stags athe power input to said excitation

wi nding in _respon .0 Lhe.obtained nmeasure. 3. A.fre .
ot SPlafess EnleB P B8fslit b iR R v T HirSoraibip 7€ Buration and
an eSRindioBRRbkOIIEfioh,S Progranmed to execute the steps of:

adjusting the power input to said excitation winding in response to the obtained

measure.

3. A free piston gas compressor as claimed in claim 2 wherein said controller is
programmed to execute the steps of:

obtaining one or more system variable values,

accessing data storage to select a prestored threshold value from amongst a plurality of
prestored threshold values, based on said obtained system variables, and

adjusting the power input to said excitation winding in response to a comparison

between said obtained measure and said retrieved threshold value.

4. A free piston gas compressor as claimed in claim 3 wherein said compressor includes a
suction gases pressure sensor, said controller receives input from said pressure sensor and said

controller obtains said system variable value from said pressure sensor input.
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obtai ning one or nore system vari abl e val ues,

accessing data storage to select a prestored threshold
wo 2008021960©m anongst a plurality of prestored tPCENAE2I04/000208

val ues, based on said obtalnﬁg system vari abl es, and

adjustlng the power input to said excitation w nding

in response to a conpari son]tabetvveen sai d obtai ned
5. 1rods Gio6 PAER €85 GOMBIISFe 0O LRSS oM GBF 04, Claims 2 g dewherein said

contpdlﬁ‘ ALIERS 2GR HRAF % @t%r Ghdtls E@g aﬁnﬁéc?ﬂor%b’%m%%gésﬂre reflecting the
ald conpressor 1nclu des a su n gases pressure
d1ffesmobet\wm ch conipreskioar strokeedwegon rmpdt aif rexpussaird stroke duration by
pressure se sor and said controller obtains said

execé‘%g %4bl e val ue from sai d pressure sensor
| NBYfaimng %Jaﬁﬁ%s B'fstfn‘i’@ 488 0% DORFRA SWns@Ritich Eb'aBI? @MF‘ Zero crossings,
any one o cl ai ns 4 wherein said control

eachi swid tidesdwatiac betENEn etenmutme basl ENFpzeny ﬁmgs tQpresentlng the time
asure reflect|nﬁmgﬂakdlfference bet ween a

d bt ai.n a
mﬂgBHﬁf%§@ggﬁm§HF8?§mdﬁF§P¥5 S8y pansi on stroke
dutakh@in PiheNiSehédd thdBms UBRSIoR bet@BERAIR NG BRAGH! €S
of time duration between consecutive back EMF zero
crossings, each said tine duration between consecutive
6. g?%gfrgEff P}l&f %r%o% ﬁé&égelss&%ﬁas :S:fa%ggc% glgésﬂygcﬁlesc{}%laé ndE tggvavflergm said motor
is arCélb@tonadallp Gotnhertsled pehemned nhagnehBClrhd@r.dur ati ons
between alternate strokes. 6. A free piston gas
conpressor as clainmed in any one of clains 1 to 5
wher ei . ¢ . . ¢
7 porisE b o cBk e b PLEFEPH 56 bl BETRMEA! % 6 wherein said
compraRir dasinr campeised bawit EMFaleyectioe nehne fcﬁlslamp]hng thebback EMF induced
mhergﬁn sai d conpressor further,  conprises

in sgid @b RFtope REgHRIGO W IR VR S g, nEr‘ﬂ:nqtﬁgqy@gg, gng zero crossing

deteS@rfd nfdhnd @(ﬁﬁfect%ﬂeco QK& iohBhut %E‘ sWdSHcRE VRt &Hoh thBfhs and means for
current 1s not flow ng, and zero crossing detection

deterreiug thoe timecintedval betvesn output pulsés Kehdaildazsko EoFsing detection means to

e e B R QT O PR BL OO Bai d zer o cr ossi ng

detection neans to thereby determ ne the tine of each

hal f cycle of said piston. 8. A free piston gas

corpritess pistass gas gommiesser 68 llgipdwive ciiin dawlerein said controller is

I e

Pm%?%ﬂ{ﬂﬁg sk BB RAERRC, O GHGRLRE b s RER rotes of sid

pistdH Spepmicapanadtib antralner hdjugttht polvedinpudjteishie likear powwer based on said
input_to the linear notor based on said cal cul ated

calcglated glifference. 9. A free piston gas conpressor
conprising: a cylinder, a piston,

0. A free piston gas compressor comprising:

a cylinder,

a piston,

said piston reciprocable within said cylinder in alternating compression and expansion
strokes,

a reciprocating linear electric motor drivably coupled to said piston having at least one
excitation winding, and

control means for controlling or adjusting power input to the linear motor on the basis of

a relationship including at least one of the present compression stroke or expansion stroke
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said piston reciprocable within said cylinder in
al ternating conpressi on and expansi on strokes, a
WO ewbp2196@t i ng |inear electric notor drivably POUNEZ2®4/000208
to said piston having at |east one excitation w nding,
and control means for contrdﬂprhg or adjusting power
input to the linear nmptor on.th is of a

duratien.othe gelaheyshim beinaiindicaitvel @H§‘Et?yoﬁ1é“¥51ﬂfe?‘11ﬁé ¢fr & elPC position of the
0N strokeduration, the
pHU) ﬂﬁlﬁ&%%QQhégégﬁatlﬁg' ?ﬁ@é (directly or |nd|rectly)
of the TDC position of the piston, including in the
absence of any collision. 10. A ree ston

gas :
10. ¢ or‘?’pi“r BERISPN 285 BOTHPIREWT A Cl&m%ﬁdrﬁl@ AfRet ghﬂeg’aﬁa@a%ﬁf’} gieans includes:
nd RloY ‘?Ei ing REANSufe Yt tRDE#RinRg b@tv&ré%ﬁ%tgoﬁﬁéssfoﬁestmke duration
d| erence en a conpression stroke duration and
amimnaqmpanssﬂmk&&mmkalduratlon nmeans for adjusting the
power i to.said excitati on w. d|n n response to
thaﬂea*a% n%‘@uﬁﬂb‘% teePowsr mRU 1 gaig; lﬁ‘bémeg‘ﬁﬁ 183’?81?01156 to the
obtafedGhakied in claim10 wherein sald control means
I ncludes: means for obtaining one or nore system
vari abl e val ues, neans for acceSS|ng data storage to
11, select a. restored t hr eshol g al.ue ﬁronH%noggst a. trol
pl G &ieFtR) 8? P SYHEFOL KP ?’%8168 Vaftis, 10 LS jaid ppogirol means
ind@ﬁ@alned system vari abl es, and nmeans for adjusting the
power input to said excitation mnndln in response to
a owapafor obleies areer BefedysBRdianablevslssr e and sai d
r e'il{eagy ?oq atclaésgﬁlléociaga %gt%}a%g t? ]sglem%é egﬁregi' ﬁ"].tr HoRXh1ue from amongst a
npressor as rein sal conpr essor

pluralﬂy |oﬂ gestotedsthiedsheld vghes hapsdaassii @olaeinsd systaaivariatdes, aod
means receives  input from said preésure sensar _and
safmfapp e dAusias e mogeh Ny 19 sy @sitalien aHnding gnyssponse to a

com@ﬁﬁ’%h%@{vgeeﬁ 5(#)& éﬁfﬂﬁ%ﬁré 4RYhid &%ev@d 6800 vs‘ﬂﬁ)en gas

onpressor as In any one of clains to
wherein said control neans includes a back ENF
detector. and said neans f

T ofh BRT PGS CaPReRE e SO HRE LI FloEQoHiSugRgr includes o

suctfé)‘ﬂrg%ﬁés%}eﬁﬁﬁé FAsEX BAD THRRo1ShéRK SeitFed il fdde katdBeéssure sensor and
means for o talnlng measures of tinme duration beftween

said contse gugany eblainsica@Nysterr wrighlgssluediom said presauyrd sensepinput.
durati on between consecutive back EMF zero crossings
representing the time duration of a single conpression

13. Or Ae¥ieanstei gad Eqkipressdnds RRAAS 10 bny ahe Wif *1ding 10M@ 12 wherein said

difference in the tine durations between alternate
contgql rpgaas includes a back EMF detector and said means for obtaining a measure reflecting
the difference between a compression stroke duration and an expansion stroke duration
includes:
means for obtaining measures of time duration between consecutive back EMF zero
crossings, each said time duration between consecutive back EMF zero crossings representing

the time duration of a single compression or expansion stroke, and

means for calculating the difference in the time durations between alternate strokes.

14, A free gas piston compressor as claimed in any one of claims 9 to 13 wherein said

motor is an electronically commutated permanent magnet DC motor.
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14. A free gas piston conpressor as clained in any one
of clainse 9 to 13 wherein said notor is an
web@sneion cal | y commut at ed per manent nagnet DQPCT/NZ2004/000208
notor.15. A free gas piston c ressor as clained in
any one of clainms 9 to 14 whieh et n sai d conpr essor
further conprises back EMF detection neans for ) ]
15. s adpliieRgeas astpa cRmpRSSemfudlaimedninsaiygong of ehdms Gnte 14 wherein said

COI@?&E&I’%&H& .ngl&.ﬁs'ag b%{eﬁl\@x(féééclﬁeg nfddht GO sairrr%liﬂgtthe back EMF induced
ow ng, an €ro Crossing detection neans "cofinecte
in stid dt heasoorepercitafiors aiittlibaoketbkcitieg eutrémis meafiswiigfdand zero crossing

neans for determining the tine jnterva et ween out put
detegtipn gacaps ganresicd toeths Qg Of r?@ldd@f%cﬁﬂgng%‘é@ pgans and means for
etc AEEPHYFhELI YolFod! I @R oAl £5 LR Bhe el
ee%@%%@%.elgﬁ@{ reékggg ﬁ#@%o%uconp?e350r agcgfgﬁﬁede?ﬁx“nemwto
therehadeterntiee thertinsaoteank half cyde obistidpisiong a neasure

i ncludes neans for calculating the difference in the

duration of two successive half cycles of said piston

16. OP&X &bk 8k pidibn OmPRlsBRhs Rlai@eMid Qhind 95 whefdi®8ailnidaB8 for obtaining a
I i near conpressor including controlling or adjusting

meaparganclugesumesns fonealculating thwdidferense tindhd dyiationfof gwo successive half
CClrel tL@nspiQ)i%ﬁluding at | east one of the present
y S%Rlﬁﬁﬁé RIFSH DEFERR or expansi on stroke duration, the
rel ati onship being indicative (directly or indirectly)
of the TDC position of the piston, including in the )
17. abdereehed ofngondisl |fpsjapfree 1Bstom lipsth sempressaninchiding centrolling or
o .y . ' < . . i
sdiopfi o RS By S TREAP FRAGRGhe IS U R ARG at east one of
the gti;e‘s!@n chinpheztion astroky ofk exysiohseoke dgratibe, K&H rralhicimﬂs_hi;f being indicative
. the compression, stroke or expapsion stro relative to
(direstliepr HOiERHO P Real PorROSitS, OAliFePHgH, roliting dtheebgence of any
collsto%‘? pi ston linear conpressor including controlling
the power input to the linear notor based on a
relation including the tinme duration of the

conpr ession. stroke_ i ndependent |y of the ti uragtion .
18. o K RN ah SR Of poke PI90: TACTRRRACOPT LAY dgpining that the
pistél TOPIsSProRinkdtd) RAThe HRAP FESS Sfveh Mestdisian 8y Qe 'B?rrc%lséﬂvﬁ% the duration of
the power input to the |inear notor during ful

the ecappressian Bip&e ot exprnbas sgolsrreltive fradthel meashead dugations.
reactive, at |east under substantially unchangi ng
operating conditions, to the time duration of the

19. expansiiyd &tdoatesl of2d freédpi¥inatkaptopiRbdondlindiidiag to@eolling the power
pi ston_linear conpressor including controlling the

inpus doudhe fingaitmetsr bawd) gma aplatien sicluling Hy e (dusdioacyfithe compression
sro O Bl RO RS b B AR D8 MR Rheich S, 0 s on

stroke with preset thresholds.
20. A method of control of a free piston linear compressor including controlling the power
input to the linear motor during full capacity operation based on an analysis that is reactive, at
least under substantially unchanging operating conditions, to the time duration of the expansion

stroke.

21. A method of control of a free piston linear compressor including controlling the power
input to the linear motor during full capacity operation based on a comparison of a function or

relationship of the time duration of the compression stroke with preset thresholds.



