WD 03/ 044365 PCT/ NZ02/ 00238 -1 LI NEAR MOTOR CONTROLLER' FI ELD OF

| NVENTI ON This invention relates to a controller for a |inear notor used
for driviwgomao4empressor and in particular but not sol el yca/Nzbooger at or
conpressor. SUMVARY OF THE PRI OR ART Li near conpressor notors operate on a
nmovi ng coil or noving magnet basis and when connected to a piston, as in a
conpressor, require close control on stlr-eke anplitude since unlike nore
conventional conpressors enploying a crank shaft stroke anplitude is not
fixed. The application of ROOR! »condi ti ons of the
fluid being conpressed nalﬁﬂﬁ(%éﬁmgq%e pi s:It‘lggﬁf:ﬂéF 1ding wth the cylinder
head in which it is located. In International Patent Publication no. WO
1/ 7967 1; 6 N(Vij?N di sclosed a control systemfor free piston
corrpressgrIiE ?S;EFFI m sﬁrmét?\{)r power as a function of property of the
refrigerant entering the conpressor. However in sonme free piston
refrigerati ongystiihuion et UEittolld? et hhod i @edPlot! @fviagld | S on
and then to réduce notor power In response. SUch a Strat egy cou e used
purel y t copipeessont and it panticekas but nehsadely asedngetasLompsessorpower occurr ed
for any reason or, could be wused as a way of ensuring high volunetric
efficiency. Specifically inrelation to the latter, a conpressor could be
driven wWSTAVIMARY QF THE RRIORARTE han to cause piston collisions, to
ensure the piston operated with m ni nrum head cl earance volunme. M ni m sing
head cl earance volune | eads to increased volunetric efficiency. SUMVARY OF
THE | NVENTI ONLiinedrsoampressoeniotas ophmtpor s amviigiveihoi maving magnet basisand near
not or coQtr.ol ' g S | ev] -1 h [
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consi st ampditidesincpuslikemgescawentiosal eompregsors¢mployinga ctanki @ﬁ%,lft staioks st on,

SUBSTI TUErEnp%lflllz' Sis Wt b&ed % he application 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
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 a
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 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
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,
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WO 03/ 044365 PCT/ NZ02/ 00238 -2 said piston reciprocable within said
cylinder, a reciprocating linear electric notor derivably coupled to said
pi st on hawpDng/oat3es | east one excitation w nding, means for PChMNZIORDOIS a
measure of the reciprocation time of said piston, neans for detecting any
change in said reciprocation time, and neans for adjusting the power input
to said excitation winding in responset0 any detected change in

reci procation tinme. Preferably said notor is an electronically comut at ed
per manent magne 3 ef-ar:ah) ' onpressor further conprises
back EMF det gs@i“iﬁ8%%%%@1%?’8?%?&T5ﬁ?%@ﬂ?@ﬁ§ck EMF i nduced in_sajd at

| east one excd texipronatimgtineny eldotric exator dergvabdy eoepled e saidmistP WRHEE #nd
zero crgssi,ng _neans,. ted to the output of said back EM- detection
nmeans aﬂﬁaﬁgg‘ﬁse thlélg%{ﬁ&ﬁﬁlgi ng the time interval bhetween output pul ses
from sai d zermesnofgicbipidigecmeasuraedtise tasiprocatédrytimstafsgidpistave ti me of
each half cycle of said. pis e . i hal f cycl es of
said piston o‘ﬁg?%ﬁ %05 ﬁf:g?cg%gﬁhﬁgyaﬁéeefnp%ag@ %r%pel&é&e?{ﬁggﬁ g@?ez r?1 ggajt ion tine.
Preferably memesnd for adifastingithe pamer diaride said exditition ovipditgain igAPensedo

I ncl udes ns to,detect said reci cation time froma filtered or

snoot heoal’xyzg&%‘é‘?teb8hﬁ?%‘?/1norgcgr°%tﬁﬁé[ﬁé%ce val ve and if said difference val ue
i s above a predeterm ned threshold for a predeterm ned period, said neans
for adjusting,the power..i s configur . Tt ' tPeai d
excitation W%?%BPX ?f"gﬁ%o&%ﬁamg%iﬁgtg?ﬁl? ﬁ%}?gr eseﬂﬁc?f:é flrﬁ/égfrii{tglﬁgllﬁtr}ﬁrrg%n %)r oadly be
said to mgefgri st in a nethod of preventing overshoot of the reciprocating
portion of a linear notor conprising the steps: determning the

reciprocation tinme of said reciprocating portion, detecting any change in
sai d reci procpgdferably said conpresspr Sirithey domeprizvadrack HMF detectmndmeanetor not or

'nres pos%%apﬁr?g &%%acﬁtﬁ%‘[ﬁgduc%ﬁqﬂ GhidOR 1443t RS LREBS RN \Qi%diﬁﬁhen exciting
current is not flowing, and zero crossing means connected to the output of said back
EMEF detection means and means for determining the time interval between output
pulses from said zero crossing detection means to thereby determine the time of each

half cycle of said piston.

Preferably two successive half cycles of said piston operation are summed to

provide said reciprocation time.

Preferably means for detecting any change in said reciprocation time includes
means to detect said reciprocation time from a filtered or smoothed value, to provide a
difference valve and if said difference value is above a predetermined threshold for a
predetermined period, said means for adjusting the power is configured to reduce the

power input to said excitation winding.

In a second aspect the present invention may broadly be said to consist in a
method of preventing overshoot of the reciprocating portion of a linear motor
comprising the steps:

determining the reciprocation time of said reciprocating portion,

detecting any change in said reciprocation time, and

adjusting the power input to said linear motor in response to any detected

reduction in reciprocation time.
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SUBSTI TUTE SHEET (Rul e 26) WD 03/044365 PCT/ Nz02/ 00238 -3 Preferably said
reci procating portion conprises the armature of said linear notor.

Pr ef er ablwogaiogt3st ep of determ ning said reciprocation ti mETIN7ORO@SS t he
step of detecting zero crossings of the current in said |linear notor and
determning said reciprocation tine fromthe tinme interval there between.
Preferably said step of detecting any-8kange in said reciprocation tine

i ncludes the step of deducting said reciprocation tine froma filtered or
snmoot hed val u r.Qvq de.: ' . | | e val ue
I s above a prgldeef%%}) ! r?g%i ng%ty%bﬁ @?ﬁaﬁgllrng g?é;?lrﬁ fﬁgﬁéﬂgger ?go?aﬂr ggﬁ% ng

t he powematerput to said linear notor. In a third aspect the present

i nvention may broadly be said to consist in a controller for a |inear

mot or including an reciprocating portion, said controller adapted to

i npl ement at Peafstabiysaiflstepoud deterstining: satibresiproaation tire indudes bestapnf ti ne
of a reci i tkan, L.10:.a ' 1d ' 10N

(i o, - andolafiE A0 RPREhES, of U SRt cins g PR B LB SHLE any
det ect edrecipmosatiomtimenfroacthertbnamtenval thees betwesesr abl y a reci procati ng
portion conprises the armature of a linear notor. Preferably said step of
determ ning said reciprocation tine includes the step of detecting zero
crossi ngs of Preferably saitl siap of detactiag anpchangmia said wemracatipndime includes

reci procgtiqgn. ti r t | | r r i d
step of %%8? ioﬁﬁgﬁ{?ﬁ%g%@e}#@gg&f ré@ilepfrrg@;? i@%&%@%@sﬁﬁﬁe@{%’h@st ep
of deducprovidsai differenqe vebvei ad ifi srid fdiffercacti vales dsl abeve popredelgrminagde, to

rovid dif f . i f ' ' j
b edet or et SR E Bt PyeSrbioftbdhcthe WY SOPE DU B tcfa RheMimBIor
input to said linear notor. To those skilled in the art to which the

I nvention rel ates, .nan LIy - | ] ' I
enbodi ments a aa%ﬁagéqe%gﬁggﬁeste ﬂtemﬁ'(r%\%ih{li%g%%g ??dlgsﬁl?ggagé%toﬁ?fggnfég:u?/gls
wi t hout demptasHiérfor & tinsat hetardngleding anhreciprocating portien, daidi avatioller adapted
appended -‘;ﬁf)lgﬁ-{?n%-gﬁeg'stst‘ﬁle%ﬁ&\%?ngasﬁgpstt he descriptions herein are purely

C
iIIustraf(?'

determining the reciprocation time of a reciprocating portion,
detecting any change in said reciprocation time, and
adjusting the power input to said linear motor in response to any detected

reduction in reciprocation time.
Preferably a reciprocating portion comprises the armature of a linear motor.

Preferably said step of determining said reciprocation time includes the step of
detecting zero crossings of the current in a linear motor and determining said

reciprocation time from the time interval there between.

Preferably said step of detecting any change in said reciprocation time includes
the step of deducting said reciprocation time from a filtered or smoothed value, to
provide a difference valve and if said difference value is above a predetermined
threshold for a predetermined period, reducing the power input to said linear motor.

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

are not intended to be in any sense limiting.
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are not intended to be in any sense |imting. SUBSTI TUTE SHEET (Rule 26) WO
03/ 044365 PCT/ NZ02/ 00238 -4 The invention consists in the foregoing and

al so enviwagas4asenstructi ons of which the foll ow ng gi vegCeremphess BRI EF
DESCRI PTI ON OF THE DRAW NGS One preferred formof the invention will now be
described with reference to the acconpanying drawings in which; Figure 1
is a cross-section of a |linear conpressér according to the present

i nvention, Figure 2 is a cross-section of the double coil |inear notor of
the present invention in isoI ation, Figure 3 is a cross-section of a
single coil linear notor, gure I s a hl ock dlagramof the free plston
vapour conpr essif lré’ﬁﬁtlﬁgs"@@ﬁ’eﬁ%ﬁl ﬁ'@o?ﬁ%ﬂmé rangr algg, enylsagesn consiustions of

Figure 5 Wﬁlgﬁtﬁé%ﬂ@bﬁ\%@%§@%ﬁﬁscontrol processors used by said
controller, Figure 6 ows a graph of conpressor notor back EMF versus

time, and Figure 7 shows a graph of piston reciprocation period versus

tine. %Wﬁflﬁs@fpﬁmﬁlﬁ@ PBIERINEDE S The present invention

provi des a nethod for controlling a linear motor with a nunber of
i nprovenents over the prior art. Firstly it has a reduced size conpared to

the conventiongpe bfe&Fﬁ?éd fah%fﬂate ﬁ%tfox%n%%é E&Qﬂwd%&%&ﬂc@%& hus

reduces the cost change keeps the efficiency high at lowto nedi um
power outmpnmnyms T@Wﬁ&ﬁé@%hlchl [ ghtly reduced efficiency at high power
output. This is an acceptable conprom se for a conpressor in a househol d
refrigerator which runs at low to nedium power output npst of the tinme and
at hi gh power Kigugsul if dserosprapctdanpbm Hrgar (Gomepressor ccgrding Jodhe imesemér i ods
of frequ ﬂ’ilglltﬁﬁfj' ng and unl oadi ng of the refrigerator contents or on very
hot days). Secondly it uses a control strategy which allows gptinally
efficient opdfiguteod, iswmicressrregtionref theedomdde doik lingare matpr @@rtb@rm'esemu ch

al so redygGsnifirh i8dtiofioSt -
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
Figure 7 shows a graph of piston reciprocation period versus time.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention provides a method for controlling a linear motor with a
number of improvements over the prior art. Firstly it has a reduced size compared to
the conventional linear motor of the type described in US4602174 and thus reduces the
cost. This change keeps the efficiency high at low to medium power output at the
expense of slightly reduced efficiency at high power output. This is an acceptable
compromise for a compressor in a household refrigerator which runs at low to medium
power output most of the time and at high power output less than 20% of the time (this
occurs during periods of frequent loading and unloading of the refrigerator contents or
on very hot days). Secondly it uses a control strategy which allows optimally efficient
operation, while negating the need for external sensors, which also reduces size and

cost.

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
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VWhile in the follow ng description the present invention is described in
relation to a cylindrical linear notor it will be appreciated that this
met hod i swegaakd3gs appl i cabl e SUBSTI TUTE SHEET (Rul e 26) WOTOZ0Q4e3$5
PCT/ Nz02/ 00238 -5 to linear notors in general and in particular also to
flat linear notors see for exanple our co-pending International Patent
Application no. PCT/NzZ0O/ 00201 the cont®rts of which are incorporated
herein by reference. One skilled in the art would require no speci al

effort tooapRhymddssGR g%hé’ﬂal 2h3h g%tiéﬁﬁfr%il% weparimRad mMdoRYe ffof Mapiplki near
'l also be a ted that th

notor. It w preci a resent 1 nvention wl|

e be
appl | cabl @umo-paling iiewRiopakreaisbpplanion ao; PCTINGO9UIRdhe contertaion t o
a free p'\%@ﬂ a@@iﬂyggjﬁ&%&d ﬁ%&ﬁ%ﬁ refRputieb! Drféesldig@f?iﬂ thearf AR e no
e, W thout I | on

conpressor for exa 0 any speci a nmodi T1 cati ons. 1e enbodi nent
of the prspseisl efifontémapply the peniiol sirategy hesein deperiadtesny fopa phlineatmater net

| i near no : ' 41 ] i

vl nder 5 UFASBE btk e R KR B b ol L ey Tt el
30. The qsmepressor] Whileuib e deseribediimralgtion ta nelrer pistery coomiessonyt eqdd

cyl i nder I LiS; ' V} | LPgs ma
be. 1 Ubr 1 CARERY Po¢' Bt Cin, P idHrdein, bemplRsa KO SxERPLL,  WRholt nf SRechd”, ™
f or exanpnediiceligas bearing described in our co-pending International

Pat ent Application no. PCT/Nz0O0/ 00202, or the oil bearing described in

I nternational Patent Publication no. WO00/26536, the contents of both of
whi ch are i ncdpoembadlimentiof thy present dnventiciyshiown imd ighxss éninviolveasnai on
is appli I ' | L '

bel ow & dSiaeldpAl @ 1Rkt KRbLENRIRRR b ketahelig FEE S%?l‘é'g{’ﬁgié@%%
system abhesylindet 9 issupipartied by anylinder sprivigyl Ageighinghe agmpyessenshelhd0bEhased
with the t:. ' ] i ' - P Lt hin
oyl nder 18R N s BRHCE gty b7ACLRGRIY P BYRRE oPlndr i o i 1
26 t hr ougiprizgsidcvinche spfinganowd 2ind The beamghgsamay et lubnicetedvhy grgrenegaf an a
val ve pl i l.on - C ) I . d .| eaves
{hrough. it M@nGar ATRICRROGR i B, 16 ollfipRUE/ES DRtingREiBRR ih 70
and exi t ourheeeperiding dinsarhatioreal t Ragentl Applihatiaro mor FESHINZAHY 0028 ngor theesil a t wo

part st atb%rariﬁg Qediifbedn W {TR i chat BatehPBublication no. WO00/2653 6, 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 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.

The compressor motor comprises a two part stator 5,6 and an armature 22. The
force which generates the reciprocating movement of the piston 11 comes from the
interaction of two annular radially magnetised permanent magnets 3,4 in the armature
22 (attached to the piston 11 by a flange 7), and the magnetic field in an air gap 33
(induced by the stator 6 and coils 1,2).

A two coil embodiment of present invention, shown in Figure 1 and in isolation
in Figure 2, has a current flowing in coil 1, which creates a flux that flows axially along
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force which generates the reciprocating novenent of the piston 11 cones
fromthe interaction of two annular radially magneti sed per manent magnets
3,4 in thwoasoatses e 22 (attached to the piston 11 by a flramgezoZpo23and t he
magnetic field in an air gap 33 (induced by the stator 6 and coils 1,2). A
two coil enbodi nent of present invention, shown in Figure 1 and in
isolation in Figure 2, has a current f6ewing in coil 1, which creates a
flux that flows axially along SUBSTITUTE SHEET (Rule 26) WO 03/ 044365

PCT/ N202/190 2ide offtht BRutd 6 ird@ialf ohtwaratﬂ%ag Che ErRPlétaor Yot B cfoss fhOMgh t he
end stator tgoth 32, acgé)ggcktsige air p, 33, th I ron 5.

3 t t t he back
Then it 1830\ temgntgrst oh 5. dhet iklowsially gorea shorbipigoy Zbbedors
| nvar ds _ aéwmg rhaRlIg ihwaads R3od e 'aﬁ(gﬁPiSBta‘Mﬁ‘a%kqﬁfH 1he defiftt oottt 32lofithe
stator 6. The second coil 2 creates @ Tlux which flows radially in through
the cent riatof Botlhesecand sod 2 preatasr fup waiehnflpysmadiallysndhroughdheerireg,
and out vahgh I4URYSH thE Bf: axiaﬁgp%o?ﬁ shOit gisttﬁl’?ceely}' ah8 Bhf\)v S ﬂirl‘Bﬁ%lfl {Pfgair
3 f odth 32 axi al fo t he

crossing the air gap 3 m t nduces an rce o

radi al | y StgRdnicsthg erddpethsd ,Theél%nr@l!@mg thait gap Ihfest tosth 3bmdyees ame
magnet 3 dufa Fhrckith ﬂhBHQ&igllg frﬂegrn]f;eﬁg%%’lﬁltagrrxét% Wd%ﬁﬁ%heég@ﬁﬁ‘éﬁﬁ&n Bf

appreciated that 1nstea on 51t wo possi bl e

to have dhomsgpetskis aftheeppesitgipolanis tothseiheranagnpsd. biwillthe apprpstated thah

osci | | ati; thddlt 16 ; ' ' | . tes
an | osoi 1 [Arseel f bick ) it dhollttheqiflh fRRHBRSY hipk Sl lB el 6
stator sube pppasite sideseofthevaa ment provided the oscillation frequency is
close to the natural frequency of the nmechanical system This natural
frequency is deternined by the stiffness of the springs 13, 14 and nass of
the cylinder Ampscilatng cusentritecoidi landt2, mpt meeessanly sinusoidelyarsatessam

t o1 t (ot iaP€
i ondly rvmanhy iRt ediakis S Al wilEi e (EUiRghclE afl Slflr HpERNPT
The back tFleive movementpeevided ternsetlation frequeney isclossunttha ratured &requeanay
mount 17 ofthd maﬁﬁahﬁcﬁ%g.@t%ﬁ{. fhik %ahfrﬁ%’rﬁ%ﬂeh@f o @enﬁiﬂeg b RILERERS of the
enbodi nent 0 t he resént |1 nventi on, snhown n Il gure , .cu.rrent in coil
109, creapdsgally h£ ang anags| ofvibe pylindend andatpteme Thei aseillatingtfordenen the

stator 110, efsaﬁj,ha#eé(teg% YRkHoh ToRETh BR&tABP Hird 1 rmACHRSRath'6 HBANS 92P
112, then ters the

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.

In a single coil embodiment of the present invention, 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. Then it flows axially for a short distance before flowing radially
inwards across the magnet gap 112 and back into the outer tooth 116. In this motor the
entire magnet 122 has the same polarity in its radial magnetisation.

Control Strategy

Experiments have established that a free piston compressor is most 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, in the case of a refrigeration compressor, varies as
either evaporator or condenser pressure varies. The electronically commutated
permanent magnet motor already described, is controlled using techniques including
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back iron 115. Then it flows axially for a short distance before flow ng
radially 1inwards across the magnet gap 112 and back into the outer tooth
116. In two3mw363 the entire nagnet 122 has the same polPamiNzp2/0038t s
radi al magnetisation. Control Strategy Experinents have established that a
free piston conpressor is nost efficient when driven at the natural
frequency of the conpressor pi ston-sprng system However as well as any
deliberately provided netal spring, there is an inherent gas spring, the

ef fecti v gp &éﬁ%&ﬁeﬁ{ ﬁgtapﬁflcém%%kgeh@néé]ﬁ eféstforiéalBy dophrhi B & daidr@anent
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el ect  oraaghehmotas stssioseganinisenationalRetenige bR ooy VAMAL7 SRR tor s
oRP I
03/ o368 e ST O S B b P eant " < exper | ence

in electronically commutated permanent magnet notors as disclosed in

| nt t I tent

of uhi oh are THEB e EdaL R R oftol é%ﬁ?%%%@@& e ORgTpITL S poiiplen ent <

contr ol Iﬁﬂt'dmcwmpnesmdnpmt pwmmgm toa lewe mﬂ%@ﬁ bheexqupgen ph theRisiotessor
t t 11,

| npu pogﬁr E@Fgﬁ&ﬁlﬁ% ?h% f‘o‘iﬁémﬂ%ﬂﬁl}k@ﬁhﬁ&%@ F%hr@fl) V\Fheﬁ'tﬁis%cul(s

Figure 1 e colTirsron wt gure éq V\hen
thi s occ(ths firgttcolision §02);ﬂ1e|p1somrccm@pammpm@d 3R0 rSer@dw % thsd 300

Is T educF ﬂ ce@r%g o%ttx‘%d %lﬁe 968 ll@l@fﬁ%ﬁﬂﬁm&%e"tﬁ% Pt nd\ﬁ%ﬁqade

i npor t an ON "peri o per.i
306, betwﬁwnhnifpmodeéﬁ%ﬁ?ﬁ bemmmmémﬁmm@dtﬁhéemeﬁm% i’@i‘é are

han'  nobtigdsse bbGHBisHiO, THENARbEREd fiing S8 o HE ALY isshomal t e
peri ods thaa theddilf pdriod movrmgvﬁomaiseﬂleahqads3% fdthquigbl ath dably @?‘;%eé’i?nd
COlL! St ORaiE0d 4n ind Wohe Bt égagngm%ﬁ%e&uﬁf sk PLSSIS 310)eNt e the

hal f per¥ hen an uctiton in the’half period
times isprfteed eﬁbbﬂﬁnemqnfdh@mmntmvmmdhd alfpeneémeare monjored andso be
appreci ated the ent I r2a6&ed #f

appl i cat Wgﬁg anyggéggtbo&ﬁq%%ifﬁodsmﬁg%ﬁ (?é(gtggt&? Irtlllglg"c gﬁ)&ﬁﬁsor tolimt or
control tdspons@mxi mum magni t ude of reciprocation. For the present invention
to be applied the

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 change in the mechanical or electrical system which causes a change in the
electrical reciprocation period when a certain magnitude of reciprocation is reached.

In the preferred embodiment of the present invention, shown in Figure 4, back
EMF detection is used to detect the electrical period of reciprocation. As already
described the current controller 208 receives inputs from the compressor 210, the back
EMF detector 204 and the collision detector 206. While in the preferred embodiment
of the present invention the current controller 208, the back EMF detector 204 and the
collision detector 206 are implemented in software stored in the microprocessor 212,
they could equally be implemented in a single module or in discrete analogue circuitry.
The collision detector 206 receives the electrical period data from the back EMF
detector 204 allowing it to detect overshoot, or more specifically collision of the piston
with the cylinder. The current controller 208 adjusts the maximum current through the
duty cycle applied by the drive circuit 200 to the stator winding 202.
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systemrequires a restoring force eg: a spring systemor gravity, causing
reci procation, and sone change in the nechanical or electrical system

whi ch cauwevsasshinge in the electrical reciprocation pePCONZwER3a
certain magni tude of reciprocation is reached. In the preferred enbodi nent
of the present invention, shown in Figure 4, back EM detection is used to
detect the electrical period of reciprécation. As already described the
current controller 208 receives inputs fromthe conpressor 210, the back
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collision. Accordingly the variable B is preferably set at five successive cycles The

threshold difference value A is preferably set at 30 microseconds.

‘When a collision is detected (510, Figure 5), the current controller (208, Figure
4) decreases the current magnitude. The reductions to the current and thus input power
to the motor are reduced incrementally. Once the collisions stop, the current value is
allowed to slowly increase to its previous value over a period of time. Preferably the
period of time is approximately 1 hour. Alternatively the current will remain reduced
until the system variables change significantly. In one embodiment where the system in
WOO01/79671 is used as the main current controller algorithm, such a system change
might be monitored by a change in the ordered maximum current. In that case it would
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
supervisory role provides an improved volumetric efficiency over the prior art.
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nonitored for an abrupt reduction 508. Because of a signal noise caused for
various reasons it is not safe to consider one transient reduction as

i ndi cati WweO®B/oau3pd ston collision. Accordingly the vari ablreTBiZogogsgef er abl y
set at five successive cycles. The threshold difference value Ais
preferably set at 30 m croseconds. Wien a collision is detected (510,
Figure 5), the current controller (2089-+Figure 4) decreases the current
magni tude. The reductions to the current and thus input power to the notor
are redu?gfiglgﬁ,errent ally. Once the collisions stop, the current value is
al | oned 'y increase to its previous value over a period of tine.
Preferably the period of tinme is approximately 1 hour. Alternatively the

current will repaLn. ' em vari abl es change
signifi cinht I y.A ﬁ%‘E@hsret&gg%sgg?l}%é%{Sk%%@lﬁﬁgéSyst emin WOOL/ 79671 is used as

the mai n curramtylindet,rol | er al gorithm such a system change night be

noni tored by a ch[a ge in the ordered maxi mumcurrent. In that case it would
be in respons@ql%og’ change in frequency or evaporator tenperature. In the
preferred enbaidipisioh recipravabls withirosridcylinder, al gorithmwith the present

el 11 ency” ovaretioding ek LREHRlE R RibY OB Ry BRitha TR AL
PCT/ NZ02]d2983fe exdtationAWivdingl. A free piston gas conpressor conprising: a

cylinder, a piston,. sai d.piston reci Ikl 0 sal | j: r, a
r eci procat i ng PRSPt ‘3‘?%’&‘% é%ﬁ%atsﬁfé ‘gfe@%\?fg%)iﬁ)rlw@glg%ﬁlé%@tbgssgiﬂé&gl ston havi ng
at - | east oneneuistfat detactimgatynchangedn safdarecyisocationtgma, anshsure of the
reci procation _tine of said pisto i . i p, said
reci procation W?%,tgﬁﬁ u @%g&gﬁﬁ@fh%ﬂq? ﬁg(e’%%\%ir %\‘%ﬁg 1?2@%%?3& to
exci t at i afiy detedtethchange és pemipmcation ime. det ect ed change in reciprocation
time. 2. A free piston gas conpressor as clainmed in claim1l wherein said
motor is an electronically comutated permanent magnet DC notor. |

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 claim 1 and 2 further comprising
aback EMF detection means for sampling the back EMF induced in said at least
one excitation winding when exciting current is not flowing, and
zero crossing means connected to the output of said back EMF detection means
and means for determining the time interval between output pulses from said zero
crossing detection means to thereby determine the time of each half cycle of said

piston.

4. A free piston gas compressor as claimed in claim 3 wherein two successive half

cycles of said piston operation are summed to provide said reciprocation time.

S. A free piston gas compressor as claimed in anyone of claims 1 to 4 wherein said
means for detecting any change in said reciprocation time includes means to detect said
reciprocation time from a filtered or smoothed value, to provide a difference valve and
if said difference value is above a predetermined threshold for a predetermined period,
said means for adjusting the power is configured to reduce the power input to said

excitation winding.

6. A method of preventing overshoot of the reciprocating portion of a linear motor

comprising the steps:
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3. Afree piston gas conpressor as clainmed in claim1 and 2 further
conprising a back EMF detection neans for sanpling the back EMF i nduced in
said at |weIB/o40ne excitation wi nding when exciting curre®CTINZOZOE238 | OW NQ,
and zero crossing nmeans connected to the output of said back EMF detection
means and neans for determning the time interval between output pul ses
fromsaid zero crossing detection nmeals—to thereby deternine the tinme of
each half cycle of said piston. 4. A free piston gas conpressor as cl ai ned

inclaim3 \Aheé%hﬂlﬁﬂ%t@fee Sbatfor e ofGHid l%ﬁtg?f)cﬁﬁigdp@*ttﬂnpn operation are
summed to pI‘OVI e sal reci rocatlon tinme, e plston gas conpressor

as clai med i ndateting any changerig Sﬂldﬁﬁclprﬂ/ﬁ%t?‘%ma? means for detecting any
change in sai dqnefhPiae %‘\ﬁ%‘i‘ 1h€ﬁ? td REIdUERS TREMRE horedpé@Rt tosanyl detected

reci procation tinme Troma red or snoot hed value, to provide a

di fferent@luﬂﬂbnenwﬂiprqcﬂtl%hm% fference value is above a predeternined
threshold for a predeterm ned period, said means for adjusting the power
is configured to reduce the power, input to s; ,exmtaﬂ(gﬁvmndln 6 A

met hod of/' pr e\ﬁem@thﬁ)gl as\cdaigtedan chaim 6 avherin ge SFIPH‘@C OB CORPFFHga

not or SIBSTI TUTE SHEET (Rule 26) WO 03/ 044365
PCT/ NZOZ ﬁ%@%ﬁ%ﬁrwng the reciprocation time of said
reci procatl ng port ion, detecting any change in said reciprocation tine,

and adj ugting xf tpﬁﬂﬁf&"@é claiRbd it @15iR1s% bf We\@hereﬁf thd's'?e 8 dereinig amd

detected “reduction 1n reciprocation tine. ) s. cl ai rred in claim

6 wher ei recpicdation tlmeomatud¢g thesteped d@tﬁvbng#ﬁgcrqswega e, pTent 18 57
| near Mphaky afbtor wllP BRARG| i d2eeibiboalioh Hnd Rim AheNAkeiiftcrpldheiep of

determ ning sal reciprocation tine fncludes the step of detecting zero
crossi ngbetweenhe current in said |inear notor and determnining said
reciprocation time fromthe time interval there between. 9. A nethod as

clainmed in anyone of clainms 6 to 8 wherein said step,of detect%gq
9. A method as claimed in anyone of claims 6 to 8 whereln said step of detecting

any change in said reciprocation time includes the step of deducting said reciprocation
time from a filtered or smoothed value, to provide a difference valve and if said
difference value is above a predetermined threshold for a predetermined period,

reducing the power input to said linear motor.

10. A controller for a linear motor including an reciprocating portion, the
improvement comprising said controller in configured to:

determine the reciprocation time of said reciprocating portion,

detect any change in said reciprocation time, and

adjust the power input to said linear motor in response to any detected reduction

in reciprocation time.

11. A controller as claimed in claim 10 wherein said reciprocating portion comprises

the armature of a linear motor.

12. A controller as claimed in claims 10 and 11 wherein said step of determining
said reciprocation time includes the step of detecting zero crossings of the current ina
linear motor and determining said reciprocation time from the time interval there
between.

13. A controller as claimed in anyone of claims 10 to 12 wherein said step of
detecting any change in said reciprocation time includes the step of deducting said
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any change in said reciprocation time includes the step of deducting said
reciprocation tinme froma filtered or snoothed value, to provide a

di f f erencwowaloysemind if said difference value is above aPpred®/eras ned
threshold for a predeterm ned period, reducing the power input to said

| inear notor. 10. A controller for a linear notor including an

reci procating portion, the inprovenehﬂICbnprising said controller in
configured to: determne the reciprocation tine of said reciprocating
portion, re€igi®ation gmlu_s:ﬁaﬁg@ﬁlterala;r@mmhwmm,ito prdi\'rige a daﬁfekgnde; gaitfe bbb
power i nput .tq.sai i neat tor in,response t et ec reduction in
reci proc é??*ﬂa &&q@pceﬂe} ug‘ls(:%v'e& Rfsﬁet%ﬁ@ﬁa?%@@ﬁ%ﬂ %\P?ﬁdlfge%%?dé?eﬁogai d
recipr oc%aﬁ@ng)metli,mepﬁl@jm teedd linker moteat ure of a linear notor. 12. A
controller as clained in clains 10 and 11 wherein said step of determ ning
said reciprocation tine includes the step of detecting zero crossings of
the current in a linear notor and determ ning said reciprocation tinme from
the tine interval there between. 13. A controller as clainmed in anyone of
claims 10 to 12 wherein said step of detecting any change in said

reci procation tine includes the step of deducting said SUBSTI TUTE SHEET
(Rul e 26) WD 03/044365 PCT/ Nz02/ 00238 -11 reciprocation tinme froma
filtered or snoothed value, to provide a difference valve and if said
difference value is above a predeterm ned threshold for a predeterm ned
period, reducing the power input to said |inear notor. SUBSTI TUTE SHEET
(Rul e 26)
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