-1- LINEAR COMPRESSOR CONTROLLER FIELD OF INVENTION This
invention relates to a system of control for a free piston linear compressor
and in particular, but not solely, a refrigerator compressor. The control
system allow a high power mode of ogeration in which piston stroke is

maximised and collisions deliberately occur. PRIOR ART Linear
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and then to reduce motor power in response. Such a strategy can be used purely to prevent
compressor damage, when excess motor power occurs for any reason or, can be used as a
way of ensuring high volumetric efficiency by gradually increasing power until a collision
occurs and then decrementing power before gradually increasing power again.  The
periodic light piston collisions inherent in this mode of operation cause negligible damage
and can easily be tolerated.

US 6,536,326 discloses a system for detecting piston collisions in a linear
compressor which uses a vibration detector such as a microphone.

US 6,812,597 discloses a method and system for detecting piston collisions based
on the linear motor back EMF and therefore without the need for any sensors and their
associated cost. This uses the sudden change in period that has been found to occur on a
piston collision. Reciprocation period and/or half periods can be obtained from measuring
the time between zero-crossings of the back EMF induced in the motor stator windings.
The back EMF is a function of motor armature velocity and therefore piston velocity and
zero-crossings indicate the points when the piston changes direction during its

reciprocation cycles.



reciprocation cycles. -2- When it is desired deliberately to run the
compressor at maximum power and high volumetric efficiency it is very
important to ensure the collision detection system does not miss the
onset of collisions as they will be a regular and expected occurrence in
this mode of operation and successﬁ/ collisions with increasing power
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(d) when a piston collision is detected decrementing said input power; and

(e) continuously repeating steps (a) to (d).

In one embodiment of a method of the present invention, the linear compressor
includes a free piston reciprocating in a cylinder driven by an electric motor having a stator
with one or more excitation windings and an armature connected to said piston, further
including the step of:

supplying an alternating current to said stator winding to cause said armature and
piston to reciprocate,

wherein the step of gradually increasing input power comprises gradually
increasing the power input to said stator windings over many reciprocation periods, and

wherein the step of monitoring for piston collisions comprises obtaining an
indicative measure of the reciprocation period of said piston, and detecting any sudden
reduction of said indicative measure, said sudden reduction indicative of a piston collision
with the cylinder head.

In another embodiment of a method the present invention, the linear compressor
includes a free piston reciprocating in a cylinder driven by an electric motor having a stator
with one or more excitation windings and an armature connected to said piston, further

including the step of:



includes a free piston reciprocating in a cylinder driven by an electric

motor having a stator with one or more excitation windings and an

armature connected to said piston, further including the step of: -3-

supplying an alternating current to saig stator winding to cause said

armature and piston to reciprocate, wherein the step of gradually
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means to monitor for piston collisions; and

means for decrementing said input power when a piston collision is detected.

One embodiment of a linear compressor of the present invention includes:

a cylinder,

a piston,

said piston reciprocable within said cylinder,

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

means for obtaining an indicative measure of the reciprocation period of said
piston, wherein

the means to monitor for piston collisions comprises means for detecting any
sudden reduction in said indicative measure of the reciprocation period, said reduction
indicative of a piston collision with the cylinder head due to said perturbation signal, and

the means for decrementing said input power when a piston collision is detected
comprises means for reducing the power input to said excitation winding in response to
any sudden change in reciprocation period which is detected.

Another embodiment of a linear compressor of the present invention includes:

a cylinder,



the means for decrementing said input power when a piston collision is
detected comprises means for reducing the power input to said excitation
winding in response to any sudden change in reciprocation period which
is detected. Another embodiment of aJlinear compressor of the present

invention includes: a cylinder, -4- a piston, said piston reciprocable within

said cgli?der, a reciprocating linear electric motor coupled to said piston
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discontinuities indicative of a piston collision with the cylinder head due to said

perturbation signal, and
the means for decrementing said input power when a piston collision is detected
comprises means for reducing the power input to said excitation winding in response to

any back EMF slope discontinuity which is detected.

BRIEF DESCRIPTION OF THE DRAWINGS

One preferred form of the invention will now be described with reference to the
accompanying drawings in which;

Figure 1 is a longitudinal axial-section of a linear compressor controlled according
to the present invention,

Figure 2 shows a refrigerator control system in block diagram form,

Figure 3 shows a basic linear compressor control system using electronic
commutation with switching timed from compressor motor back EMF,

Figure 4 shows the control system of Figure 3 with piston collision avoidance
measures,

Figure 5 shows the control system of Figure 3 with collision control for high power
operation of the compressor,

Figure 6 shows the control system of Figure 5 including perturbation of the

compressor input power according to the present invention,



commutation with switching timed from compressor motor back EMF,

Figure 4 shows the control system of Figure 3 with piston collision

avoidance measures, Figure 5 shows the control system of Figure 3 with
collision control for high power opera_lt'%op of the compressor, Figure 6

shows the control system of Figure 5 including perturbation of the

compressay input power according to the present inyention, -5- Figure,.7
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uncompressed gases are drawn into the compressor during the intake stroke, are
compressed between a piston crown 14 and valve plate 5 on the compression stroke and
expelled through discharge valve 6 into a compressed gases manifold 7. Compressed
gases exit the manifold 7 to the outlet port 4 in the shell through a flexible tube 8. To
reduce the stiffness effect of discharge tube 8, the tube is preferably arranged as a loop or
spiral transverse to the reciprocating axis of the compressor. Intake to the compression
space may be through the head, suction manifold 13 and suction valve 29.

The illustrated linear compressor 1 has, broadly speaking, a cylinder part and a
piston part connected by a main spring. The cylinder part includes cylinder housing 10,
cylinder head 11, valve plate 5 and a cylinder 12. An end portion 18 of the cylinder part,
distal from the head 11, mounts the main spring relative to the cylinder part. The main
spring may be formed as a combination of coil spring 19 and flat spring 20 as shown in
Figure 1. The piston part includes a hollow piston 22 with sidewall 24 and crown 14.

The compressor electric motor is integrally formed with the compressor structure.
The cylinder part includes motor stator 15. A co-acting linear motor armature 17

connects to the piston through a rod 26 and a supporting body 30. The linear motor



The illustrated linear compressor 1 has, broadly speaking, a cylinder part

and a piston part connected by a main spring. The cylinder part includes

cylinder housing 10, cylinder head 11, valve plate 5 and a cylinder 12. An

end portion 18 of the cylinder part, distal from the head 11, mounts the

main spring relative to the cylinder part. The main spring may be formed

as a combination of coil spring 19 and flat spring 20 as shown in Figure 1..
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system for limiting maximum motor power to minimise piston cylinder head collisions
based on frequency and evaporator temperature.

Preferably but not necessarily the control system of the present invention operates
in conjunction with the control system disclosed in US 6,809,434,

To provide context for the linear compressor control system in the present
invention a basic control system for a refrigerator is shown in Figure 2. A refrigerator 101
incorporating an evaporator 102 and a compressor 103 is set by a user to operate at a
desired cabinet temperature through a control which produces a signal 104. This causes
compressor 103 to operate until the refrigerator cabinet temperature monitored by
temperature sensor 105 indicates the desired temperature setting has been attained and the
error signal 106 driving control amplifier 107 falls below a given threshold. At this point
compressor 103 is switched off. When the cabinet temperature exceeds a predetermined

threshold the magnitude of error signal 106 exceeds the predetermined value and the



Preferably but not necessarily the control system of the present invention
operates in conjunction with the control system disclosed in US
6,809,434. To provide context for the linear compressor control system in
the present invention a basic control system for a refrigerator is shown in
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the type

Reciprocations of the compressor piston and the frequency or period thereof are
detected by movement detector 109 which in the preferred embodiment comprises the
process of monitoring the back EMF induced in the compressor stator windings by the
reciprocating compressor armature and detecting the zero crossings of that back EMF
signal.  Switching algorithm 108 which provides microprocessor output signals for
controlling the power switch 107 has its switching times initiated from logic transitions in
the back EMF zero crossing signal 110. This ensures the reciprocating compressor peaks
maximum power efficiency. The compressor input power may be determined by
controlling either the current magnitude or current duration applied to the stator windings
by power switch 107. Pulse width modulation of the power switch may also be employed.

Figure 4 shows the basic compressor control system of Figure 3 enhanced by the

control technique disclosed in US 6,809,434 which minimises piston/cylinder collisions in



programmed to execute various functions or use tables to be described
which for the purposes of explanation are represented as blocks in the
block diagrams of Figures 3 to 5. Reciprocations of the compressor piston
and the frequency or period thereof arg detected by movement detector
109 which in the preferred embodimert comprises the process of
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114 which causes switching algorithm 108 to ramp up the power switch 107 current
magnitude or preferably ON time duration. Power is increased to P, + R every n cycles or
piston reciprocations with P, being the power allowed by the collision analyser (see below)
and R being a power increment which defines the ramp rate. In practice usually n = 1.
This ramping continues until a piston collision is detected. Collision detection process 117
is preferably determined from an analysis of the back EMF induced in the compressor
windings and the technique used may be either that disclosed in US 6,812,597, which
looks for sudden decreases in piston period (Figures 8(a) and 8(b) show graphs of piston
half-periods against time as mentioned below), or that disclosed in US 10/880,389 which
looks for discontinuities on the slope of the analogue back EMF signal.

Upon detection of a collision, power algorithm 116 causes a decremented value to

be input to comparator routine 114 to achieve a decrease of power. Power algorithm 116



Figure 4 control system, but with the inevitability of some piston collisions.
The control system of the present invention facilitates this mode as will
now be described. Referring to Figure 5 a power algorithm 116 is
employed which provides values to agﬁmother input to comparison routine
114 Power algorithm 116 slowly ramps up the compressor input power
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Desirably, but not necessarily the high power control methodology described is
used in conjunction with control for normal operation where collision avoidance is
employed as described with reference to Figure 4. A control system employing both
techniques is shown in Figure 9. Here the comparison routine 114 receives three inputs,
P, P and P,. In the system of Figure 9 input P, from power algorithm 116 may be
decremented by one or both of two collision detection processes 117 and 118. Process 117
looks for period change and process 118 looks for back EMF slope change as previously
mentioned.

With such a comprehensive control system the operation may be summarised by

tables | and 1l shown below.



one reciprocation to induce a collision if compressor power is such as to
nearly be causing peak piston displacements which result in collisions
with the cylinder valve gear. This low energy collision is detected and
compressor input power immediately E%d_uced by s.Rp where a might
typically be 20, thus making the proven decrement 20 times the
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uency and Evaporating Pt Avoidance Pres
porating temperature is closely correlated to
If at any time the back emf slope,S, exceeds the
reference value, Sr, then the power is reduced to
a minimal value, Pmin.

sure

Pmin

Definitions

Pr,
Pa, Pt

Rp
N
Q

Pmin

No of multiples of p

1,000,000

Power levels that are set by altering the commutation time

Power step that reduces the power level .

ower change, normally n=1

A preset minimum power, normally about 20W

No of cycles that must be collision free before Power is increased, normally p =

Table I - Logic for normal running of the compressor where collision avoidance

is the objective.




Collision reaction If a collision is detected power is decreased by Pt - Rp
or about Rp Pr - Rp C2 Frequent If there have been more than 1 collision
in the last Pt - nRp collisions p cycles then decrease power by n x Rp or
Pr- nRp C3 If there has been no collisjons in the last g cycles Pt - nRp +

AP No collisions then increase Powe

y P ( this can continue or Pr - nRp

+ recently until Power gets to its original value, Pt). AP D Safety net ( only
occurs for a severe collision If at any time the back emf slope,S, exceeds

the that is undetected rgference value, Sr, then the power is reduced to
Cp%&in hy PIEURHARIoN 4 minimal value, PRHST HRHOR on" algorithm) Output
A Defirftions Pr, Power l¢\elpthapaver sat lyealt@ningith e @orhenyiatean time
Pa, RtNRpRbWeTRGep thagdethicey the pevigardyelPrNaNd dfemrgvipligshof
powdr change, normally H'VEIPNBESF LIRS IERSHUSEbe collision free
B before Power is increasedppormally Pg.d QORLOQ LB A PEESELy
minimum power, normglly afaeidt 260 nf aied tHeqai@dplsnAcRRalduRN|Ng of
the cpHBIESEEY where ¢eltisiorpavoitianyeleitheabieativeor LANIGASE,. , n o
Situaltion Description OLitUECASOUtBIRPORET is the minimum, of the| pa + Rp
p@axgr Normal running ffequired by the refrigerator, Pr, and the power Pr
. o oD 4 g ) by
allowegddnyithedagllision Ar%??*b’gf) Pas BaEFPS MAVehdn PRATRASHS Pa - S*Rp
increpsed to Pa + R eveﬁp
B2 If there have been more than 1 collision in the last
Frequent collisions | p cycles then decrease R by SR ( this can continue | Pa + R - R
until R becomes a large negative number).
B3 No collisions If there has been no collisions in the last q cycles
then increase R by AR ( this can continue until R | Pa+ R + AR
recently ; .
gets to its original value).
c Safety net (only
occurs for a SEVETE | ¢ at any time the back emf slope, S, exceeds the
collision that is : .
reference value, Sr, then the power is reduced to a | Pmin
undetected by the L .
oo .+ | minimal value, Pmin.
collision detection
algorithm)
Definitions
Pr, Pa | Power levels that are set by altering the commutation time
R Power increment that defines the "Ramp Rate"
Rp Power step that perturbates the power level to force a minor collision when
the pump is running near its maximum stroke.
M No of cycles between each perturbation, normally m = 100
s Multiple that determines the power decrement after a collision, normally s=20
p No of cycles that must be collision free before R is increased, normally p = 1,000,000
o} No of cycles during the collision count, normally g = 10,000
Pmin A preset minimum power, normally about 20W

Table Il - Logic for high power running where low energy collisions are inherent.




High Power n cycles. After m cycles the power is increased to Pa + Rp for
one cycle to produce a minor collision Pa + R or if a collision is imminent.
Pa + Rip B1 Collision reaction If a collision is detected power is decreased
by Pa - s*Rp about s*Rp B2 If there ve been more than 1 collision in
the last Frequent collisions p cycles t n decrease R by SR (thls can

liy?’ %r%gleyétﬁ%_ggclﬁ n (!%t?ﬁ ecomes ﬁhlar e ne %thEd’]H aﬁ%rtalnment

there 2bn q cycle y cofiGions
of ammm&mﬁs@mt(pisterceermﬂmmcwmmnmR,BARSQJBtMetﬂnm@nhal
value). C Sa&eftly onI Rg&urilfor a %e\é%rse:rl[)a(t] any time the back emf

techrigque derive
?% excee e co iS08 that 18 réterances value, Sr, then the power

is re'ﬁh&:qaﬂrioch(ﬁrthe amdlatmgetilsttyrttﬁznnnnaéé gl Lo, timihalf quefisids between

botflletec 'Oan gRram, n'tdoréﬁritlfr[a’ I?easp erléllevtel tha&t%tessﬁceséve Qr even
erlng ST AL taf? Gwermcrement th Ihest

altdRate" R Benmtsamttmmvmuatbatee tradf ppewed Iewnmcforsteoaewuhten the plston

lisi nn [ g
noSBU SRR Y50 HE RUAALAN 53 T MEY AR AR Yoo
str(ﬂ@twlnamtte metmwewehemwmémttm‘tmad ccﬂllsiber,, hecauatya stn:@armcmpmssor will

ony SRR AR AU Re LRI (SR BelAR B SdosmRsatonauuall Agscant i

cycC uring e coll n COUI’] normal
dlsehangeA/wmeearts rttrrteait)paiv\ren,lsemhtallseatrat& ﬂ@werlatile mesuogncotttt and even

cyclégh ?Rﬁ\éeirnr%nmgf&‘t&rﬁtgt%ﬁQﬁ‘rg%tgﬂllt:%ﬁﬁ?oﬁr&etggﬁeﬁq‘tou'tlﬁériods are stored
and monitored; compression and expansion for the even cycles, plus compression and
expansion for the odd cycles. Preferably a sudden change in either of the two shorter half
cycles (compression strokes) is assumed in this method to indicate a piston collision. In
Figure 8(b) typical even short cycle periods are shown whereas Figure 8(a) shows typical
even expansion stroke half periods.

The process used in the preferred collision detection algorithm 117 is to store the
back EMF zero crossing time intervals from detector 109 for the four half periods
mentioned above as an exponentially weighted moving average (ewma) to give a
smoothed or filtered value for each of the first and second half periods of the odd and even
cycles. Preferably, an infinite impulse response (IIR) filter is used with weightings such
that the outputted latest estimate of half period time is /5 of the last value + /g of the
previous estimates. These estimates are continually compared with the detected period of
the most recent corresponding half cycle and the comparison monitored for an abrupt
reduction. If the difference exceeds an amount “A”, algorithm 117 implies a collision. A
value for the threshold difference “A” may be 20 microseconds. Other thresholds could be
used, especially if the perturbation impulse energy is different from that resulting from a
100us ON time.

When a collision is detected the ON time of power switch 107 is reduced by (see
for example transition D in Figure 8(c)) to stop further collisions. In one embodiment the
ON period is reduced by 51.2 ps to produce the previously mentioned s.R, decrement.
Once the collisions stop, the ON time of power switch 107 is allowed to slowly increase to

its previous value over a period of time (see the ramp function R in Figure 8(c)). A value



Preferably the collision detection algorithm is one derived from the
ascertainment of a sudden decrease in piston period as disclosed in US
6,812,597. An enhanced technique derived from this method will now be
described. The period of the oscillati_ng3p_iston 22 is made up of two half
periods between bottom dead centre’and top dead centre respectively,
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crossing time intervals from detector 109 for the four half periods

mentioned above as an exponentially weighted moving average (ewma) to

give a smoothed or filtered value for each of the first and second half

periods of the odd and even cycles. Preferably, an infinite impulse

response (lIR) filter is used with weightings such that the outputted latest

estimate of half period time is 1/8 of the last value + 7/8 of the previous

estimates. These estimates are continually compared with the detected

period of the most recent corresponding half cycle and the comparison

monitored for an abrupt reduction. If the difference exceeds an amount

"A", algorithm 117 implies a collision. A value for the threshold difference

"A" may be 20 microseconds. Other thresholds could be used, especially

if the perturbation impulse energy is different from that resulting from a

100s ON time. When a collision is detected the ON time of power switch

107 is reduced by (see for example transition D in Figure 8(c)) to stop

further collisions. In one embodiment the ON period is reduced by 51.2 s

to produce the previously mentioned s.Rp decrement.



Once the collisions stop, the ON time of power switch 107 is allowed to
slowly increase to its previous value over a period of time (see the ramp
function R in Figure 8(c)). A value - 13 for the period of time for
satisfactory operation may be apprommately 1 hour. Of course, power
control may be achieved by controlling current magnitude or by pulse

C A@? modulatlon to achieve the same effect as that described. This is the
lh ower mode of Table II. Alternatively the ON time will remain
reduced until the system variables change significantly. In one
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is perfatreedipethediicab. compressor includes a free piston reciprocating in a
cylinder driven by an electric motor having a stator with one or more
excitation windings and an armature connected to said piston, further

3. inclulimptived sesprainguiopblng dn alteraititeecdineat koswitkssatdncludes a free
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step of graduafly increasing input power comprises gra
more excitation windings and an armature connected to said piston, further including the

step of:

supplying an alternating current to said stator winding to cause said
armature and piston to reciprocate,

wherein the step of gradually increasing input power comprises gradually
increasing the power input to said stator windings over many reciprocation periods, and

wherein the step of monitoring for piston collisions comprises obtaining an
indicative measure of the reciprocation period of said piston, and detecting any sudden
reduction of said indicative measure, said sudden reduction indicative of a piston collision

with the cylinder head.

4. A method according to claim 1, wherein the linear compressor includes a free
piston reciprocating in a cylinder driven by an electric motor having a stator with one or
more excitation windings and an armature connected to said piston further including the
step of:

supplying an alternating current to said stator winding to cause said armature and

piston to reciprocate,



increasing the power input to said stator windings over many reciprocation
periods, and wherein the step of monitoring for piston collisions
comprises obtaining an indicative measure of the reciprocation period of
said piston, and detecting any sudden reduction of said indicative
measure, said sudden reduction indi‘crg ive of a piston collision with the

cylinder head, 4. ddmethogascording o.daim 4 wherein e dnedteee cradual
compressor inclugdes ared és 0 rec(fp?oca%ng h'a ﬁmcfer an en%y 8K y
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detecting discontinuities in said waveform slope, said discontinuities
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linear compressor characterized by: means adually increase input
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oSN e e E b
winding, and means for obtaining an indicative measure of the

6. reCiWQFﬁi&@tBﬁﬁggc%fﬁ&i&sor according to claim 5, including:

a cylinder,

a piston,

said piston reciprocable within said cylinder,

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

means for obtaining an indicative measure of the reciprocation period of said
piston, wherein

the means to monitor for piston collisions comprises means for detecting any
sudden reduction in said indicative measure of the reciprocation period, said reduction
indicative of a piston collision with the cylinder head due to said perturbation signal, and

the means for decrementing said input power when a piston collision is detected
comprises means for reducing the power input to said excitation winding in response to

any sudden change in reciprocation period which is detected.

7. A free piston gas compressor according to claim 6 wherein said motor is an

electronically commutated permanent magnet DC motor.



piston, wherein the means to monitor for piston collisions comprises
means for detecting any sudden reduction in said indicative measure of
the reciprocation period, said reduction indicative of a piston collision with
the cylinder head due to said perturkgagg)_n signal, and the means for
decrementing said input power when a piston collision is detected
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in respoﬁseolg an% QudaN ¢ gngae iR Fe&brocation perloé Whlclq IS
mealetefoteohtdinniyes pstmatgas roempre ssaecipcocdiing pedaint@whisesiback EMF
said motor is.an _electronicall utated permanent magnet DC motor.. .
e e B PG e R e A e g i incing
whevhereitirsgidumeaans fot otbddaiimgg zenandlicssivg detesioe ofessipovaobed to the
outBl '0f! COMPLES e%ﬁ’/ﬁf‘é{e é\{':ﬁorﬁj‘?ﬁ%ﬁ%:ﬁémah“ae Jrrh%rwf@rrﬁs‘amn?“voﬁiéﬁed&%?k Y 'Ehe time
nduced In said at least one excitation winding when exciting current Is
intargalfl betimesrz eenoecosssing d et dbimbyndetasdoarnbetacheodheadutmlt of/cle of the
id.hac k- detection means, and timing means which determine the
reCfP?nOeC ﬁé(r(\)ll%a’?%glﬁge?gﬁ'zero-crossings to thereby determine the time of
each half cycle of the reciprocation of said piston. 9. A free piston gas
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det@?ﬁlines the power input to the motor by controlling the ON time of said switching

device during said reciprocation period.

11. A free piston gas compressor according to claim 10 wherein said perturbating
means causes said controlling means to increase the ON time of said switching device by a
predetermined transient amount at periodic intervals equal to a multiple of the

reciprocation period.

12. A refrigerator comprising a free piston gas compressor according to any one of
claims 8 to 11 and an evaporator, said compressor including reciprocation frequency
determining means associated with said timing means and a temperature sensor which
senses the temperature at the evaporator wherein maximum compressor input power is

determined as a function of frequency and evaporator temperature.



reciprocation period. 12. A refrigerator comprising a free piston gas
compressor according to any one of claims 8 to 11 and an evaporator,
said compressor including reciprocation frequency determining means
associated with said timing means ang_a temperature sensor which
senses the temperature at the evaporator wherein maximum compressor
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means for detecting discontinuities in said waveform slope, said discontinuities
indicative of a piston collision with the cylinder head, and
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