-1- LI NEAR COVPRESSOR CONTROLLER FI ELD OF | NVENTI ON
This invention relates to a systemof control for a
free piston linear conpressor and in particular, but
not solely, a refrigerator conpressor. The contro
systemal | ow a high power nmgde of operation in which
pi ston stroke is maxi m sed and col lisions deliberately
occur. PRI OR ART Linear conpressors operate on a free
pi ston basis and require close control of _stroke
anpl i tude si nclel}“%ﬁi%wmwamma%%
conpressors enploying a crank shaft, stroke anplitude
is not fixed. The application of excess notor power
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powepmode rof wperfatiom én whichi njetpm ntrokenis enaxigised end cobisions deliberately
However in |linear conpressors it is useful to be able
Ot det ect an act ual piston collision and then to
reduce notor power in response. Such a strategy can be
used purely to prevent conpressor danmage, when excess
PREOBARDBwer occurs for any reason or, can be used as a
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cylinder irswhith if leciprdcareear conpressor which uses a

vi bration detector such as a m ¢rophone. US 6,812,597 = . .
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therefore wi thout the need for any sensors andtheir o
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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.
When it is desired deliberately to run the conpressor
at maxi mum power and high volunetric efficiency it is
very inportant to ensure thescollision detection
system does not mss the onset of collisions as they
will be a regular and expected occurrence in this node

of operation and,successive collisions wth ipcreasinag. i
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power function of step (a) by superinposing periodic

transi ent increases in.power; (c) nonitoring for
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(e) continuously repeating steps (a) to (d).

In a further aspect the invention consists in a method of controlling a linear
compressor which 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 comprising the steps of:

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

(b) obtaining an indicative measure of the reciprocation period of said piston,

(c)  detecting any sudden reduction of said indicative measure, said sudden
reduction indicative of a piston collision with the cylinder head,

(d) gradually increasing the power input to said stator windings over many

reciprocation periods,



(e) perturbating the gradually increasing stator power

by periodic transient increases in power, (fl

reduci ng the power input to said stator w ndings on

detecti ng any sudden decrease in piston period, and

(g) cyclically repeating steps (d) to (f). In yet a

further aspect the invention consists in a nethod of

controlling a |inear conpressor which includes a free

pi ston reciprogating in cylinder driven by an | )
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(e) detecting discontinuities in said waveform slope, said discontinuities
indicative of a piston collision with the cylinder head,

(£ gradually increasing the power input to said stator windings over many
reciprocation periods,

(g)  perturbating the gradually increasing stator power by periodic transient
increases in power,

(h) reducing the power input to said stator windings on detecting any back
EMEF slope discontinuity, and

(@ cyclically repeating steps (d) to (f).

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



excitation wi nding, -4 neans for obtaining an

i ndi cative nmeasure of the reciprocation period of said

pi ston, means setting the power input to said notor,

means for controlling said power setting nmeans to

gradual Iy increase the power 4_input to said notor

means for perturbating said gradually increasing

transi ent power increases, means for detecting any

sudden reduciion in said reciprocation per.iod, said, X
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pistdl,i nder head due to said perturbation signal, and

neans for reducing the power input to said excitation

W naieags sattingthp pnwer mput tdestidondéton of any sudden change

in reciprocation.period. In a.further, aspect.the
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reci procable within said cylinder, a reciprocating
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~monitoring the slope of the back EMF waveformin the
signplepd ty of said zero-crossings, means for detecting
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to said notor, neans for control|ing said power
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cofnﬁrisciﬂ%:d nmotor, neans for perturbating said gradually
I hcreasi ng transi ent power increases, nmeans for
det ecylimdprsai d i ndicative of a piston collision with
the cylinder head due
a piston, -
said piston reciprocable within said cylinder,
a reciprocating linear electric motor coupled to said piston and having at least one
excitation winding,
means for monitoring the motor back EMF,
means for detecting zero-crossings of said motor back EMF,
means for monitoring the slope of the back EMF waveform in the vicinity of said
Zero-crossings,
- means for detecting discontinuities in said  waveform slope, said discontinuities
indicative of a piston collision with the cylinder head,
means for setting the power input to said motor,
means for controlling said power setting means to gradually increase the power

input to said motor,
- means for perturbating said gradually increasing transient power increases,
means for detecting said indicative of a piston collision with the cylinder head due
to said perturbation signal, and
means for reducing the powér input to said excitation winding in response to

detection of any back EMF slope discontinuity.



to said perturbation signal, and neans for reducing
the power input to said excitation winding in response
to detection of any back EMF sl ope discontinuity. -5
To those skilled in the art to which the invention

rel ates, many changes in construction and w dely
differing enbodi nents and applications of the

i nvention wll suggest t hensel ves wi t hout departing

fro e sc he i nvent.ion as defined in the
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according to thé present invention, Figure 2 shows a

refrigerator control system.in bl ock di agram form
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avoi dance neasures, Fi qure 5 shows the control system
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of El@we & iga Jgnaiudisrl adalgecticomeiradiineap eomprgksop sowtrolled according
he conpressor, Figure 6 shows the
to ﬁ%ﬁ:&r +1t1ﬂvé3 tIé)sr‘r‘i of Figure 5 including perturbation of
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oparporPERthERREDIeEIBODI VENTS The present invention
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COMPIesser 1nput power according to the present invention,

Figure 7 shows a circuit for commutating current to the compressor windings, and

Figure 8 shows a graph indicative of compressor power input illustrating the
perturbated ramp function high power mode (and corresponding piston collisions), |
together with corresponding piston expansion and compression half cycle periods, and

Figure 9 shows a linear compressor control system incorporating all of the control

features of Figures 3 to 6.

DESCRIPTION OF THE PREFERRED EMBODIMENTS
The present invention relates to controlling a free piston reciprocating compressor
powered by a linear electric motor. A typical, but not exclusive, application would be in a

- refrigerator.



powered by a linear electric notor. A typical, but not
excl usive, application would be in a refrigerator. -6
By way of exanple only and to provide context a free
pi ston |inear conpressor which may be controlled in
accordance with the present gnvention is shown in
Figure 1. A conpressor for a vapour conpression
refrigeration systemincludes a |linear conpressor 1

supported inside a shell 2. Typically the housi 21is
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reciprbdation cifl thatmston within the cylinder liner. An end portion 32 of armature
support 30, distal from the piston 22, is connected with the main spring.

The linear compressor 1 is mounted within the shell 2 on a plurality of suspension
springs to isolate it from the shell. In use the linear compressor cylinder part will oscillate
but because the piston part is made very light compared to the cylinder part the oscillation
of the cylinder part is small compared with the relative reciprocation between the piston

part and cylinder part.



but because the piston part is made very I|ight
conpared to the cylinder part the oscillation of the
cylinder part is snmall conpared with the relative

reci procati on between the piston part and cylinder
part. -7 An alternating current in stator w ndings 33,
not necessarily sinusoidal, creates an oscillating
force on armature magnets 17 to give the armature and
stator substantial . relativ _noﬁgnent provi ded t
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in refrigerators.

The control system of the present invention resides within the conventional loop
described with reference to Figure 2. It receives as an input the output signal from
amplifier 107 and controls the compressor 103 which in the present invention will be a free
piston linear compressor.

The control system of the present invention operates in conjunction with the basic

motor control system of Figure 3 and preferably, although not necessarily with the system

of Figure 4. Referring to Figure 3, linear compressor 103A, which may be of the type



anplifier 107 and controls the conmpressor 103 which in
the present invention will be a free piston |inear
conpressor. The control system of the present

i nvention operates in conjunction wth the basic

motor control system of Figuge 3 and preferably,

al t hough not necessarily with the system of Figure 4.
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ten?poera rre.b a(%&tgutopl lpi'rcsntnoa% I:Ja%gr%%g%gmgeggtu%/ 9e?1gcgraits oarpplied to one of the
lmicroprocessor inputs and piston frequency is determined by a frequency routine 112
which times the time between zero crossings in back EMF signal 110. Both the
determined frequency and measured evaporator temperature are used to select a maximum
power from a maximum power lookup table 113 which sets a maximum allowable power
P, for a comparator routine 114. Comparator routine 114 receives as a second input value

106 representing the power demand (Py) required from the overall refrigerator control. The



tenperature. Qutput 111 from an evaporator tenperature
sensor is applied to one of the mcroprocessor inputs
and piston frequency is determ ned by a frequency
routine 112 which tines the tinme between zero
crossings in back EMF signal ¢110. Both the determ ned
frequency and neasured evaporator tenperature are used
to select a maxi mum power from a nmaxi mum power | ookup

table 113 whjch sets.a nmaxinum al | owap] e power Pt for
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the%%%!ii%gsﬁjo%vlg%%pslz IIYIIJ: thseI rI]I'lapll‘éSSOI input power until another collision is detected
and the process is repeated. '

In order to maximisc the probability of detecting the first collision due to
increasing peak piston excursions (as continued collisions at what will be increasing power
may cause damage) the effective power ramping signal provided by power algorithm 116
is periodically pulsed every m cycles by a perturbation algerithm 119 (see Figure 6) with

an increase (Ry) in power for a very short duration. A typical valve of m might be 100. In



Upon detection of a collision, power algorithm 116
causes a decrenented value to be input to conparator
routine 114 to achi eve a decrease of power. Power
algorithm 116 then again slowy ranps up the
conpressor input power untilj@nother collision is
detected and the process is repeated. In order to
maxi m se t he probab|I|ty of detecting the first
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| ooks for period change and process 118 | ooks for back
EMF sl ope change as previously nentioned. Wth such a
conpr ehensi ve control systemthe operation may be
summari sed by tables | and 11 shown bel ow. -11

CaseSi tuationDescri pti onCut put A Qutput power is the

m ni mum of ; Nornmal runningl- the power required by the
refrigerator, Pr,Pr 2 -the power allowed by the
Collision Table, pt or 3- the power allowed by the
Col li sion detector, Pa. BIf-Pt-> Pt then power is held
at Pt. Wiere Pt is a function Collisionof Running

Frequency and Evaporating Pressure (orPt

Avoi dancet enper at ur e,

as evaporating tenperature

is

closelly correlategd to pressure) Cl Collision
r ©asa | opnBHuafion| |licion is dptgﬁﬁﬂpﬂlﬁﬂ\/\pr i s decrdasSytput
6y about RpPt - Rmugit PrpolP Ci Fr eguent bbb herg. jhave
been &%mgﬂ%n 1 [ciol the spover irequirdde bl asé  Rberatorn R, ;
col i $10ONSCyCles [tZhdre phwer slgwe E)owert_:o%%onnTableRﬁbpr B -
nRp CPNo col | i si oisif PevRiAener B perlifionisteeen 4 si onfs i n
e ST d CycCleS iiiieBithenpolErid hdld APt WBEE Blis ¥uRtedngase
Power | bylisoP ( t hi [Sf Gaming (irdguentie andniviaporditeresstre Ror (-, NRP
+ get $Avoglaices or i gwpa'latUKPalaaee,vaﬁota)'ngdamm¢r9ttgl Clesaly (
onlyv _occurs for cangl re) g i the
bacE1enf_sIope,S, exceeds the that is Pt -Rp or
undet ¢EPERR BREPE ndia oplhion & deteried PPYRE i§ IP4RISHISNAIOUGRS | pr - Rp
reduce¢d to aPmn [by the "collisionmniml value, [Pm n.
det &€ I:rgéhental gori th‘htHQre have been more than 1 collision in the last p | Pt ~ nRp
collisions cycles then decrease power by n x Rp or Pr—nRp
c3 N llision If there has been no collisions in the last q cycles then | Pt - nRp + AP
° " CONISIONS [ increase Power by OP ( this can continue until Power | or Pr-nRp +
recently 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 | reference value, Sr, then the power is reduced to a | Pmin
by the "collision | minimal value, Pmin.
detection"
algorithm)
Definitions
Etr Pa, Power levels that are set by altering the commutation time
Rp Power step that reduces the power level .
N No of multiples of power change, normally n =1
Q No of cycles that must be collision free before Power is increased, normally p = 1,000,000
Pmin A preset minimum power, normally about 20W

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

the objective.




Definitions Pr,

Pa,

Pt Ro N Q Pmn Power

| evel s

that are set by altering the commutation tine Power

step that
power change,
collision free before Power
1,000,000 A preset m ni nrum power,
Logic for
where col li sion avoi dance
CaseSi tuati onDescri pti onCut
m ni mum of the power
refrigerator

Tabl e |

Col I'i si

Pr,
on Anal yser,

reduces the power
normal ly n

| evel
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normal | y about

is

requi red by Nor nal

Pa. BIf Pr > Pa then power is

. No of multiples of
1 No of cycles that nust be
normally p

20W

normal running of the conpressor
is the objective. -12
Pt AQutput power is the
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YWY B2 decr eased by about

on
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B1
B2

B3

s Rp B2If
Qbh AdRet N

Collision reaction

Frequent collisions

No collisions

recently

[ & -EpNRMBIRE RNndlER td PANREvery n
a‘sﬁlespAfter m cycles the power is increased to Pa +

Rp for one cycle to produce a minor collision if a
collision is imminent. ‘

If a collision is detected power is decreased by about
s*Rp

If there have been more than 1 coliision in the last p
cycles then decrease R by &R ( this can continue until
R becomes a large negative number).

If there has been no collisions in the last q cycles then
increase R by AR { this can continue until R gets to its
original value).

Pa+R
Pa+ Rp

or

Pa-s*Rp

Pa+R-8R

Pa+R + AR

Safety net {(only
occurs for a severe
collision that is
undetected by the
"collision detection”
algorithm)

i at any time the back emf slope, S, exceeds the
reference value, Sr, then the power is reduced to a
minimal value, Pmin.

Pmin

Definitions

Pr, Pa

=

o T ®

min

Power levels that are set by altering the commutation time

Power increment that defines the "Ramp Rate"

Power step that perturbates the power level to force a minor collision when
the pump is running near its maximum stroke.

No of cycles between each perturbation, normally m = 100

Muitiple that determines the power decrement after a collision, normally s=20
No of cycles that must be collision free before R is increased, normally p = 1,000,000
No of cycles during the collision count, normally q = 10,000

A preset minimum power, normally about 20W

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




Frequent collisionscycles then decrease Rby SR ( this

can continue untilPa + R- SR R becones a | arge

negative nunber). B3No collisionslf-there has been no
collisions in the last g cycles then recentlyincrease

R by AR ( this can continue-uhtil R gets to itsPa +

R+AR original value). C Safety net (only occurs for a
severe If at any tine the back enf slope, S, exceeds

the collision that is undetected by thereference

value, Sr, then the power is reduced to aPm n

" coPrefsiably Wetcellisionrdetsctiomalgoitinués ofnddtived fom the ascertainment

' i ¢ ] : . M P
of Bostideh ka8 NPPL Bertd 35 palesPhry VRS SERARA atbreabanced

techhigie dENWEITrond EHieARINod IR hoWale da6Sidelle " Ramp Rat e
Power step that perturbates the power level to force a

ni ndhe PeTipd of e ovedllating ipésltcpmaag i$ snadeimpi crf%wrmeladlf bérfods between
[ ke., No of .cycles between each . )
bofffH (T RS Bl OR ey RS Foperiivariphe poier sucoessive or cven

altatsite halfpefiod e ROMBTCHERE! $AB AkIF LS e)gpaﬁ%+ :s&!)l%“wh?nr the piston

normal |y s=20 No of cycles that "nust be collision
MOKes AWaY Rom thenbeada@elye platenml Isylopger thar0@@, RQD period compression

stroke when the piston moves towards the head. Further, because a linear compressor will
often run with different periods in consecutive cycles (this becomes very Signiﬁcant if the
discharge valve starts to leak), it is useful to separate the period times into odd and even
cycles. Thus in the preferred method of piston collision detection four periods 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
FigureIS(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 tol 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 '/ of the last value + /3 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
réduction. 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 us to produce the previously mentioned s.R, decrement.




No of cycles during the collision count, normally q =
10,000 A preset m ni mum power, normally about 20W
Table Il - Logic for high power running where | ow
energy collisions are inherent. -13 Preferably the
collision detection algorithmis one derived fromthe
ascertai nnent of a sudden decrease in piston period
as disclosed in US 6,812,597. An enhanced technique
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Fi gure 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 tine intervals from detector
109 for the four half periods nentioned above as an
exponential ly wei ghted noving average (ewm) to give a
snoot hed or filtered value for each of the first and
second half periods of the odd and even cycles.
Preferably, an infinite inpul se response (IIR) filter
is used with weightings such that the outputted

| atest estinate of half period tine is 1/8 of the |ast
value + 7/8 of the previous estimtes. These
estimates are continually conpared with the detected
period of the nobst recent corresponding half cycle
and the conparison nonitored for an abrupt reduction.
If the difference exceeds an anmount "A", algorithm 117
inmplies a collision. A value for the threshold
difference "A" may be 20 m croseconds. O her
threshol ds could be wused, especially if the
perturbation inpulse energy is different fromthat
resulting froma :



100s ON tinme. Wen a collision is detected the ON tine
of power switch 107 is reduced by (see for exanple
transition Din Figure 8(c)) to stop further
collisions. In one enbodinent the ON period is
reduced by 51.2 is to producgsthe previously nentioned
s.Rp decrenent. -14 Once the collisions stop, the ON
time of power switch 107 is allowed to slowy increase
“&ﬁﬁﬁkﬁﬁﬁﬁggﬁhqé? val ue over a period of time (see the
*in Figure 8(c)). A value for the
period of time for satisfactory operation nay be

approximately 1 hour. O course, power control nmay be
1. ac hifewmgthody ! corfralbing & fige-pistanditeaneqyriresseecampripingsul se
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the system vari abl es change significantly. In one
enbodi meMANBRIIBCIERRES IBOYEM i n US 6, 809, 434 is used

~as the I N.cur t . . al.gorithm such a system
char@e &?@{%ﬂ%ﬁgé?}% |1§§1$é@ﬁ%}30/§4a change in the ordered

maxi(@um Gilehed pistdnncdliigibn Gadetetted imanddihtdde detrefiREMONSSd input
to a change in frequency or evaporator tenperature. In
t he pref ®PW8H adnbhodi ment t he combi nation of that
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provi‘di ng a supervisor € gl ves an inproved
volunetric efficiency over the prior art. -15 WHAT WE

CLAIM | S met hod of controlling a fyee-piston )
2. K n@arm%ﬂ%rés gQ}}troilg}gp,ai PERS: cor@ax)egsgf a‘ﬂﬁﬂﬁﬁl 1§lcludes a free piston
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perturbatin e power Tfunction step (a) by

exsitgpion iwipdisgnapdpmranadiuce cammasted Bndaid pistor aswprising fevwéaps of:
(c) nitoring for pisten collisions.. (d) when.a .
L T Ee S oRed SRnrimit oo R iy cpyee seid

arfBafd dndRikiton PQBEIpiocaled (C) continuously repeating
steps (a) to (d).. 2, A nethod of controlling a |inear .
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reciprocation pertods, :

(e) perturbating the gradually increasing stator power by periodic transient
increases in power,

(D reducing the power input to said stator windings on detecting any sudden
decrease in piston period, and

(2 cyclically repeating steps (d) to ().

3. A method of controlling a linear compressor which 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 comprising the steps of:

(a) supplying an alternating current to said stator winding to cause said

armature and piston to reciprocate,



armature and piston to reciprocate, (b) (c) obtaining

an indicative neasure of the reciprocation period of

said piston, detecting any sudden reduction of said

i ndi cative neasure, said sudden reduction indicative

of a piston collision with tfg_cylinder head, (d)

gradual l'y increasing the power input to said stator

wi ndi ngs over many reciprocation periods, (e)

perturbating the _.gradual |y dncreasing stator power by
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t he (poverdefebipt zdr&- cRRbidgPé BRI mYonBadkasMen detecting
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4. Afree piston gas compressor comprising:
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,
means for obtaining an indicative measure of the reciprocation period of said
piston,
means setting the power input to said motor,
means for controlling said power setting means to gradually increase the power
input to said motor,
means for perturbating said gradually increasing power input with transient
increases in power,
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

means for reducing the power input to said excitation winding in response to

detection of any sudden change in reciprocation period.



EMF sl ope discontinuity, and (i) cyclically repeating
steps (d) to (f). 4. A free piston gas conpressor
conprising: a cylinder, a piston, said piston
reci procable within said cylinder, a reciprocating
|inear electric notor couplegybto said piston and
having at | east one excitation w nding, neans for
obtai ning an indicative nmeasure of the reciprocation
period of said piston, nmeans setting the power input
to said notor, neans for controlling said power
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power, neans for detecting any sudden reduction in
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means to determine if said difference value is above a predetermined threshold for a

predetermined pertod.

8. A free piston gas compressor according to any one of claims 4 to 7 wherein said
power setting means is a power switching device and said means for controlling
determines the power input to the motor by controlling the ON time of said switching

device during said reciprocation period.

0. A free piston gas compressor according to claim 8 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.

10. A refrigerator comprising a free piston gas compressor according to any one of

claims 6 to 9 and an evaporator, said compressor including reciprocation frequency



means for detecting any sudden change in reciprocation
period includes averagi ng neans which provides an
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evapgiaser tenperature. 11. A refrigerator according
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means for detecting discontinuities in said waveform slope, said discontinuities
indicative of a piston collision with the cylinder head,

means for setting the power input to said motor,

means for controlling said power setting means to gradually increase the power
input to said motor,

means for perturbating said gradually increasing transient power increases,
transient increases in power,

means for detecting said indicative of a piston collision with the cylinder head due
to said perturbation signal, and

means for reducing the power input to said excitation winding in response to

detection of any back EMF slope discontinuity.



means for nonitoring the notor back EMF, neans for
detecting zero-crossings of said notor back EMF, neans
for nonitoring the slope of the back EM- waveformin
the vicinity of said zero-crossings, neans for
detecting discontinuities injgaid waveform sl ope, said
di scontinuities indicative of a piston collision with
the cylinder head, neans for setting the power i nput

to said t,or . means.for contr.olli sai d power .
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i ncreasi ng transi ent power i ncreases, trans
i ncreases in power, neans for detecting said
indicative of a piston callision wth cyl i nder .
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to FREHE) NG § Hth BVRpaiydl diawisd, d excitation winding in
response to detection of any back EMF sl ope
“discontinuity. -19 13. A nmethod of controlling a
free-piston |inear conpressor substantially as
her ei nbef ore described with reference to Figures 5 to
8 of the acconpanying drawi ngs. 14. A free piston gas
conpressor substantially as herei nbefore descri bed
with reference to Figures 5 to 8 of the acconpanying
dr awi ngs.



