10

15

20

25

30

WD 2008/ 066998 PCT/ US2007/077982 1 TITLE ELECTRONI C

CONTROLLER MATCHI NG ENG NE PONER TO ALTERNATOR POVER
WQANDSNBIDETAl Nl NG ENG NE FREQUENCY FOR A FREE- PPSITOBR007/077982

STI RLI NG ENG NE DRI VI NG A LI NEAR ALTERNATOR 5

BACKGROUND OF THE | NVENTI ON1 [0001] Field O The

I nvention [0002] This invention relates generally to a

free-piston Stirling engine driving a 10 |linear

alternator to generate electrical power and nore

articularly relates to a closed |oop, negative

TI'BbEdback control systemthat includes inproved control

LRI, OB LR AT IR ARG, RAIRR 98B TR

Poewgknm\m MAENITIATSANGa BN NG FREQEENIN0 3FORE $C IFREE-PISTON
The Rel ated Art 0004 A free-piston Stl rling
STBﬂgﬁN@ @Iﬁ\% is an
attractive eI ectr| cal povver source because such
sources are efficient, conpact and |light weight and
BAGKGROENDI@F dIHC INVENTIONer from heat energy
supplied by a variety of fuels. A free-piston
Stirling engine is a closed-cycle, reversible heat
[0087Pi Ne WhiethoLPRVRRESidieat 20 into work by noving a
confi ned volune of working gas between a rel atively
(0083} mer h&his inentieptreateaigdnaalheicas |fme+pyst@106t1dmgmmne driving a
ej The re uIt|n aIterna
ingef SRS R C O TR BB P R ik Er DY kilnigs g closed
looB! GébAlBR MedPEK bbtkdINGysRme SBAY enclidy eikhatedrdoM@Ssl abops for
appropriately sprung piston to oscillate substantially
magitipiesiteameghapisal pavagengratefl by deaensie eqraktophe pewey wansferred
ﬁo{'ﬁﬁ%‘é‘ﬁ‘glﬁé‘!ot}{e u&élx‘fﬁﬂeﬁl&’to{i‘ ring of permanent magnets 25
ives'in reciprocation within the w nding or
coil of the linear al ter nat or thereby inducing a

VOl tage across the winding termnals. Typically, the
10098kt on owﬁm&ﬁ%ﬂctly Iinked by a flange
[oogiq the bgch,eé) Jls{otﬁeSHflﬁl Oéh i giﬁ? vﬁl& a hne?r alternator is an

symetrica arra or exa
attmctrwn@mwaﬁ pawer Bgucaﬂ)dcauhmstezhgsona:earaub aﬂfﬁcmnmatompaatr end light

te ated into._a co tlcaII housi ng
SRR RGP T e R L BB L) B ¢ aaney o fucls.

A ﬁ&'—ﬁsﬁ)ﬁ RErifpEngdR ifalcRRbd- Ej'c% re@ré'l‘é‘l'é'h%atcéﬁ%ﬁﬁ%lhelg c&%rts heat
alternator output termnals to an electrical |oad and

intaiverk hameviag\woorfins! vdeee 8f POl SO0t OFEnoBlatively warmer heat

acceptor and a relatively cooler heat rejector. The resulting alternating, cyclical,

expansion and compression of the internal working gas provides an oscillating pressure
wave that drives an appropriately sprung piston to oscillate substantially sinusoidally in
linear reciprocation. The piston is mechanically linked to a ring of permanent magnets
that it drives in reciprocation within the winding or coil of the linear alternator thereby
inducing a voltage across the winding terminals. Typically, the piston of the engine is
directly linked by a flange on the back of the piston to an array of axisymmetrically
arranged magnets, for example arranged in a ring, and the engine and alternator are
integrated into a common, hermetically sealed housing,.

[0005] Many prior art electlical power sources of this type include a rectifier

circuit connecting the alternator output terminals to an electrical load and also have a
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2 controller which is a control systemfor controlling
the operating paraneters of the Stirling engine and

wao bwsabdoes nat or as well as the output el ectri cBET/US2007/077982
paraneters. The operation of a free-piston Stirling
engine and its connection t& a linear alternator are
described in many publications, including patents such
as U S. patent 6,871,495 which is 5 herein

contBHer RAIAL BGa R¥nfrSlf SfRRE For LORRGlnd 8 operbfing parameters of the
sinmplified schematic diagramillustrating the

Stirding cangingabnd ithe @iternator as pellozs dre ovtpat teldctidal avampeters. The

ord S B SRS AN DGR DSRS0 At e

deséditedrin atK pAbliedtonsitindladiag herdts kdch d98.S. dlatedt 6,87 DU9S Shich is
shown as its equivalent, [unped-elenent circuit. This

1131'@6[@[1}1‘?\?3?%5?1??‘1 BY FgeiicChas, 10 in series connection, an

haduct Ore: Vi p y i . . .
oohtect ok, BA LU AAE o] SRSERFAL Bt oo
a pRacait efpcerehpowg gdricatingtsource daviipantircarafteantoAQ0 driven by a

vol t age. .source 16 having ap i nduced back enf Vg, .
freerpigiop ot itripe %?llie_salldh%lm&ﬁgﬁ th oy oh e agieov wdacl_e%d il The
altehBorab SESWRLOHs E\ﬂpﬁgd)}aﬁ Rhpeh &1 MR efsuil, Mals &udvaltd: “8Ruit has,

I'n reciprocation. ~the ‘free-piston Stirling engine.
in s¢Beq OO ion anuniwmorckidmyingondudarics L guesertting altermator winding

. .connected in series wth the.alternator . wnding i
indTehep. § BmasHa SOute ke STRRERCRE AORCH Siiegisippant an AC voltage
soufRPIAC hiaAE en ffdub&Bor bHk Rehf VCAPEBR fddhgd ¥, GHAS ®Pesd Bircnit voltage
_ that, at the operating frequency of the alternator and
indegegdiindhe alirenatomyinging ey theantgnstsethal are [feivh drelrasepraeadion by the
.y | 1] reactance of the tuning capacitor form
ﬁeeaﬁgteoﬁi%g@%{rgeégéﬁlaeht circuit. Such a series resonant
[0007]r cui t Axliikd tspadit@erDisdequestiysiivected in saRre antethe Btemator
.tuning capacitor consequently provides a unity or near |
wingiier i prfe o funa eyt hghveringalqdirtaeee. ddifesaperitings of the tuning
capgéiﬂﬁnié Pfosth LEHRAL A tht QpkAf 1% lﬁ%gﬁéﬂoggcjf the @ﬁ!erﬂﬂglh aild engine, the
Mnimzes resistive heat [03S6s. wever, suc um%g
indeajvaaedotanse af ¢hdwindmand thepmpsdities saaciahcd sf thdetshimgldapacitor
to elimnate the tuning capacitor. Also, the tuning . .
forp psfies S?SOP?Pﬁé&ﬁ%g%ﬁ& TRIES TEIOPRYELTICHY l?c’,‘i“&ﬁs i gh gesistive
impRBinte MBini@l cBpitBEtRsEquRA PRXided ARRAY OF BearWnith pBwer factor
tuning 25 capacitor, the output power factor varies
whiah tirexenigehpovopdrasien gofy tguwémopior Théhecddpttricdl(lead angf minimizes

the present iLpvention can.compen ate o a w de range .. .
resiiVe, B e SOV ogFouhate LEiiTE Y ApRR A Qg Anf pensveso it s
desfzEH18 tRliminke Ghe AEYhORB B or O Alsd, ABhindapaciter impedance and the

illustrated in Fig. 1, the output of the alternator

serigg indyetor amnedanee) ontyometsh aitd pipgly Eeaeney. cliergioite Wil  duning

cap%%tog,ﬁgsﬁﬁtﬁgt écﬁv&%@cbﬁy Yﬁleg Q’?lﬂ{ % 'neo&vggdrftingﬁ'%qﬁglﬁgé 'Tﬂe cé?troller

ose 'S e e pri
of the paRge ikventioe sal tempensith@veyr £erids gihge oStikdlentigs,airgvide unity
operating at the sane frequency and substantially in

POWYSH A&EOT G CANSEE Tigmecncy PRSIRUIQR-i d.

[0008] As also illustrated in Fig. 1, the output of the alternator can be connected
to the utility electrical power grid 20 and used to supply electrical power to the grid. As
known to those skilled in the prior art, this arrangement results in the free-piston Stirling
engine operating at the same frequency and substantially in phase with the electrical grid.

This synchronous operation occurs because the engine is coupled to the alternator by the
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Thi s synchronous operation occurs because the engine
is coupled to the alternator by the WD 2008/ 066998
weERONBSRM07/ 077982 3 magnetic coupling bet weePCT/082007/077982
reci procati ng permanent magnets and the alternator
wi ndi ng. The coupling of thé magnetic flux of the
reci procating magnets with the magnetic fl ux
resulting fromthe alternator current, causes the
mag‘lehS rdb@bﬁl‘ig %Hﬁﬁé%ﬁt the OreBBrodathg q:féhﬁﬁ’ndnﬂtlﬁaéng’s% SNDItRE a®Srmator
g forces acting upon the free-piston
wmQtngr ﬂih@gcq’,lp nguqfethemég@ufs ofwesf thhilerpecetipge mpagaeisdwith the

mag%ﬁc ug(t 1%s1 1&1“1e :fgg)% ® al?e%th:t(lillp glﬂienli] eca%séc' 81% gtfeanalgor cunent to be

1eﬂéaé@ aso tlﬁodh%ﬁ@lmrﬁoh}ple)d &enping mtes:actiﬁlg n@en gl@d’lﬁéélbﬁd)nbgtuhng
the alternator current acts upon the Stirling engine

enggies L Besetiprees yduch e refigeiaddinck dntp (the eRgiath rehwies) the pistep of the
I
engh{?:ﬁag%rctgﬁg)ﬁga'ﬁgﬁ gg Hﬁ%?@ 1ﬁ%m{dqcﬁm1\§}ﬁﬁgf S Flgtﬂ%ctqﬂenl{tﬁrt a{e 1ﬂ9gnetlc
fommneﬂated blyi tad dhenmterrmmfmt syt opow deustirlihg edging bfston to cause the
netic flel d from.the reci rocatl n]%I magnet s becones

ISR AL B SPTOPEYSLY G 1F GHETRET FHEGHE e e gva i prgtating

smlélh{)ﬁéd%%tl&[n&ﬂ[)fo? rﬁavnig{}%foel o’taﬁng nf%ﬂ@ﬁt filldf REHEinR ‘é&lﬁdh?&lous If
t hem t oget her. I'i neafly reciprocating engi ne

the aragnetictfeald &owrthe réviproeink magsets Fwa@omen@dlvamep 10D omndn@ from the

ma% eﬁe? dgtjécfm Bgﬁ%éﬂ'@tc\ﬁn C?lubslilt( glraget § a3 elt’]g%lgé ﬁ%usl 1¥lgng hem %gether
In ﬂi@ﬁhﬁﬁh@ﬁ rédi’plb@atﬁ?cél@ﬁhec add kﬂtélﬁ@t@ﬂ afit raduliofs bh@f YheNRRIprocating
t he power 5 f uency. 00091 Fig

pistpp |0lﬁ§1’ter]5f&,fg alh operate ey pncptshewﬂbéh@@lapm@l ROotaT aBld yadge, if -
t 1 t a

e 8 B Bt o, BV 0012 GOTER o BRSS! e poyer

frequehglge to provide a DC out put. The prior art has al so

substituted a full wave, switching nopde rectifier
[0009]s0 kndile adlusiatgs epieckial p?wrgenp@ﬁmgweuqce|11kevt}aa,teof Fig. 1 .

but ‘ﬂbﬁﬁ alcBfh 021 ﬁi\nﬂife fliByav 1 %&1@?@2@151 ig'niﬁﬂlt &daldGrdr 1#9& Ban H-

cap a itor exanpl e of such uration
bridgh dwpmmde 4 DE atipue Td'netpexdl airtSas meqmbstﬁu&a]a, Al5wvave, switching

010 tchin e |f|er f circuit_.
mO%%?fﬂ 1 a%f»fb s HeAdhve 5t F’E for, 4}8%@@&?? diode estifier ofFig. 2
andre;ﬁhﬂlhﬁla@ﬂﬁtt&hm% %Bp&&& 24 TAS ¥RARAE 0¥ sB@Sa 3bntbREIHOR shown in

confi %ur ation has controllable electronic
the ghdve e@U-S:@nﬁmh@WWETS substituted for the di odes

00f) e SEPuteninEadfe WeBorrEA e St SR i EnfPLREE: Bhor ar
andtdegdrivell iR REHETE pliyli canbisC i thgicanenh b 0 deY copPaFhtich but has

Ealr ON and .the other OFF and alternating the pair
congrpdablg elegtrenjhswischepccoppety pAPPTEEs, oripstitutagd §orsthp tiodien gt Fig.

2 |8, 059008 RSRVSPENSEREA SR 8 RSB B

swittkedibhed, ONhad @FTChy ewitchisgwhe tiagomiily d@poaw ﬁaﬁh@N @id the other

rate of 10kHz or i ) . . e
OFF and alternating the pair that is ON while the other pair is OFF. This switching is

done at a frequency that is much higher than the sinusoidal frequency of the FPSE and
alternator. For example, the electronic switches may be switched at a rate of 10kHz or
20kHz while the FPSE and alternator may be operated at 60 Hz or 120 Hz. The switching
control not only turns the electronic switches ON and OFF as described, but also varies

the duty cycle of the electronic switches in response to a modulating input signal.
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30 20kHz while the FPSE and al ternator may be operated
at 60 Hz or 120 Hz. The switching control not only
W oss6eddbe el ectroni c switches ON and OFF as deSDU1»eT()77982
but also varies the duty cycle of the electronic
switches in response to a nmddul ating input signal. WO
2008/ 066998 PCT/ US2007/ 077982 4 Consequently, the
switching control of a switching node rectifier is
Coﬁ‘s%&@"&l&aﬁlle)’s“@tcﬁﬂﬂgsc%ntrw! 8it B stmekih At det RatifidrIs lebd@Baidy a pulse
frequency oscillator for alternately switching
w1chlh enoddlaagothaﬂ ingludpp e diighe frequanehi ogeillptor efmdalﬁins%ely switching the

. modyl at es .t SWi.t chi
ciofatl BbBRe S 8 s A BBk R il 8 O\ ha or
swikdh$idl dtated that &retsh@tcidiog ehohigh Mreqber BeRirBanft it B phase of the

sw tching node rectifier that controls the phase of

switdhengcafrthe Wt@m@ﬁd@ restifier thag Qﬂ’@@okéh%lplwé of therqygrent though the
H-bglv%%g gﬂlgttrl]\ger totntgé e'ﬂt OY? l‘hl?lgﬁ volt Ef:ﬁls s Q0 cgé)épﬁﬁe sgﬁtchmg

ler Crea ane e
motlih eecpifias ereatss dhe wmmgff@apacthé (phammﬂ; 4 heiief capacital seherefore

the truing capacit 0.be eljmnated. However,
allogesche SR eAPHLE do 56 ﬁilmarat%&y Iflﬁ@e\'%mcevﬁemg s control by the
swi c%‘ﬁ 1ol hb& 16991?& at nsited?eg&% HR e SRR RGfeh Meﬁpelﬁcif dependent,

uency depen ent the sw tching node rec
the mwmhmgnsodm ecctifist nedhtphadlee dauatlnﬂnsc#quammmhlpao‘r@ar@ snge of

i ne.operating, freguengj,e The pul se wi dt.h .
en RS Ao Gt | SHE PRRCTABETdHAtas Sl Birb Aitigtion can be
im@her8 Ynoti drlly aRah Ofhaldel @itblifs DUt a2oS And@nglof®R@portantly using
i nportantly using mcroprocessors or

migIoErpersems r &l Maexpcoriroliets, pﬁtSefl%rpléf@nedm@n@t wbm dligital alogic' and

ploge%glhg cgcﬁﬁ 2 as? %a:égalﬁjp{a& géeurc as%@{ﬂh gﬁ é‘)%%{l the pulse

widiP ghtdalating ffllll}cﬂﬁ)ﬁll Be@auB@@arusmng\m@dbhﬁee@ﬁa@dﬁmnnanzed above, are
rectifiers, sumrmari zed above, ~are described in prior

desggifed; § éwu% SRs Hh FOD A deAmmical diapiPes SBHLTWiEh e power
supgg%é S‘Qfﬁ § lfﬁ)&ll“ﬂei?ssm %ﬁlqgo&g) Stdr WRE % es%ﬁtcﬁﬁlgsi%&é:?actlﬁels

r|ves SW t e rec iers
aleaxpé)@ilammdll’fwarmmmmimad det a|I : [0011] Energy for

100507 co. Saiehy oagriyentor S RIED P o RoT el gy ohroe, such

| Y
as ﬁ@laéonféﬁ'lggglf %glai) ggti%%g @g lelg%%\gfd’n% %Hgéthg(g%pe ?@\%r éoﬂﬂ:eg e&)tplymg heat

to thaengye ihsatcaaemot é‘ditobynd”heTlmwgm @nengy 1sreolh1samﬁed édy ﬂwremglne to

meﬁﬁtﬁfcﬁ%g\rmgﬁ I%Jgtgg}rf Iv\élﬁgl} %1?13?5 Ithgle 1&an i ite [nn ; o?) g%?%v?r:[) "We 1% mechamcal
energ;gtbl dlectiesil EalLe Tt lsahigmp@emlr@mhmle 1RNBic 4l §dYeRbBbrated by

t he FPSE be exact equal to the power transferred
the 8E1her¢§a¢tbs=au@bt0tth@pcpw é@ms@rr@@ ieat be FPRE tendlag linepr alternator,

mo%%f gﬂ%éehdls %gt&{é%@@g&n%l fe{'r%&] ?(I il géjd ﬁ%lstgb?%llcgfﬁ?wg héo?)lfhtlon avoids

VOI signitica

signifitdht Rhle@s G ahglﬁ@ optifatiblelfphegiowter amﬁierre@ do tthe taltemator
aI ternator exceeds the §ovver gener at ed b%( t he FPSE,

exceqqs teaavea sangrpted byithe FRSE, theeergineenilk stalh df e pewer wansferred to

the alternator is less than the power generated by the FPSE, the piston stroke will increase
uncontrollably and can cause damaging internal collisions and engine temperature will
slowly increase over time. Piston stroke is the distance traveled by the piston between the
boundaries of its reciprocation. Piston motion as a function of time can be represented as

a phasor with a piston amplitude Xp and is sometimes alternatively used to describe piston
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the alternator is |less than the power generated by the
FPSE, the piston stroke will increase uncontrollably
wa@pasoervEause damagi ng internal collisions anPCEO§I0NE077982
tenperature will 30 slowy increase over tine. Piston
stroke is the distance travel ed by the piston between
'the boundaries of its reciprocation. Piston notion as
a function of tine can be represented as a phasor
d1s1Wa<§éﬂ16§1t HigthQ Qm@ﬁﬁhb tds X u&@ o Bl f8iSton stroke and the two
alternatively used to descri i ston WD 2008/ 066998
tenmwmwmmvmﬂ 11156rd11a@,1|gﬁ@cherm n depasiboig awvplifativieleasgerts of
o a%so a magni tude of one half piston stroke and the two
PYEI s are sonetimes used i nt erchangeabl y when
[oodgiscri bi ngel guabhétithi MetedSPBE tRcBical pPREragdnerting39dins of this
Fuel conbustion systens for electrijcal povver
typgy eRBREnln élagfy soqnpppsatpre gyl sgstglyﬁ,éhfgoqﬁapﬁﬁ >T,heh igpeperature at the
engﬁlge[n]% g%ag:%?%l&o '@oﬁ%qu%%? ﬁ[gfgéltﬁ@\;etl}(; U @ {mt (9)?11101 the mechanical
pov@ﬁ%@tﬁ&ﬂtﬂ@m thokengiat ab ithe biterhatog cmerbmmomﬂmﬂ ,byt iereasing or
power delivered fromt ine to the

mechanj h
decaqag@gﬁgf gl}engélnmggt POERT 11t E@ eRgInF llpeffug g&lq%gcagpes its tempelatme to
cha\%ﬁ AR thil8s LEIsTBcidnP P& dD Q¥¥eSt 16Kt {vt?@re%ﬁ‘(ﬂisnf’lrg'te ﬂ{é rate of
causes its tenperature to change. However,
temipsragure chage filiat canbe gwampbsheflas reativiebadows fa tooeskeo mcs1 espond in
T R e A R R
strdn@BP @Bgkrident h%)é‘i? Het RESpIH teRifchiire MHeN @oérakld M@aOlacceptor
pi'ston over-stroki nq% Second, engine efficiency is
tenmera@nglay the gegive dead;plba merst efﬁél@éfpﬂ@r chgdimp erleraipre; Mrwlating
{ e r t ne
ﬂle% al dl%p]t%gg‘ﬁ% %Ild ef%%ge%tg{ gll% n%é ﬁ\&rr ‘po&rdgg q 8fes engine

re e Ien

efficledel Bédalg it Ab&Y MaImAifpist the @ygel%stqmsml%mnpmtate@m eerfifdrature. It is
only is too slow but al so reduces ine 15 efficiency,

ﬂle{?&éé%@l gbie \gauevidee WaH tetcenhok %Hrﬁ {tDOsE 4 prder to maintain
the 6)'8%{ 85&%‘?& bta?aHE§B&WéE1? the! ernﬁ TS anﬁql% glfte?ﬁzﬁmd %ﬁf ﬁ?@h@s draﬂle to do

€ a way to contro i ne out power
so troa weeyntha 1513111111119 agh¢ bokeend teaq&f&ﬁmebﬁl tha @@Sﬁeﬂommaut hta constant
ine and the al fernator, but s. desirable to ]
ma%la%%l h CEFIRFERUIE A OT éFWP’ém%li‘Fee%%e %Jﬁale{l@hﬁéﬁ Pl @nla?glments of

the 1H€enﬁg§§d§é?1td'g%8@él\ﬁ iRlud® LRRE E@rﬁﬁustﬂgﬁ)&bm%‘l‘ stygﬁﬁleflﬁ{ Wantains a
in order to maxi m ze engi ne efficiency. Al though

conglabbidinperatize dfat Koasthioe as theengine majehiadh cangeitistingd, that klode is not

o V@Bl elng o enpepiRa etk oo LouE ™ 5 BT HiPd 7 sfhintaining the
povv@tbgrah@ééesgﬂgbdvubbh@t and, that alone is not a viable
tion for controlling engine power outg@t and pi ston

[00é I oke alfig- halspiliystpiss thenise opawdimp areaistaace|d ey fudlger prior art

wa}‘?gﬁ ﬁ%mtro[rllg%lg]%toﬁ 5@105% aﬁ‘& ?n%lﬂtjil hﬁ'l%tt{lgﬁ)g%e} Q@m%%?oe%g&ot{he engine

ance as ano reor ar
andcthe tartenbion dT{2l 1etieanct Iﬁaiseanaaddﬁmahﬂad:tﬁbalgoatdwmap GaEbe switched

mtob‘%leacﬂ%lit thne t\fgieeecinultrgs%stgrrl]c%l tg eessen‘ually waste excess power produced by the
engine. However, this is obviously undesirable because it simply dissipates excess power
produced by the engine in order to maintain the power balance and consequently reduces
efficiency by wasting heat energy and therefore wasting fuel.

[0014] The prior art has recognized that the power out from a FPSE can be

controlled by controlling piston stroke because the power produced by a FPSE is



10

15

20

25

30

and the alternator. The resistance 26 is an additiona

el ectrical load that can be switched into the circuit
wW@ero0sa6Goe’l i n resi stance to essentially waste BXDESH07/077982

power produced by the engine. However, this is

obvi ously undesirable becau$e it sinply dissipates

excess power produced by the engine in order to

mai ntai n the power bal ance and consequently reduces

appabkifafel ;pﬁﬁb@mdiﬁﬂ VR lid BguPEIf BOSidyn aRdkd. NEHRERIE the voltage
uel 0014] The prior art has reco ni zed t hat

wast i n
indperd q@o&)@ral@matql rigrarep PRl darstigke apé nes| dlesdiien) loads require a

sl S e 900 6886 R e Bt o P o SERNY, it is a

ploam‘ﬂ @c)(ldﬁ’ﬁgﬂay citap asykte@ndlat taocdrslisheidoth () mbehpigSthenpower
ver, the voltag i nduced in the
dehanerfeértﬁ éheoquteﬂ@tq;rw;ib? FPSR 4p thecposyer kwanied e clectrical load plus

t t
elecg ulcdfﬁl 1%%8% 211(\5/ gzg%mﬁt%gqlﬂ \g d"«gccglrsta% ggéﬁt Voq %;@%B’éﬁ@lﬂh&ig ?1&1 if the
elettsica popvedldermand of deselgetriealdoat dedreasys brdntlichsttoke is decreased to

acc i shes oth ( t chi.n 0 del i ver ed
redis FRBE HOMETribE G5 pRDEebhe o CORB el A daairang gctrice]
pokd1ieflaBE bEdRhn hl?ﬁﬁlé&%é@stlcﬁdqu pﬁé\ﬁ@é 11409652&’561 ﬁ‘&ﬁ th€FPSE, the

mai nt al ni ng a constant output voltage e problemis
outpihtarqltagé atshenmga@s;t}tus; Hiergfongedestteblarid mddulste the power from the

FP%?C%J%%CL}C ﬁggl%agc ro%v%‘?e gl% 18%11%12%8{/%1?151315 ﬁ%yglga;g%aéa%%tions at
the GRIAMREBBLY that fes@h ﬁ‘oﬁlcsfa@laﬁ@@ i@t goveerdempgyver demand
results in an increased stroke to provide nore power

[001%]om t heAfdiEenallyh elemswes@ forfomeryiss of cerqlives mﬁ@wtroke bya
fee{ﬂ%aé: %E'Iﬁ-%g sngtg csdl 1‘39 19‘&91%&3\%%&1&‘? v\ﬁo&{ at{ngoﬂgl rameters

that Redied Ngidioneln Iblirsmﬁtstrnbe ﬁ@int 1211@ eom{andéd Oﬂﬁesa"ed pidﬂ@l stroke and
electrical load that result fromvariations in |o

that) g4 ﬂu@léh‘ali?éll’m]FO@ﬂ}:T detrgted; waktioys se featethp ectyal, @@éor* giroke is

1naﬁ]1teﬁmn%thﬂlf b 53&94 2P Grd héﬁ&gels {cf) KRB tPthef @(ﬁﬂﬁaﬁ&d piston
control systemt can nore quic det ect variations

strake. operatlng paranmeters 15 that Iead to variations in

iston s framth desir
0086 ke ot HORA GeEiny PRRaAnS BrerHE TEpGeE Byprovide an

1mﬁf§§édaxkfh}98tscoiﬂoﬂﬁ%tp1§t3§ si@sHelial or @érStB Hhtét fekBmidl power produced
mai nt ai’'ned wi t hi n ‘boundari es that are narrower and

by theesgine tometianisshpewed dungfes tztbﬁomsthc olkgine [oabq @lternator.

[001213 gﬁ{ Ior% @igl%}r@v & 1§Jni%a% nﬂr}f el\al;ltggl{tgélglfs t]o COllB‘OFp]S{]On stroke
bas6@0pérOhl bptgatiingt %[ﬂalﬁétéﬂfﬁ@t ¢ah 1 Elefe dasily@idcioreghany eahtrolled
power produced t he engi ne_t o nechani cal _power

therepy @§WF@CF0F1FT©M{ igon ﬁ‘gplﬁ‘e 2p thepefors) aferonar bplangepeuitiyn closer
tOléA\al{CGy ther object and feature of the invention is to
ontrol piston stroke based upon an operationa
[oomar anmet eA fubatr objectbandniamre asithy iavegtionrie tewonibling the piston
contro

stroke 00111211)1' with additional circuitry and feedback control loops to provide improved
voltage regulation so that the FPSE can be operated over a wide range of piston stroke for
maintaining the balance of the engine power transferred to the alternator and yet still
provide a constant, well regulated output voltage to the electrical load over a wide range

of load power consumption.
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thereby permtting control of piston stroke, and
t herefore of power balance, within closer 25
wao od0energes. [ 0018] A further object and feat uP€r/v820011€77982
invention is to conbine the piston stroke contro
with additional circuitry afd feedback control | oops
to provide inproved voltage regulation so that the
FPSE can be operated over a wi de range of piston

BREEF FOMMARYTOF 1AL INVENTIO Al ance of the engine
power transferred to the alternator and yet still 30

[00p?lovi de Bhecismentiontis 2 aenttioliee gid amethasuop cantipdlingaidie pisgon stroke

of § e bt g 385 Bl B bt (DB 00 hroBE P power

genokAR 1@ chigimel VERRhEARNE A 0919 ]to Tihe poweNfrdrRleried & the linear
controller and a nethod for controlling the piston

altesmt@k dhe grveatipp das gjfsedhacksepitrql dgor higiped Biei Vinmg: gontrol loop)
fhat L&@gs,r ?& Oﬁt q‘{g 81[16’[@19 Jehal eﬁ%ﬁe "ThE Q‘ﬁ& GR: &?ﬂﬁ%est g Sum (termed

gener e engine 1s nt ai ne eq’ua
Vmﬁg,\l)l@lf opératiss lﬁﬁmﬁeketspattlmm bnen@Bdvhibh adit wothatdaectlyidemsed, and uses

ﬂlatI s%ggsf%? ?@Eﬁ?@%pé}%ﬁ]&ﬁﬁcgqlﬁ% Q&)%L?Qg]ggcglbe(elfeg@rgﬁg cgl?t(l?ol\{é)op d1'ives.
the Eéﬁn??@& &hm t@ﬁ cBB?naﬁHéH %@mmema] cmd‘) P& R4 0 sufrO TRt %ﬁ oF computed

tensed Vintema]) of operating paraneters,
oper@msal pﬁwndﬁlsvmmmldmcmmut@balm sEumkEy aszeﬁsedducaddal back emf

b h t r.ol
(e o et R S BB SR P51 P esh Vi) Gies fhrdSmped sum
res1§ﬁﬁ&5«k§ﬁﬁe SHEmbior, %oﬁpmﬁﬁﬁ Qre/ ?éﬂﬁu{g\{)aﬂ -arh €8 lofeBEboh&its of the
that sum One pal r of uted 10 operati onal

equperlenfrereris o Mg altearatay eAn BYe paitosenmaipnal pargmpeters that:can
be %CH‘ISPL&GCF%D% sur ngg%ipl% (cton ﬁé%?w&% g élée?t%lé&slﬂ?ln%lﬁ gé Q% da%ﬁ iy goltage

drop QSLa]§£@GHSQI1@ﬁltélh@toﬁbvhﬁﬁm@fﬁm oulpilt lof alhe Wh. G featiBack control loop
operating paraneters of conponents of the equival ent

congiofscthe pItgTBFOR FETCRE P RFREFBINE 2ATEENt arPaed BPplalome,dhat 1s applied
to apaﬁfe‘ﬁ{ &‘%1%218%2{ t@(ﬂﬁ\)ﬁ:&tfdl h tﬁ@@col;]ﬁ%lsctﬁgp ? %%p?]gl%déﬂauon of

nterna) "are the ter
a s\aﬁ’tchmg rhéde seotifiageonhbetdd dqetW&eal the aedteamsort taemimblsearmiatio renergy
W ndi ng, The output of the f eedback contro

storjing, ﬁaPE&&Hbr%I‘?“FWe °5I‘iﬂéqrn%’&1%‘ le EkF‘?ﬁ%ﬂ EYCT8E nEP1aET geaps. The

contiidRAtinsRMyand, cmqp% 'th@ Vel chit@d1 1b§;|) @@Eéﬂe@ﬂed b9 e or more
current controlling feedback contr ol

addgtoomiat, obwert hentynl| lsepswth@ tehaisd ubrasdlentionf of afhmhu ticlmnudg upon the

i fier conm ected etvveen th f er.nat ar
eorf B ot Dbt RonEipe 8F gVFnar sl S s Uled pug pow the
desePWhgs tSebntr@bite el ectrical energy storage neans. The
O commanded input, Vintema] cnd , to the V]" temi

control loop is generated by one or nore additional,
outer control |oops, the choice or selection of which
depends upon the application of the invention

BRIBPE DESCRIFTION YJEeTHE SEVERALL VAEWS OICTHEDRAWINGS

[OOtZ(r)]]e Fig. 1 is a schematic and block diagram of a prior art alternator, alternator
output circuit and load for supplying AC power out.
[0021] Fig. 2 is a schematic and block diagram of a prior art alternator, alternator
output circuit and load for supplying DC power out.
[0022] Fig. 3 is a schematic and block diagram of an embodiment of the

invention.
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desi gner wants to control it. 25 BRI EF DESCRI PTI ON OF

THE SEVERAL VI EWs OF THE DRAW NGS [0020] Fig. 1 is a
wa@edenetopx and bl ock diagram of a prior art alPEr/nsi00r/977982

alternator output circuit and |oad for supplying AC

power out. [0021] Fig. 2 is8 schematic and bl ock

diagram of a prior art alternator, alternator 30

output circuit and | oad for supplying DC power out.
[0029022] Fﬁg; 4351 S nBaaBG B GRSk 3Bk %@&nﬁ hagdramaafctieN diagram

enbodi ment of the ~invention. WO 2008/ 066998
illuRETing SO0 Efard @8hodiggn00PBE iFiegtiomt i s a negati ve

10001 ot r B 5B Gt P B Eo BT cb Ol Sonol circuit 50 of

Figi vention. [0024] Fig. 5 is a schematic diagramof the
m d-stage voltage control circuit 50 of Fig. 3. .5

[00pBj025] Il desseibing Mep thefeppef epbadmerth 6di trentnventigthewhich is
a1l AMENL .on Whi. IS :d lLuUs - . 2 .
gL b B8 AT i B e Sl Be o B8 A oo ettty
Ho®tves| Blid hot. intehigsiether theiihvdnsion ®k linfitedndete shwifid teém so selected
invention be linmted to the specific termso sel ected .
anddﬁtg totbejunderstogd ﬂ@ﬁﬁ&éqhsqug@cttﬁm mehydgs glgj dgchpical QOéWﬁlents which
ope'raﬂ:g !ilfqes?mﬂgll mtaﬁcféi‘% GRbor EHhVe@Eﬁﬂfﬁ .p\ﬁgdogg. ReLah 16,418 word
Similar manner to acconplish a sinilar pur pose. For
congictap| o, tetrh esimilad tiddeto ommecfiad ueed. t €Flmysami heir linhtedetoo direct
are.often used. They are not limted to direct .
conQesifge PH GRS U PRI QRS PO PG "Gt pich connection
is r&doefitbd aEHERBEGSVAMIL HS 115046 BkiBeN REGE AN In bdifi6iE Q8MyZ8 uits are
as being equivalent by those skilled in the art. I'n .
illustoaded ivanch meengt @i typai wiiclmerforh| well larwd oprretonar en ¢lectronic
sigit sk reToa P fiaRl R seae R My dB6P fiq R o jp e e may
be ARERERAI, 2RerhBidfe diRAEWAICH ab@RY oz dsRqhiRelehtbdeatseBYy provide
15 be additional, alternative circuits which are
the sane gpereieansay theytiBnads-ent because they provide the
sane operations on the signals. DETAILED DESCRI PTI ON
OF THE | NVENTI ON [ 0026] The apparatus of the invention

DETAIVED DESCRIPTIONOFIBEANVENTIONg engi ne 20
driving a linear alternator having its output current i
[0026lnt r ol | 'Eer BPasptus @t the IHGIHYHE 2y BETPYede FregiRision piding engine

drnhﬂ% OURER Mite AR haSR s Qﬁ'ﬁ%ﬂlt NRleR c&{trd?%_ﬂt%p Wl &fitching mode
negati ve feedback control 1 oops controlling the
rectfiertvelisre thenogeoveeehi ¢angrrised heombmetgt of pHrtictiar negative feedback
conltr%Y ?orc])tp!s %cr)]ntlaorllemg the switching mode rectifier. The concepts of the invention are
best illustrated by means of a feedback control loop diagram of the type that those skilled
in the feedback control art are familiar with. However, the feedback control loop diagram
can be better understood if preceded by an explanation of an embodiment of the physical
circuitry that is represented by the feedback control loop diagram. This description of the
invention includes several variables and parameters and they are collected together and
defined at the end of this description.

[0027] Fig. 3 is a schematic diagram of an embodiment of the invention. The
alternator that is driven by the free-piston Stirling engine is, as in Figs. 1 and 2, shown as
its equivalent, lumped-element circuits Vg , Ry and L, having a terminal voltage Vr .

The instantaneous value of voltage Vy is directly proportional to the instantaneous piston
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best illustrated by neans of a feedback control | oop
di agram of the type that those skilled in the
wo e@diboeoks control art are famliar with. HoweveeT/Us1ve7/077982
f eedback control |oop diagram 25 can be better
understood i f preceded by arP expl anation of an
enbodi nent of the physical <circuitry that is
represented by the feedback control |oop diagram This
veldEBF EhPte9NarOfrelhiR@ by 4V 8 HEntaNS! &@&ﬁliﬁ@%vﬁlro?bﬂionality constant
varl abl es"and paranmeéters and they are collected
whiahgistthe opem dircudefingae @liematoh enadeidcafstanhps Riger welocitpns directly

o S e R RS G 050, B U o

vokdlR drbieartdsIhdimpetihndes RY @0di,ne is, as in Figs. 1 and
2, shown as its equivalent, |unped-elenent circuits
[0028§] , RacThadltemptor Hermings 2re copperdtd (o lap dgdrigge of aHall wave
| t 1SV ; : N i Y
PR PR RELTel 32 R Rk B v Gl NEQBEER(356. 38 and 40 and o
co ) 8106698 8d NETLUSR A0 AL OVErRERi ficP Coptrolc Allfiowgithdt RRywaiEFig. 3,

rel ated by an experinpental ]y determ ned X
theppcsip® rf@qtk%%awple%plc%wgtté’@tmcbeﬁﬁ%ﬁ {esed ﬁ%% peRaterer egiack current
conthdi g?gtelﬂl tf-@tr QaL8Ls IPLiSE wi@ASha at8r witﬁins{h@rboﬁﬁbpalr&ﬂt 42. The
I's directl'y proportional to piston stroke. The
pulse width ahodutitdragetrdi§ theswitdeng dfahe Yar M OSRETardgiA6, 3 and 40 in

vol ta dro cro he .i npedances R d Lait. .
the ) TG G e RNt T i o SOz ot 4T B mmore fully
dedariBEd, 48€ c@ferd chird] 1¥8Y BontfoMabB s @Péj@ut&ﬁtgr&jefdfec[le $dlse width
consi sting of four power MOSFETs 34, 36, 38 and 40 and
maoglulaggnTheofeedhack gignalgpr thedapentdoatfohloop as daingd from an alternator

B s PSR 8 frp hfomtr
cu € RontR @athiy ®ithRedd esikrot vire18nd2. Addidtiohotsy st id)athalf wave,
controls a pulse width nodulator within the control
swiiplHegimodg pectifiprecangligmpdeelibeitstdnodul at or control s the
ytchin f fou : cm38q@0 - N
OB 9 E AVTAGRESTS At gl s
embudinenisz ¢t aalenersy fAsrapt Ichpdaitorrdd e Howlelhsr, adssaape hadery may be

ol or S eSS 5 e S ot o s
if thed aH10%o LR GUETENteneRR Rk LAGP chiRi@MsAuer s filt are Iform of

an” alternator current sensor 43 that applies a signa
clecionlechergei ridpettive nadst pranttad devioes @mtently khdven sihidr cratberused are

15 current . control circuit within ntrol circuit
s cHReTA Fib G s dedich b bt G0 & afpibe] drgrent v
be PREEd 1esidhfthedeve@todhdrembabily Blcialethd $@Fed dldBROtetdiRg its stored
output fromthe switching node rectifier 32 is

enggppli thd absencpedreslpedcal epmerdiang atlews the eagrayrie bgyecovered in the

,forgnte f gﬁgﬁﬁﬁpﬁgléé&??lgéé@ EKME&/ %{ta’écg%% ZEr) ap?g]gvi?%t ]%%regxalr%\fe, such a

uns rrnser

dediapachldde Aftotohenatby with affattakdied dBsvheelfobstotifg 8net@y.i Because
they are able to store electrical energy under static
thege) pigi AlteEat Ve pleas2y storage dsBicepihat ean be used, the term “electrical energy

storage means” is used to refer to devices that meet these criteria for alternative
implementations of the invention.

[0030] A conventional voltage regulating circuit 30, identified as a DC/DC
Power Supply, has its input connected across the energy storage capacitor 44. The voltage

regulating circuit 30, operates in the manner known to those skilled in the art to provide
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el ectrical charge. The two nost practical devices
currently known which can be used are a capacitor and

W@ 2ane@rs/. Anot her device can be used if it aPdDUs20am077982
el ectrical current to be passed through the device to
incrementally increase the 58 ored energy, retains its
stored energy in the absence of an electrical current
and allows the energy to be recovered in the 25 form

an BhtpBl 8ChH rc'oﬁ@ént%ﬂhﬁ@@ﬁeiﬂ”’ﬂ'eoﬂﬁ}ﬁn@nd aaeheamidehgs vbBagddhgeross the
devi ce. For exanple, such a device would be a

enerant sipra@btc@pmtpb r44vaﬂ1nreaﬁ'ea¢ vaeeis i It sopxpeional gircwtsothiahgan be

sub(sjtnty gyag aﬁﬁ% l‘éean r, lg&%ﬁiéifc%tnﬁ)t ﬂ.p\éﬁ‘o‘%?g .roggnlu?‘gl%&%ggl power

haviigOhageridip adrs a1ffe$eliﬂ S@ﬁl dcterfseter Fd510 eﬂﬁﬂple eant hatrteeds can be
these criteria for alternative inmplenmentatians, of the
subptitytedtin GFier SOPTVEBER AC QIR Ae] %)H%ﬁf‘ﬂ\}@%‘% oy SFid dig dicifig7 can
p I
be ﬁ{bgt‘ftﬂ{:r?g l}t? g%néfﬁgtgtgtg g%fpgfgtpgrg% ﬁ%ﬁg %ﬁe rg@d’iﬁ{i%ar ﬁ’lex egill@thg circuit
candfediaiitned 4 supbhwng tdst zegelatedeyGlpatiengudi a[sdhl ba1&(i)y cha1 ging.
nown o those skilled in

erates_in the
1008F " £ o pPs it A 1980k UGB Rl RYO b9 5 Tokip Capocted
palﬁll‘bg @&Eheaénef’gycs‘?&*ﬁéé‘ Vet R0 QR tify ¥A4 LidhdigRSiup fBRtor 46

stage voltage across the energy storage capacitor
seridlly cdiered 40 e pawwaMQHEETo#8. domidntago Neltagsiconirph grankai0 is also

ituted, as alternatiyves,for th requl atin
corfiftled Rerolh B, eAttEC HRlest bt A G bk O g ok that
capAcikRl Rk Yudtiodi dff e efid-SAR deitat i dhir€Scirdd 5@XaMPlt@n ON the
an inverter 45 can be 5 substituted in order to

MQ§TR 48 ibtheaclisee perosy die eepagitr A4 prvgedsor Predgigrannede selected,
exc%ssn%eh eRIe O\%}éc? Qs 9? Q/di dg {)ldtef“tcfe %16\9 ﬁi{egs@ee%te éhﬁal%lf%l‘péﬂt from the

reu

St11¢mg @ﬂglhe tcﬁl%bob@nﬁéd mdrtﬁénetiy bm%ﬁuh@swlmg ehgms ﬁ om over-stroking
ggulate such as for battery charg 9
and gR3dipe TRdhe F‘Y%ﬁ .ﬂtlatothe mig:-stage seplings P yleh%?spa Stk becomes

excg%éor gcl{:él{ 8&13&1\%‘1&5@16&%%01@ 8ld &out @ ah RECHNES Bhd is suddenly

capacitor consi sting of a transient
renthyap coeshs hostep4 ﬁml:ﬁoxs egedwmtiby ic@onsoheEdpowera Thosvpower dumping

MOSFET 4 e Vo ntrol circyit .50 is .
cirgp o R B P G GG HisitY ghiga n the
t?iﬂqo&f BSEEnttNBe Yéﬂlﬁlﬁﬁg c@ﬁl’iélsc‘ilchﬂ Bkcort@P@iéd B chiNR and comes
unction of the md age voltage control circuit 50

to & steady statg eon@iionhe MOSFET 48 i f the voltage across the
[oogz]ggg S|t y eq%ﬁvi&ﬁ%%iaﬁg ‘%ggltlse 16 m]% St%ﬁ,e dfoﬁg%e cdnltliol circuit 50 is

sepB4EDy HlveRaEdin ik a8 HesistoelRE raﬁ@R%ﬁBml b vltadel divideeigi digides the
to be consuned and thereby prevent the Stirling. engine

mid-ptags yoErges Vpolkeunrrosnthec Brareyisigagen canseit@y dhtFigad) down to
sonllé?l%ng]cf%sg‘ ttoaggV\{lq:!uI Pfis RSBVt ge ?flﬁll@ﬁ i 1%0%?2&%?‘3?11st the
excessive. a

an excessive m age
red@€sdUvoliaige d5 ustde et conted] theatei-soltagd Cjﬁmﬂegltlonr pmmedumpmg circuit
con%gﬂgé ggggﬁlsaégg%f ik n(g rle(s)1rs]torf ?lg légrgelllglncolnﬂec%gc{] b the powerwl\e/[OSFET 48.
When the reduced mid-stage voltage is greater than about 3.0V (corresponds to a mid-
stage voltage of 95Vdc), the output of the comparator 49 changes from high to low. This
signal is then inverted, turning on the MOSFET 48 and dump resistor 46, which
discharges the energy storage capacitor 44 (Fig. 3) and protects the power components

from damage due to overvoltage. Once the output of the comparator 49 has gone low, it
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circuit is needed only during the transient period
follow ng the step function change in the 20 out put

WO o@d/ 068 unti |l the remai ning control circuit PCT/US2007/077982
accommobdat es the change and cones to a steady state
condi tion. [0032] Because otlthe space lintations,
the m d-stage voltage control circuit 50 is
separately illustrated in Fig. 5. Resistors R5 and R6

renf @i Mod W HRaedEHN inghaLstd gﬁ%ltggé/alegéswbw abBi 317386 res gonds to
vol tage VDC Bus across the energy storage capacitor

a nigistpge Ypltegpvai 850/ 2% ibmﬁpmmgtomlwﬁmt thenIeByngkigh andiMOSFET
48 Sqdllljl%g ﬂx/ol tage is then used in two places. First, the
r d voltage is used to control the over- voltage

[00BBPt ect | ReupAYETo BigNB] RGpdiandyl the 1ﬁ1@f‘s$dg@t\lomgg@f:oﬁti’lﬁ circuit 50
transient dunp resistor 46 serially connected to th

alsg pypsridagsremmegded pkoR Freker Sducetd #ictnsed derp \;@lg@ta\gfefeedback
coﬂt@){lj\%ﬁ%l‘ %{)11‘[“1}'1'15% ﬁg% S fokg‘/T 1&0 f?(ﬂ)g \{\rﬂpb@ d'fgcgsse%l further in

ge vol age he OU e conparator
cordi8ctidnawgR Fif.r onmbirgdeited 4 dawdbadii sgﬁiﬂ fetpgaﬂalhtiﬂgStHel'@nsed piston

inverted, turnln on the I\/DSFT4 and du
strokg, Xnjh (D 2dPAORAf g&m{eﬁéo(&‘f«r‘f‘aﬁ Hsrsggeer o %9 iap piston
posgtll:dngsen&)l RHEh R 9 Eﬁteé S NS RENREIERATRIRGN e 8&595& has disclosed

damage due to overvoltage. Once the out put
exapyigsarfasich sdlgotms'l“l‘gmwum;w,ed |1mstMDs120%DG%99f})V1ded by the mid-
PCT/ LUS2007/ 0 7982td§l) nt i l} thg. r(fd.u ed .
stagf JOLHERGEEI CHGE oS i ©'SolES BB Ponaampises

resfs@rs RSMNd-BE %H@Wl\{%tﬁ@eS @fld %ééfﬁifb):d abBee. FORBaE & Bhffered by the
out put then returns gh and MOSFET 48 is ‘turned off.

amph)@%@]uffﬁaeﬁhr(mdn@antl@ﬁ ﬁltgred suldusmpi@ci trphshgwn) #rel sang te theyBSP or
1n1c1 1%96%? d% 111?1'.(1)tn0%‘§ & %neSSQrokg cg 1‘5‘& ﬁr(g}/%ggsrh S md—stage voltage

Valﬂegaisbd/ & ﬁ(ﬁﬁﬁﬂ back upCdInioKA@ﬂ 151%61‘ Bq;cmg othé alifiistage Wbﬁﬁgﬂhs greater
oke. This control logp wll di scussed_further in
tha% éﬁ‘r{é% ok skt PhomiLfthe Amléw&ﬁgﬁ éfeléfflgﬁéé legs thas @8¥dk- si gnal ,

038P TR A PS5 ke Bl gl 1T

instehtahesus yajpieskan, ofmitehtaitcmmusemstﬂlm, iswpplédd dssa cmmfnend ﬁlj).ut to the

or a | on ve ocit or e or art has
curgfng ewﬁkyi opgn, iz }‘ésr%tf %&ewr 4?@5% CUFEAt eIHTAR ARRRyis briefly
desBhSdOMoSE hiKE de%ﬁ%ed 1r?11101%r&’t'd1ﬁﬁ@oﬁ¥ecﬁ&? W'?ﬂlq?l% % age

vol tage control circuit 50, is derived from
[0038) t age Migv4 ther diajgam @m@pmldsomm@gatsvtedp@ibw( ammdlz@ystem that

de bove. ;First, it is. ..
is G By S Mo B SrRLrYe of calie ci epbBied in other
harfiwhilegi@itnaenehtisaial Aot toSIes ki BadinSBE tortthd] tsheddSHM, Ar closed
MOBQH%FFrocessor AI'D input of the engine stroke contro

iye fegyibackfontred sistpnnles ¢ d¢ lopp apg] 4 éeedBagksiegp. In the

t . i e . .
R I N ——
comdpend irput is & Rignal tbpsdsagtngvoldesignl (cdmhesded)nedudo¥asa . operating

output variable parameter that is being controlled. The feedback loop has a sensor for

measuring the actual value of that output parameter and applies a signal representing that
actual value to the summing point. The output of the summing point provides an error
signal representing the difference between the desired value and the measured value of
the controlled parameter. That error signal is applied to one or more forward control

elements each of which is represented by a forward transfer function, which is a
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[0034] The engine stroke control |oop 52, has an

output that is a conmanded i nstantaneous value, |Icma
WO 2@B/06d9b®r nat or current that is applied as a PONS2007/077982

input to the current control loop in the active

rectifier control 42. That &&rrent control loop is

briefly 20 described above and is described in nore

detail in connection with Fig. 4. [0035] Fig. 4 is a
mafHeAEfiédNeRbresi il RREHe hQeRbut e aabhipet. Toedbadmtient &:Pressions are

systemthat is enbodied in the circuit of Fi and
advaniagepvskr apiice ¢rensfomn cxpressiys drlieh feH a@tmémeelrﬁgﬂléﬁﬂanéhe art the

ope&%{lﬂgr gifmac (o1 591%,% of e Iéfé%}'gﬂts g {1{%0§cﬁ111%|f gét? Elnsg%forekhow to

art

cmﬁﬁﬁ@tfl‘idld\%/fétlﬁiiﬂdih@naﬁloﬁ@ fofvah & | thﬁnﬁﬂﬁ, af E@&@ﬁ)&h&d @0 Mmultiple
In the 25 forward. | oop, a.command input is %glledto

ways lnonv taghessiskidled 8t the BHio AgPicset ?%h)elemﬂaiém fRife] system so
o TPy LA, S S BN
[0086] bei ngAs ailkor kidvadto Thuae fskdttdainkthe cmptrhb sysers eart arlosed loop,

for r|n he act ual f that ou t )
neaagff%rﬁad@ac %ézﬁ) pytesas &lesil@‘hii iied i SsEhgle n%&ﬁm]f loop, a single
surfiéBboid@hUL shi@1d REwaMNEEHIRY RPLM - It TH@oRUIRAUL RbiudBenultiple

su g point provides an error 30 signal representing
feetlbezk do dpbcyuamoia g peinise éc»rwtatrbcqjlé@il cl@men‘ralaué othet elements in a control

al ue, of, the co ar anet That
syeffi oS RuSlionns Sa SRR R B RE T Hensd aont r o
[00spent sp&a&R eilledhhahe kontt@ pyas@Nredlsh YeddghREWRitGuch control
transfer function, which is a WO 2008/ 066998
sysPOr usdpomdaneged with melesemdisgal ciesuits sadicombingtions g them.
The Enath r%%alt %efa‘ﬁ%nio Héﬁ?ﬂﬂ?d Ilhﬁle ré% tf' C@Antr%i( s?e?ﬁ 'a?@&esnably
vant ageous ace tra orm express

11111¥¥B1I1161|.iled ewith alé]n}en@ raeezhusﬂyl Iolt‘ecblmﬁieﬁCMIyaratfalldb& mlcroplocessms
operatlng characteristics of the elenments in

i ERPRANTSI1e18 05 t AT AP RUHEE SHEHIES: HEWKRQVR &b Ht ?%Wt State of the art,

Iy I

a:nep%1 &%@Mﬁg@éﬁgﬁgﬁ% | ?Iéﬁ 1§1§s 55%@%86%%\'}\1“%?% ﬂtéf]fg{;rged by software

progkantrhed dngltat heircaits ha‘ﬂn'g rqmtﬁwmltalgealdhnﬁ [teatesinuiate tahelog circuit
control system so rformthe trans

PTHREE| B HECET BBy AL PO AL A1 B BBGRGS can be

pe @R8Iy ARs@e %gs@ ?mgﬂa&lm%%gﬁkm{dye@m) fnfa,%ra@ﬁﬁame lgate array
systen1art cl ose ative feedback contro

(PGA> oiedigitalrsignabprocesst @éSR)om @nwgat@ns esdpbis bjoapcroarocessors

or G TR ro e i ot QT i i e 8GR dntpdes the

kndvR® Bypes Of Uil Garidodigltsl, 1okl Y] Gopleh®ntBloasMeint caf Mt used to
other elenents in a control system Conmmonly

implewertol 2 | eBPEl apiEctifestlfe WEhi TFOBPHERE c BHEHb| ne&ébsto circuit

1n11$1§1%§1§%’&1§1§r\{?ﬁgﬁgéﬁé L&gcglﬁ ?ca%t?a%glf/o%?ﬁr{r%gah %&{)gzms?g'iﬁl i‘?ll acQordance

withrph&hanited] spekdtioaralatpgridimdi gi tal circuits and
conbi nations of them. The {m emat | caI T{ger ations
[0088kcr i beRefHipg BOW I Fitamh b 8T tsapylgplesoatrel lpapsot the preferred

emg&ﬁlﬂeﬁp Iﬂlﬁstrated in Fig. 4 is identified by a reference numeral, 1 through 5,

associated with its summing point. An additional summing point 6 is within loop 3. The
ultimate output of all the nested control loops is applied to a pulse width modulator 60
that controls the duty cycle of the switches of a switching mode rectifier 62 in the manner

previously described. The forward loop signal passing across the top of the diagram along
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15 inplenmented wth any of a variety of commercially
avai | abl e m croprocessors, mcrocontrollers or other
W@ 09pM6a9ss) circuits. As known in the current spPEr/ESwWH7/077982
the art, analog circuit and mat hematical operations
can be economically perforngd by software progranuned
digital circuits having software al gorithns that
simul ate analog circuit operations and perform
theBiedeleheats TR RhitDNSconMaNbop edsBRfllyaBsedintOMs daBicycle of
be 20 perfornmed by discrete |ogic, programrable |ogic
thegimitghing Paote reqiifisy st "5111@ duly cafp}ea)pntr(ﬂp@h;pm@tm ghgentaFach of

the rﬁngl}lgip Aue og?glgg)rogs aé]gl)éplglg X gg {qu e Q?d.}%g ¥\I§m 1es1%%18é/ to each

paﬁledilﬁi? To6@R fssdbad sigial G the coRdRglidrt alrbyysipidl lgutkestedl BLits summing
| mrown types of analog and digital |ogic control

poiphphe fspirier oifs comastidaivibe Filsell the Swikgmegmapdearectifier 62 is
[ -The | 144, e
cm@%@ﬂe& (r%c ’lcjlfll‘%t\%%é{ntg of %‘1 rr%{n ?ﬁa{i‘% o(%i;{ﬂ& I c:ﬂ%e%g };S:% §E1hnrgr él%ﬁfb 66. The
outb@lr oﬂ ﬂ1amsﬁmhmgngocm11eei1ﬁat 621 m&omegemlto N oatphmo citamc 68, such as
a mat hemat i operation or algorithm_ [0038
ﬂluﬁé?teql g %@WWM@@J’ 1 gnergy iRrage dFWg St piude @ gegulagpr circuit
and ﬁ’lﬁﬁl%tegf célﬁ@ctpf@etlﬁél&ﬁlqcalm‘)d' ment illustrated in Fig.
I's 1dentif by a reference nuneral, 1 through 5,
[0088koci at ‘Elk wutelmnpxtsccsmnminlnga |dopmttlolmhcadmmsmg@awhage Vbe Bus
g ) The 30
et pehf bk dopBal iRy Tsouputnnd tappl N « 5 avsienal
repRidbiSihoMhet desiBd whink O5f 6@ midﬂﬁﬁgec%ﬁafg@' ¥nd ?g Ouhy Y6t @an be
of the switches of a switching node rectifier 62 in
designed e paenit Verelp Buskepuadlyswetacisdoor, meerpldywds dalbeapfixed in the

oo eBRaEb B RRORE B To8 BoBlicsth oty S APhBL - g gnue of
the@ﬁldtslt@e Wdlt&g'epl’ﬁc qu MtHedfeedbaclpsighd Femnthisahidystagepiodts gt dhtrol loop
cycle of the switching node rectifier

1 1%%1@1@% és exm%algech%hvec@@p@ VOHAgT wlgma ctrewhy e Dlyyeléage control
cn&fftcgb %{1%5 %hl . Jchtajc &lngese\@ nctl?ruo (# e{f)l(ﬁﬂés 99&1 g]ﬁjeyentm% I;]t through a

contr cy cl e” n respons
corpaant mmitiphier V® tqoths sﬁmnaﬁhgphnsﬂgﬂ]ad ereorchigiad ﬁonnsmnmmgtpomt 1is

iGN PP PO AP PO S0 o e s9ion REiaRt Zh e ghovm by i

trafderh&fdd fd & whR Hn%wnclﬁnﬁ%%&ﬂ)aép ct)lli‘t?olv‘éy@féh{‘ QﬂOfThé‘rimd—stage
alternator 64 that is driven by a Stirling engine 66.

volge cantiop ulpoyafl tp@efosw t& hioliggerodgnlatert fuhttem & psntrolhng and

maf PG 5 B (o oE s AN FicepiRed T aRe Pyt ebmsguc-stese
volehp¥ ic6trol &P 1 E‘-‘dpidﬁ&i ® thegils8i1nt Fistohétrbke adifirol loo 8 2 as a piston
ultimately connects to an electrical |oad. 10 [003

strofigecoByead papt Xeomt Piston s@f@be gondepht werd- étagmbusrﬁcatag@ bg@use piston
st1c§{<%l {oﬂ&?lsgr H@H%?W&C %?1% 1 1 ntBch) Bﬂ 39 %du\é?d ft@@ qgﬁgh is.an 1nc1eased

con A
clestrigaldbad depndsiaatdraigs fvee eeaiy ddmy ﬂie WRely stdrthg capac1tor than is

beinrg (sjﬁpsptli% 1e)y\‘€1(1)e! éltaegrr?atc\){'%oggesquént-lg: ?no%ie gogvlﬂfielF alfdagr}eg[gr stroke is needed
to raise and restore the Vpc pys voltage. Conversely, an increase of Vpc pys results from a
decreased load and requires a decrease in piston stroke so the engiﬁe provides less power
to the alternator.

[0040] The second negative feedback control loop 2 controls piston stroke, Xp ,

according to negative feedback control principles. The feedback loop of the piston stroke
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designed to permt Vc,,,d to be manually sel ected or,
preferably, its value is fixed in, the circuit or

W@ ofoBme9e8 based upon the particul ar applicati oPCEHOS20011€77982
desi red, design value of 15 the m d-stage voltage VDC
Bus . The feedback signal fbt this md-stage voltage
control loop 1 is obtained, as explained above, from
a voltage sensing circuit in the DC voltage contro

corfilol fdéth 2 a(p'fét&?poﬁtuﬁﬂ%ngﬁl ThRSurs&NSRnNELeBro the 80fing engine
applies a sig representing it through a constant

to nmlvxdepa uoerconmoaﬂmon mignelu ke rystpoipasition sehgor ek gﬂrntiﬁpglﬂdﬂ to the

sensfiP) RS B9 B oLtz BEXPVE RS AR biffting a signal

repBdighgDihel thstardBndohia ok Rionf sk Siktoas Allmattély K Boyiktoh Nvelocity
the feedback control systemart. The m d-stage

sengeyl easgle wsek ped ifs gupiput WWI@ KgePechde tmé@m Qbin a piston
postlltgcﬁf%%gaﬁ].\#% %%ghv\ﬂ k(}lﬁlglggglg 1stsm§ t%tﬁaﬂ]ﬁd ﬂglsgifﬁgl k?l‘r'ec‘]tnsﬁ)tn position

sengdr T2hgrofrides & tsalgseantidhly tsﬁg@mdﬂ nignal rdpesspnting samm@piail dﬂ;pta@ement
t he subsequent . pi ston stroke ¢o | | oo as. a

of Pregigipn ag %r%k@logo?ﬁr%lﬁe Tfrp alrlpb@%r@? s BYS lgqsrt&@esensor output

1epf“e‘§911it§< S af ‘I{? ?é 9 %é%&? 104t REBIRES alﬁ‘rsﬁle Hh %ﬂ@d ?eﬁﬂaodlment the
stroke con S I ne power output.

outpetchfcemsor Yhes mdapbﬂi bwa arnstant K@asaadl ap1eiﬁc-ze1dt> i p@a]k dbtoetd1 74. The

e LIPS 08 5 % SIS O B SORERY et i

dlsltﬁ%b?&%' %’i‘éﬂal/ anfdOhR peeko dask Garat 6 s HRks dkpReedest signal
o raise and restore the VDC Bus vol tage. Conversely,

repeaserits theanessuied viiDe 581115 qfdhepisionfsiroke. dhe geaapuad wtmw@ke Xpm

is aéalpglvcﬁ glll geségbacgmgér a?%ee) t]'tlens ) .I.Enog” i rn{] g,f%oﬁé’ [v%g 48en ‘%manded

strak@CABh regat tov 910‘Vﬁ%d DA kKo Qfgnép HlaJt a9 ppRli&d s 1 Sorward control
pi ston stroke, , ~according to negative feedback

elel@éwt%rThrﬁr forg gl @@hOhﬁenﬁ@e%ﬁo@éqgrat%ﬁldomﬂh@smhe egAr signal in
the%irﬁgrglq\&rglg%é 96 Gﬂ% LF ! o?ﬁ?a%?&e%@g@ol e}éhtl&g 19 Epplled toa
has a pi ston i on sensor
smﬁsmlnmk @ireton geﬂeha&oﬁtg llidvul’(gga modulabletaapiitodd ttet ia 11p3d$riamd by the
sitign | . The piston sition sens 72, ) :
sighal o BBW%’ V4G, GoRE0l SEmeR 164 T T eapgReya® ¢ dheragusnidabimetion
gerrd PR KTRWA ok Br hBE BE tesbRint BfQYALy NG tRe §hﬂﬁ1%| en 1ne and in the
representing t he 1 nst ant aneous position of
illuatrated nmbodaeieyt, i the designededpeviting fBequenmyoof ‘daan‘itbhngeagme and

1G5 n AUBHEY GRS GHTER oPn o CHB b e oGy using

corfehti Al p&gﬁa%}ﬁﬁlg 7%6%1‘[111&/13 stheeseitdake appl, i the @Bmming point 3 of
posi tion "sensor rovi des a substantlally

thesneniseigative JSpeghack rceprrels dean: ny ssiusislo haehg ddts Adidgen that is

plogé%logrﬁ t$ it)l etoqg%ﬁ%l alf ﬁl&%ttflé) R)l’\g%ldtCIOHEOI e-[glﬁen‘%% T]%J% gﬁm%ld is the

n sensor ou presents

corafphdet! lxdmeafmtgral%p@f the R@atit paamleieal\rn@ma] Thistdiuit parameter is a
preferred enbodi nent, the 10_output of sensor 72 is

critigg] pathlof dee Bresent devré,rrlamanrttwﬂléoea@raww fegpnsistegabe ere detail
bdg@rector 74. The

[0041] The third, negative feedback, control loop having summing point 3
controls the instantaneous value of Viyema . The definition, operation and significance of
Vintena and the feedback loop for the Vigema feedback control loop will be described

below after describing the remaining control loops. The error signal from the summing
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peak detector 74 detects the peak to peak value (i.e
t he envel ope) of the sinusoidal displacenent signal
w@r@shioss peak t o peak val ue of the piston di SPCHUSI08TI077982
signal represents the nmeasured value, Xp , of the
pi ston stroke. The neasuredlpiston stroke Xp is
applied as the feedback signal to the sunm ng point 2,
along with the commanded 15 stroke signal XPc,,,d to
poiBf 9\6fdBe 31, &f FREbskAtRkrot b ik Sppldd 1088l férdvatd) SorftRy] Wdnsent 80
contr ol eﬁenen 76. This formard control elenment 76
whioht wgpgzatess arth dmphipes fhesroheigapl tr gongyial a isiusqifd commanded

r The out put of the forward
cm%%%t?ﬁlﬁ%ﬁeﬁgﬁﬁcyggy% pplled to a sinusoidal -

[004PNCt | ONTHE QI AlegZiBve f3edbgbka coBtell RopbEdt@IP et ﬂﬂﬁntaneous
that is modul at ed by the signal fromthe forward

Valb}@) At thejaltemater ArrTes and-has sunegilgRoyntotoorhielh éhesqqairu%}md@wcwent

Icm? yo g}&ﬂal ﬁ}% g%'éﬁ{t:@{tfé P %ﬁr ﬂ%t £1'te?1<1?%%1a£e1ﬁ‘ge§1}] g&gt%c] IH@p h%sna current

senisoi 815ﬂ1|aatcﬁﬂsspm’m1® dbd mt&ntun enssdnb@ 4Besf EllgeBi ‘D]pfmaputnggnal from the

*\ freque of the t|r a al ternat or.

curpgn ﬁ%ﬁ % i auidt nbl&grbé/t Adnd 7 hﬁﬁé? ﬂ}ﬁéﬂ%ﬂlﬁ% PP fgg a sinusoidal

sighd1Ge %ﬁgén\fmgsthg Qnst&ﬁﬁﬁ’e%% I,R0@htoPREEANHN Tig: @flgloﬁlg{lglwﬁom the
t he fect is to apply, to the summng point 3 o

sumektg poegfad of thef @@dtwmkcumnt feGdlbaICb opntral lepp us epieddvianfyprward

et i S 25 nal to the out put
corfPy RETep Shive tegeaies A BRETAe (&F GRRErb. Thi &
[003BNUSOi dTh&fifth@onteSMHHS dadcly Rl t@eVsith@inpadoist] 196 fbd¥eforward
circuit paraneter Vinternal . This circult parameter

loopsThe oparatianced] feprfarward lops jsrlemany toj thosenskildast iarilie wit| The feed

fm{?lgléiii?p i#.ﬁl%&?[ﬁ h gnl? gsgfoﬁ 32&% ea%gac% ﬁlgélllt on q:ﬁft g\ﬁiances operation

of tiRVihBHnSE rammgnmit ralndas ud€ll €Rniurpdsss taheadynlsﬁcam am €@Ugrior art.
val ue of Vjntemal . The definition, operation and

Gergrghy, IR EREEIIER PUPPORE foliech HvERblop atisaiskst BespO¥ gpre circuit
|

sp R P SEE RS R0 3o SRR LR LD o

sigidietoemakss wogeabr cﬁpema?tidnhbclmugﬁm ht@o%\ﬂéﬁﬁﬂ/oﬂl% 9918able 1s affected

PCT/US 007/ 0 7 82 V,
by s Ln T O 1?18%1‘?5 He rﬁlﬁﬂ@ Ibstlatefidpvﬁs d4=cthiﬁtPF]8Flpal fed
for@zhﬁ”ﬁ?ﬁal 80 theMhdaled MERLST @cﬁta%@d\f app 1ckd 69 &%ﬂ%fﬁle mid-stage
to generate a sinusoi dal commanded © curr ént
volm,e ,\Zm Bus the Vbesignekis @mmed djtom doppisiod @egitioT sengop wigna] 72 by
edback, contro controls the )
iR SR S o (G ene B AR B o o sppgtent @ at
clef@st SOUAAH fhen BEHIHA 18 diddWhoX IThe he, G @ﬁo&h'ﬁlé@ fom the same
l,,,,a is applied. The feedback | oop or th
VoabitsSpieat 8¢ peayieusht dessribedosnd esg fﬁlaﬁleanm é@eﬂbaq&,%ﬁg@ﬂl for the
r sen
1n1c§—.§ta%%gélga 5&&@?@% . 151 1@3 tﬁﬂg& Sgti ot 219& a ;}3’168 é% F {egd1v1der 92.

rom

* Therohtputodfl thel divydeKD? isl Vadilidydiyi [8Ghctsq £ Kg, GS]U ﬁ‘lmrtﬁvﬂemdlésséntlally

as a Ssinusoi dal ) ) .
represents duty cycle. Consequently, this feed forward loop senses disturbances in the

form of changes in Vg and in Vpc pys and modifies the duty cycle and therefore the
alternator current to maintain the same V; and Vpc pys Without waiting for the negative
feedback current control loop 4 to respond. The division by divider 92 means that an
increase in V, increases the duty cycle and therefore the alternator current and an increase

in Vpe pys decreases the duty cycle and therefore the alternator current.
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signal representing the instantaneous alternator

current |I. The error signal fromthe 10 sunmm ng point
wdad2@B/0649e8 al t ernat or current feedback control PODPS1087/077982

applied to a forward control elenment 81 which

integrates and anplifies theferror signal. [0043] The

fifth control | oop, which includes summng point 5, is

a feed forward |oop. The operation of feed forward

[0049PPS | SThOGWEsoidAl biPse skl tht 86miding PEnAS bof tHRed €8 ard loop
forward loop illustrated in Fig. 4 is not necessary

. g : . )
(orffpm t frevard eéamand 8 L biditthe dgrdnioewaidplepns isopmittdyprewées a control
. efarr odi, t | S, fon.p _ I -
il P S O 1 3 R U ROE8 P g eots e
dutp ey ple € 118 sveltchBRtbifthE waitchih@Bpdb Sedtifies 6D aLtheNBglOfred@hey rate.

circuit disturbances, anticipate and predi ¢ct changes
The quly et pbtheedviiehes 5] the sidchiss mede KsHEeyls giogp@iogal to the

il TS S5 ANy PO b, T,

theldatyt tyelepsfehe OiNeahde@BB diates off thd Hipls frequieady switbhingg ofthetsivdtching
rincipal fed 20 forward sj%l_ nal is the ifn uced i L

mOge (SR oV aiS| FARE ViF JV FERShPmSYFes i) {he; plierator operating

fre(gﬂe‘f{f:y$ 1,39 $roptPtidA@anY HistRtcous NiucVer Bk 9haboilla A8k ¥B8al from
romthe pi'ston position sensor signal 72 by

thediufuireng point b, asrknownderthe et of svisehivg hwde trgetidiges. More specifically

o BB e TR I BBl LB o

the QKT Ainie£br foh® Fhir g dSaaRalIVEXpOBMS sWREERR6HhdPIeVArRE Fom 50% at
descri bed and used for the VDC Bus feedback signal for

zerp leosP gvariod thersaysoide] eoagrel Bal fop magspum at the peak of the sinusoidal

i plyi h - | i t | Vi .oy
corfib Sigfis Berdte s naff oy Btia BP0 ol IS (i tof s gy pair of
diagortéilB, ofpoite Thiathedi 34 ded@Bsesatnt framnl F0%r &prees endss chweryof the

. cycle. Consequently, this feed forward | ogp senses
singoadal poreted signalro emeaximpiat gie nealk AG S sisergalaeatplsignsk

and I he dudty L -
[Oogﬁser nat gfr?éj Iclzlgér ?’Z n\?‘m "8 ?%.i %ﬁL?H%rgﬁg%sgﬁrr%E 38 o%ﬁggb%ct}gugl esent
inventidno Referdng tangid & Vihe.nedafinadca3thef madbfidie caltaged, and the

control loop.4 to respond.. The divisjion.b ivider 92 . |
volfpganGet REPSLIRE RBPEALE TOHSBRES s @s&lﬁeﬁ@%mqywegﬁer gieuit.
Ho@RRekrt NRERILT fict RBIt#E CAR8ds0fhG T &fﬂ&a@{ﬂdcmw REA8RSE are not

in VDC BUS decreases the duty cycle and therefore the
indgpendentht ancessible &rtsensiiy, 20E81IGEEOISORCRILS200: /b6 TpggRted from

OB SRS PR B RoBh X BT 1 oI DT UEP RV R fom

theSlistbih pbigiol e€dof 2 Wakdl hiRPHeirslaffhsdhiiethat PHeOYbedeSrcait induced
control signal at the frequency co that is applied to

voltage VU sevahiaithe mseruveleety woltphgd by the Brotoricpastarg ¢t yThe piston

pofh sl N L 00 054 AU OGBS o

corstsint €8 shokn bhelementt R tongronidd @ sigat rebiedentigg V, . The constant Kp,
proportional to the instantanequs value of this . ]

s Shaviy i@ slemant 8biis 1t me10g Ganstat O aldps $iEpal TeRTesSHRg Yie rig applied to

a sﬂiﬂﬁ'ﬁl‘fg Pdifit 6. In order to compute Vg , element 86 multiplies the sensed current

signal from the current sensor 82 by the value of R, , with Kp, 5 being the value of Ry .
The computed value of Vg, is also applied to summing point 6. Therefore, the output of

summing point 6 is the sum Vg + Vgqe and is the “measured” computed instantaneous
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the duty cycle of the ON and OFF states of the high
frequency switching of the switching node rectifier

WO 20080669981 0SS the | ow frequency cycl es of thePCT/US2007/077982
alternator operating frequency co in proportion to
the instantaneous val ue of iWe sinusoidal output
signal from 10 the sununning point 5, as known in the
art of switching node rectifiers. Mre specifically

Val(uWof . 5Ef; %1eﬂ1%e\7]£19m1':¢cﬁht103100p03/ e 'Thﬁ‘nvmhﬁ‘ Ei &Mcﬂs Qh@f)utb’ﬂﬁof the
w frequency co, the duty cycle of time for

feed]ﬂ@k pedpr fop fhedﬂ@g@ h@lpl Wg@bb@&ed@05\mnfé¢iégom@ab¢@t1@b Vinternat -
[004§th fgl fipgnﬁgloo/ét’hehgmﬁg &(vg § Sioc ?npﬁglgé gl Iﬁ?m? h%ﬂgﬁldgﬁlled from
othSt BptESidavariabRe oI dhe §ys®ﬁﬁ|1n t@/ﬁiraytdbﬁlib%&tabb@d fthecyigtor, position
the duty cycle of the ONtinme for the other pair of 15
sigpgl apdifaTanyiated poderive nisien ¥elegtypdipgitinBed, by ﬂ’@§n‘?tpb‘f'ﬁ1’§@% o, as
e S fa
sho%}n 4t Jl&n&#&% go?iﬁteo%&% Elgffal 18 lﬁéé&g:ngu 55 %@%ﬂ % é%rﬁ? 1nstead of
dlf&l@maﬂmg b OO pd'slltﬁomsiglabfto Velm‘teemﬁonf\&iocﬂgnﬁ pBtdn vajodityesensor
ﬁntra tot ﬁ i nvention. Referri

cory e g vaih Vs oo TRRIPLECHBY | s OAIST CHREIeH gp Ol 2 signal

repYQELBREVYY T%ngnﬂlglﬁentvtﬁhtt %Qs@ea\{a?@c&ﬁk&ﬁ feod tf:rﬂfp@fdthé WBsition
resi st an’ée Rae “of he al’ter nat or eCIUI valent circult

sen2@ Hoteethe re]entemt équed taplelymgl thegesslide somminghpeist 6, the output ofa

pisER B e Bb i el h6 2 Plrdroh! PP amen o QA bolbat epresent

theTH&thbr BshsGANR Bueditho@ny liffeenatoawihbe thod.apleeseskrator s) and
val ues. Referring to Fig. 4, the value of Vg is

its ewppiApHed todhe suhBingi RAEB®- posi tion sensor 72 based -
th h
[Ooéeftnageey]r‘ﬁ |1§Bée %E]g:{}&?ottot fl}'gsép IQIS lg(ﬁ ?13 eﬁ refé%ﬁ&mk{?ﬂctﬁgt 3 simple

aplﬂitaﬂidiﬁoﬂmﬁ@fofﬁ@mbﬁdltavxa(sunﬁﬁﬁﬁg pcblﬁetg@@aﬁﬁncb@&lotse(bmop) shows that
signal is differentiated to derive plston vel ocity_ and

Ve SR 13 met @%Pﬂw Atgmalps e copmyiaddnt 53&5111§§ he; Kejfage afr » for example
I [ nal
il T bR RERE U BIAN) pRRSAS 00 MR g e
voleagnsiceuss tlee altéfimdter sidgetacer &pi eAetitdsagkNgdiis thp |ai'tiveidil Tbeo aware
In order _to conpute VRac el ene

int 6.
howehunﬂla%ﬁf 68 Bl bURLI DabFBATCA SPGRYPDT ArshilERgac summing
op& A d8 Nind SR Mer 8ReyPdard rkﬁm\éablu Qiﬂ?éreﬁ%E is WpeRdd®. updn the sign
being the value of Rac . he conputed val ue of VRa
coriventidns aha@pd a@@tetdoF@mmim@wpmf ihis @ltermataveebay of combpiting thema]
ut 0 'n_ oLnt -6.is the.sum Vg + VRae and
B ad B AR R AT SRR e IR BT s sse € is he
senkédl élM@rNeﬁﬂlﬁaﬁ%ltakg Wtkdi? vaftadd stheoreds (Fas. H)NEhe other input is

Vintemal control loop 3. This Vintemal signal is the

deryigd put dﬁf@l@lﬁl@tlng,e%opé@@knﬂ &90@1803) tthe cerregfedgnabdipm the current

sen{s] g%](ﬁlﬁhl{ %ggd b:‘?e a? ?&ﬁ)%%tto Vtgﬁ%’vécg 'a@ﬁ¥e° 89&‘3' (1’1 lﬁ%yﬂltge&%t by the

indvptahe2rl. aff thesaltegnasorgamd| ptigid thed: eiLﬂ'Ozm a @écbﬁdi e tatiengumming
vari abl es of the system In the way descri bed above,

poiph pi ston position 5 signal is differentiated to

[OOqgl;l' VZnEBgéaQEE MeleOht bite AR Bt diRlivaHal¥s bHe TS that can be

sensed and used, 111 addition to the sensed alternator current, to compute Viptemar , the term

“sensor means” is used to generically designate alternative sensors that can be used, in

addition to a current sensor, to equivalently compute Vigtemnar - Those described above are a
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shown at elenent 84, to provide a signal representing

Vg. As an alternative, instead of differentiating a
WQL@BO6pOSi tion signal to derive piston vel ocPCHPSA07/077982

pi ston velocity sensor can be used with its output

mul tiplied by the notor cons8ant a to provide a signa

representing Vg . To inplenent that, instead of

connecting the output of the position 10 sensor 72 to
pistdi§ro8itieARBisoB % FBEn dRPcity Behsbhend €3dthiindl FoBAEEeAT for sensing

point 6, the output of a piston velocity sensor is
thegiophgeedrt o an el ement |ike elenent 84 with the K that

[OOéﬁfr €S€NTye tnrllc?st mﬁ \H% 'tﬁl? ??pteglmo{ath) ultnvgﬂifogoyst tlﬁ?y 151011 stroke 1is

ferentiation ace oper at or nd

cortio$le® WopU WV, ARR IrhtBel fhan teorSibiRe e Oiratit 6arleﬂsw3470]nu’olhng from
w Il be apparent to those skilled in_the el ectronics

Vinang mepRst that e dprdback lpop g thecragpBye Brdhackaeatre! l9oR Scisgs as its
E t
“mpiee® U0 KA B0SHARNEE Dbt bID ROt HEY, or some
othby cireuis ivagalilh eThis| diegethvTadvahiage exaighiter comtioh (ae. within closer
vol t sensi circuj I ustrated . in .phantomin

tolgrpge R LR R AT 1S 4 BRI BBl e

[ooéb{ er nat gy ufenfws@vmgﬁﬁscdsﬁbﬁ iAshdI@BR tdFhd P %m@ thdl®he Vintema

wll be aware owever, the addition and
corgupbtaoadt andrihasubbervant loaps ap epatiing with instaalapedrsavatues across the

20 .oper, and. whet,her they
o s RO B SR e e e e s D be bome in
mlﬁd]ﬂfat ﬂl%%\x@t@ﬁjﬂgQﬂodeJ'_l@Eu@diP{Vhﬁﬁtdoﬁﬁol@falt%ﬁiaﬁn altrefith al dwikching at
computing Vinternal , the elenments 84 and 86
thealrléh @WHWPD@M rafen &ﬂlél‘éﬂﬂ re,othere; lﬁbmﬂaet%l thgeordemed HQ) 1 dPRAtswatching

cycles Iqﬁe s@ﬁa’ﬁﬁ? ngéite%éﬁﬁie? é]a;%‘lerio éﬂu&?{%&;ﬂ I)f fa engine and

a e Senso

altéiﬁz{tbl\{ @&ﬁithhhe difyf @crndfl @ath h@h f&iqu&h@lmﬂtchﬁ% dyfelegdet@inined by the
the current signal fromthe current 25 sensor 82

4
1nstaﬁtap@(§15 V@}ue\,@ftt e Fl@giﬁ)é(éﬁl cofralisyghal goaleqm%mglp/obqt 5 agt tl%e time of

swit ug’ PAY 1.NQsit / tﬁésebﬂegﬁfw AL P(gl‘&gol Lio8s Eﬁehespond and make

nat or and the resu a ‘secon
athlsImtems at b mate fay 111gmr mlta;nﬁhe I[cﬁf)ﬂ‘aqluﬁey apsetitheqeacye of the engine

an | te%%:agﬁtslééj%go er A rl‘)% 1@%&' aﬁ{u&‘ gﬁm@]& ugtﬁlé(g])s/%f[nagl i{]equency cycle.

[00@'1} er nat pisyoUhioRE t15 adﬁst&?ﬁ? WeiRpothriRt 1%Hi1<ﬁﬁg or M&?eatsi%'grﬁltemator
'sensor neans" is used generical |y designate

cumdntt &r alkaw woigemsiooks dange. dais lbéoas@e@ponl the a@:l@iﬁmmbm afaligmator
ensor

ool 6 B 50 YDA SOET ot B B by e

altdrhakbiUSE AT/ $HESIRB ALy, 1Bddhisih © MorPO$d ExeRfed TRNBO histéh fiab iPairectly
velocity sensor and a term nal voltage sensor for

prO@@ﬁ@nﬁlgto ke alfemalgg eyt apdho|propuyEonisY cPRgwiit Hinthe motor
coﬂ%’? l’l?fnggg? ymf%ﬁailg s filﬁeu{ tCLlPll ﬁ{ 1%91{}%1{1%%@ d'aﬁlpl %force and

con ni a er t or 'Sone‘o
thegdfére llda$ nveehidbd] éoadGguoiirtid pistog wiicallows the piston stroke to increase.

Temporarily increasing the alternator current results in a greater damping force applied to
the piston and therefore a greater mechanical load upon the piston which reduces the
piston stroke. After the stroke changes, the system comes to a new equilibrium at the
higher or lower piston stroke and therefore at a higher or lower power output with the
power output from the engine again equal to the power transferred from the engine to the

alternator. However, it is desirable that these changes are able to occur at a rate much
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5V;,,te,,,al neans that the feedback | oop of the
negati ve feedback control |loop 3 uses, as its
wO pwasenerl” feedback signal, an instantaneous Rel/U82001/077982
V;,,temat rather than Vg or sone other circuit
variable. This gives the ad¥antage of tighter contro
(i.e. wwthin closer tolerances) than other fed back
vari ables for the reason now descri bed. [0050] In the
hlgfléil ﬂl&%lfbgoﬁkzﬁﬁllgsﬁéqﬂﬁndﬁ ofSthe ¢hsinbethaongithiA AMimd ifitedtal far less
Vin te"ial 10 control |oop 3 and the subsequent
than @m@l@d@fdv@s@ﬂlawlmfﬁhﬁ (IgEICAALIAIRSEESval ues acr 0ss
[00§?f er lng f;lé S@Ha%t cfc,'iythg 3@?1%1% %8{%1%41goelfgéxlsr{/]éwniahﬁﬁgﬁl@g) ?ﬁﬁl stroke is
corftid@es By taliBina@r Gt €at. 1 f is@lic sudio€ IV cloVk L @hd these voltages are in
alternator _current, is swtching at the hig
phase decpaprjeihst ¥e 11%@1‘5#%?'@10%3% P@th&ff apgachie 9%@%@% fHowever,
theqflclﬁﬁ 1 8 A% of A r.J:lglOS RCl A5 95111]%&1% 1158\{’ chi ngdRd&hanges in
FectiTier over ﬁ &quency tHe engi ne
Vinigl tolbe aloteequieltlp rsgansﬁd tlll[m dzH}ealhbumyg d}BCVﬁean caad@roh Idvipghto respond

frequen sw tching cycle determ ned by the
n“?%@%éﬁY@%@Bé& val ue of the sinusoidal control signa
[0058P™M SUMIL L RY Bint2l %ton{ ke .t ema] gﬁo@é tightet E&REIISL pifordstroke to

result, these negative eedba control | oops can
w1thescpiosm bamatiantek @ouadjj\fu&mmtmasabe axplained bzrfirsti qphparing control

| ow frequency erati.n fre uency
frofg dmes rs@urh EParer- CRBJES theva Lo e fawh Resaes, Vs is
propofidBAll tol fikteh WalocRY add lpterd velaeien @Na11@y§ bl@wlﬁ@ecﬁhﬁ%&i the mass
i ston stroke is adjusted by tenp orarla{t}/ reduci ng
2

and mﬁ@acsf the pistare tiramagnetcid BAgnSt supRIrositaghest tottha plston and the
sp1 o 915?1@& %%ﬂ%em -@é ?uéte :P]%: s YR Pt s %Qc‘?ltlartg‘llggﬁét&{] %ﬂt’aﬁesoa{n engine

ern curren orce exer

cyd% 8t 6o Byt inbientaBeapne tistorf velbeityo@iner c&hﬂadpdjmﬂgh@omt in its cycle) to
alternator_ current. Specifjcal

Ly,
chagge PBEFCBALE NdefsieeoRVEhatiews? We%’flr mgp?}é%%?r t\?goﬁansemlauy
codsPinf he alternator current and the proportionality
constant is the notor 25 constant a . Tenporarily
[005éHuci ngHbivevea] angmhanger incalterretrr quesol w8l beninesBately 1eﬂected in
anpi force therefore | ess chani c | oad
a CPrﬁ‘gp Fﬂr}g]ft%ﬁol{tﬂgp acaillc]rgﬁﬁéleq ﬁléenﬁﬁxtglf I5sis 1F%E‘€¢ + GOSREYERL &t ecause
vmiemafmov ar iy | agy a@aiﬂge Gn bi@nAbt urhet: %11%%@{&%&&;3 wleSted in a
eater danping force applied to he piston and

change DéVQfeﬁ] evegrtbeutghrV snsuiaisiconstaitdeia wt\;éenontlvr@ qfiesgipg operation.

sl heabe R dbo Rt Blupbrathes b lhifr Bl T soproting

plSﬁ)Ql dioRBER cBinde®ahe POBIRIVSL AEKS 1%Etha11&HER§vaﬁlGJeaéufﬁcwnt to be
£her or | ower power output with the power outp

seopebad igapaaded ipebyagaicanterd]degr WEhipevesy waall pprieafod |arP§H°d of the

5 RS A AP O e BIENER b & v o
opdratig pariolds Yeng 00f66 683 WchREFY WS200 b A8 s sﬂfﬁci@n’gfmdfe sensed

than the operating frequency of the engine; that )
andFPTE, 10| P SORFSIaAOOP PP Yeeme HEAG HED Br goadldo?’kac > using

v, L€ 1058htrbRieOlRrdf 2hien&oRdend SFHIRY, OFRlk ORS negative feedback

control loop to respond to changes that occur at the high frequency switching rate rather
than being confined to responding to changes that occur at the low frequency engine

operating frequency. The result is that the invention provides a quicker response to small

~
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[0052] The piston of the Stirling engine foll ows

Vintenmal and the piston stroke is controlled by
wa@bdose@vor current. Vintema] is the Sum of VgPGT/URAE7/077982

and these voltages are in 5 phase because neither Vg

nor the resistance Rac incl@@des a reactive conponent.

However, the inclusion of the voltage VRae across Rae

as a conponent of Vintemal allows changes in Vintenal

chdn@edB dREAUFWuEKhYarRienseebré PemeycalloD¥f pigtoheroke within closer
I'ntemal control loop 3 to respond nore quic ¥

ki
or tq@n@rb@mdar{e@d@e]vﬁm qosleldaor trpensls af p &Aie vf 2 fevekiHal

OBHL21 LA S SN il Rk A 512, bl U e

curbsht bl B¢ sez@fivat tlkG:qadatenotircuit RMNH4 ztlteﬁfﬁh il @steadt 1InCFlg 3. The
from Vg Changes in Vg .occur nore slowy because

Vg
surp of thy splsrees arrand the pEbloon S0BEFERE §hy e pifot GRD Vintemar must be
e l
zelx Ac%? dﬁ1¥g01%“?12&1%?f %%%@1&/ lﬁ&g Cc?}dé%n L%éﬂ% %1 er%rl‘?&g%gtlﬂgﬁmma | means an
1110&Ia§@ml't&nﬂl eh‘othtd'ngh M, s baausend, islessensiplly ogstaat bverg aypl‘mof the high
em Because of the nmass of t h| ~0sci | Isg.g,i tl i ston,

swat{]mega@é%uegﬁy hgisnavidhing ppde 50 GIeT Heasgst Vintema

11’16&11185% QR MEIORT didfrehlihBuBPRLESPRE ‘i"m%a]p&)hlﬁbl Id¥pl 3 9nd the current
cycle) to change appreci acb herefore, over a few

corPl/leopi 4 et iegponyivk @b fheMtgelh @ee@@eml ptal Ther e@m;sltcamut embodymg

b O PR et FEIRR P AT . SR b
occHRae aas@ﬁa‘l?lsﬁa&tibﬁ &l 4 erwn @tegﬁenrc? ?dyﬁleadfctﬁe Bﬁgme and thereby maintain
Consequent |y, because Vintemal = Vg + VRae , any
tightraesgéol of Ia$tt>1é sirelend paweekalangel | be | mredi at el y
ecte SR Even t hough Vg
[Oorlsgi;rai ns g‘ P]lets %P?Q??‘%‘%gﬁﬁé;é or JT‘I\IA%QJ of engi ne

[OOSIJPV at i ofhe ivensomyhstiaeges Fig Aktebaantiodedrinatiffetisg circuits
nportant because alternator_current is control ling

ha‘fﬁl& fgteriag vglues OfAﬂ@H‘éﬁ@]éSt%Fs tHFéN‘?YSFtaég‘é oyRRBIcaR F?E%Sematwe set

of T 85dsSk gﬂ,gle ﬁﬁgféfﬂcﬁéun eppufficient to be sensed and
respon to y the tontrol | oop within a very small
port| on ®f,a6p8eriod of the 25 engine operating
frequenc bhds contrasts wth the requirenment of one
or two e%@uf‘n operating periods being required for a
change ig, Mg15@ occur that is sufficient to be sensed
and respoﬁded to by the control |oop. Since Vintenal
is the sKmaefOl\/g and VRac , using Vintemal to control
the curr 2 thereforethe stroke, allows the
negat i ve Feedbac control loop to respond to changes
t hat ochq, afp g he hi gh frequency swi tching rate rather
30 than be| n% confined to responding to changes that
occur at Kghesp@w frequency engine operating
frequenc Ifges esult is that the invention provides a
qui cker r&éponse to small WD 2008/ 066998
PCT/ US20®4;5674982 20 changes in alternator current
and therefore permts control of piston stroke within
cl oser Kms=

Kgp1 =1
Kps=1.7
Kps=15
Kz =1
Kaps=1
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or

tighter boundaries. The Vintemal control | oop

responds at a rate of a few kHz. [0055] The manner in
wakiosheabanges in V;,,ten al controls changes P@I/US2007/077982

al t
cir

ernator current can be seen fromthe equival ent
cuit for the alternator Pllustrated in Fig. 3. The

5 sumof the voltages around the circuit |oop
consisting of Vg , Rac and Vinternal mnust be zero,
according to Kirchoff's second | aw. Consequently, a
reduction in Vi" ten,al nmeans an increase in current

t hr

okl

ough Rae because Vg is essentially constant over a

| e of ,the S, hi ng frequency of the
tchlng gg?n¥% § Conversely, an increase in

a Vi ntenihr altféﬁ&&ﬁ 1ﬁotdﬁ&ﬁ1§aﬁ’6whi&h@dﬁ1re§ Bpert dﬁfdmtgihte%ﬁn voltage to
The V;,,ternal control |loop 3 and the_current

cont r GHSPHBPOULYAE IFlEp ah@m@fel GHITQUR £ fwwnrt#% ewé%ﬁ

rat

f eedbacky &

e. Therefore, a circui

rnaror — yoLig

[ dyl %I C@' 77@i4§é716'!

smal |,

i ncr enent aIV(mfwg‘eSe]@ﬁé%[m@é@éO%eC] n @readlampst action of

a l
nmai
bal
15

ow frequency cycle of the engine and thereby
ntain tighter control of piston stroke and power

ancee, 41 0wkla1 RERAGSE AL BhNR MahuHest ﬂ%wﬂﬁg %@ﬁé@ McSalternator
[0057] The invention illustrated in Fig. can be

enboditedavise oﬂﬂfefleteumg inpedende of thh alii:mgtOd coi. e9r111¢¢gp1ston stroke is

val

f ol
KP,

ues of

repre &é?ﬁoéél ét% Q{SPOD \fCTQ}?éﬁyug@ 1% PVZ’%IT%EMFﬁa%k% at 3 constant

Iovyrdalgeﬁ@ble 1(,4=6.3 KP,4 = 0.05 20 KI,3 =126
3=0.1 KI,2=739 KP,2 = 0.2 KI,| = 860 25 KP, | =

855 KD5=15 Kf,,5=1 K ,I=1 KP,5=1.7 30 KD,5 =15

chd '

Vbe Bus

XPcmd

Xpm(t)

Xpo

VRac

VLa]t

Vr

' tfle cc!(lfnnandealvoﬂggez Q/%‘é 4318 6?0%85% tﬁ’%&@&&%ﬁg Ze?p%gi%or.

the DC voltage across the storage capacitor or battery.
commanded piston stroke.
the instantaneous piston position as a function of time.

the feedback piston stroke/amplitude signal. It is proportional to the peak to

peak or zero to peak (amplitude) of the instantaneous piston position X,m(t).

the instantaneous, open circuit voltage induced on the alternator winding (the

back emf voltage).
the instantaneous voltage across the lumped resistance of the alternator.
the instantaneous voltage across the alternator inductance.

the alternator terminal voltage.
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21 [0058] Paraneter Definitions a |linear alternator

not or constant which relates open circuit alternator
woeisaget o 5 piston velocity and rel ates al t BCTEHS2Z07/077982

current to force on the piston is _ v(alternator -

vol tage) [volts] _ force[ne?¥ytons] V(piston -

vel oci o~ [neters / sec] current[anps] Actual term na

voltage is a function of current flow ng through the

alternator 10 because of the internal inpedance of

the alternator coil. Since piston stroke is
Vﬁpmm@ﬂﬁpﬁmﬁ@ﬂﬂiﬁﬁpmston vel ocity, voltage is

proportional to stroke at a constant frequency. Vcnd

t he commanded vol tage, VDC Bus, across the energy
Vil agestanaaehd ain of ¥p+WRE Bus the DC vol tage across

the storage capacitor or battery. XPcnd commanded

pi ston stroke. 20 XPP, (t) the instantaneous piston
Icm?p)OS' t '119;' ﬁﬁ e@yl Bﬂ%}ﬂaﬁge@ﬁte‘iﬁ ~C tb the feedback

ston &t I'tude signha IS proportional to

t he peak to peak or zero to peak (anplitude) of the

instaﬁéaneous |ston position Xl ,t,(t). 25 Vg the
I'i nst aft!sReBasU S en circuit voltage i nduced on the

al ternat or mnndlng (the back enf voltage). VRac the

i nst ant aneous vol tage across the | unped resistance of
s the alltaptacabperator 8¢igratihg diffesenitiaiorant aneous vol t age

across the alternator inductance. VT the alternator

term nal voltage. WO 2008/ 066998 PCT/ US2007/077982 22
1/sVi nt engly1c8d &@mmaaﬂgﬁm_%ﬂﬁ@ﬁ@ﬁmﬁﬂntenal i nst ant aneous

sum of Vg + VRac d i nstant aneous, comrmanded

alternator current | alternator current 10 s Lapl ace

operator designating differentiation 1/s Laplace

operator designating integration 15 [0059] Wile '
[00Be] t ai n Mﬂﬂfe&fe[‘t@'ﬁh eeteodi reertiodiménts be tier @semt inveuton have been

have bee
disclosed in deta11 it is to be understood that various modifications may be adopted

without departing from the spirit of the invention or scope of the following claims.
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di sclosed in detail, it is to be understood that
various nodifications may be adopted w thout
waelepantdny) fromthe spirit of the invention orPGLURMOT77982
the follow ng clainms. WO 2008/ 066998 PCT/ US2007/ 077982
23 CLAIMS 1 1. An electricdB power generating source
conprising a free piston Stirling engine, 2 including
a power piston, driving a linear alternator, the
ciamtves nat or having an alternator 3 w nding, the power
source conprising: 4 (a) a switching node rectifier
connecting the alternator winding to an electrical 5
nerqy,.stor i p i.nel udi ng: Se. W dt kg :
L ROCE RS pOE, FERIS Y Sl E L P, RGP St enine
incHiding € ?5@{7‘!@15 piftofab firieinp egidday altéraedhahk atanttoo haviagnf dternator
controlling alternator current and having a 8 conmand
windipg, thecRai e 6ewae S¥N IS ¥imi ng j unction and an out put
egl:.ed: -l i gt h . S
SENIESHRAP PR s SRt OB i 10 an lssia
swW tiedngygtora® mezte anédndlfidieg A ulke width exwduletmtipocotodjng the
havi ng_.a feegbagpci rcuit conprising a 11 current
senSSHASGHAEERES oM He al t ernat or wi nding for sensing
' Uu?ta‘%‘iggﬁf?@@%%db&% Rhir6r R8h Fbr EiHifofitly AR ANPEN MG afd having a
current” feedback signal to the summng junction 13 of
t hecoumeaehinpiitedingeikd toatsHBMiNg pctien @Inémn petpupconnected to the

Cg?{%l‘téllé"\é }eVif{}ﬁ ?}?Oml%or?i%%ﬁglq#olflilggoﬁﬁ];o%%]fégg%l@lglf 'cfn%ee 3f the switching

vol hde rbdEie elle @brrbiecclrob bt Bavivg Bdtdibadndirtiie comprising a
vol tage across the 16 lunped resistance of the

al t ewrRnt censer nigioRected fie the ety whingofon swsRalnskglaneous
a (e | ] ; i - .
o AT Vi AL SR B ARG A ncin
conpegtedrras fesabadkpasntibbloapramdput i ng circuit, the

current sensor al so bej.ng connected,k as input. to.
{(RL2 G R e E‘EHUEO,]I ool SABEEIIRG QioHEeR Vinge » Which is the
CONpu| ~ ' ' ERSRRD LA theWolt oss 1l
COTRU S S0 BORL AR o L G RESBAEEAD Bl s e
poi htmmkl tebistahtend £ theabltargator wlinding pthe thgenauequdtol ddort having a
Vinternal control.loop 22 being. connecte t he., . .
confiaEah S PBPiHe Rt PERE S BHbAER BALFBr 55 nclyding a
2. BthsBl @6AdsicoAhecRAMBandBAR (S hicBBpSRY GfouitN iR AEERRESor also
with claim1 wherein: 2 (a) the sensor neans is a | o
pi sbeing poshedtesh as enspubrto phe ompuend eireyit,s@igsermpuing circuit
3 (b)._the conputijn ireuit fin-. - Co [ S C

a nﬁ%l{lpllé.fl% aﬁlgpaéapiryél% % sggéi 1'8%1 ﬁé&{ﬁgilg ﬁé‘“ea’a‘g?él%eaﬁgdba%k (ulqgut of the
r epr@aRd fent 65thant;ana@estrsl BbpNthe Dutpet 0f theYViyema control loop

mul tiplied by the alternator notor constant t% provi de
a pPeiag (ﬁongtpcéqdaps the command input to the current feedback control loop.

2. An electrical power generating source in accordance with claim 1 wherein:
(a) the sensor means is a piston position sensor or piston velocity sensor; and
(b) the computing circuit further comprises,
(i) a multiplying circuit for generating a signal representing instantaneous piston

velocity multiplied by the alternator motor constant to provide a product signal
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WD 2008/ 066998 PCT/ US2007/ 077982 24 6 representing

t he i nstantaneous voltage i nduced on the alternator
warmdioegoand 7 applying the product signal toP@I/US2007/077982

computing circuit summ ng junction; and 8 (ii) a

mul tiplying circuit connect®fl to the current sensor

for multiplying the 9 instantaneous alternator
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applying the winding inductance voltage drop signal to the summing junction;
wherein the summing junction computes the difference between the terminal voltage

signal and the winding inductance voltage drop signal which represents Vigtema .
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11. An improved feedback control method for controlling an electrical power generating
source that comprises a free piston Stirling engine including a power piston driving a

linear alternator including an alternator winding, wherein the improvement comprises:
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(c) pulse width modulating the duty cycle of a switching mode rectifier connecting the
alternator winding to an energy storage capacitor or battery from the output of a
current feedback control loop having the sensed instantaneous alternator current as

its feedback signal and the current command signal as its command input.

14. A method in accordance with claim 13 wherein the step of sensing and computing the

instantaneous value of Viptema further comprises:
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i nst ant aneous piston velocity to provide a piston
vel ocity signal; and 8 (c)?2 gurmi ng the sensed signals
to obtain a si gnal representing Vinternal 1 16. A
nmet hod in accordance with claim 13 wherein the step of
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nternal further conprises: 3 (a) sensing the termn nal
vol eutrat signelshy & gensant éemaﬁealﬂnw’dr?d@%lgvaé%ﬁ pirBRedessiginoe of the

al t Slrtélﬂzi‘tgl windi o%i '[({Tllfb%lldevg l§ '1&@1?1 ng ‘éjfe(\@lta ERdNYcross the

t he i nstant ane rnat rent feretlatln
thehﬁlqmﬂeelslsmrceelﬁthefadxmnaﬁntmnqhug; ng the rate of change
~of the alternator current. vvlthreslﬁect otlrre

k) £ 5eBFPE nier MaYaaieaUhPIFAR  RPFTh ¢t sl the sensed
pr Oﬁis%ﬁtaﬂeﬂ 8)‘[@(1)11 HER BSEMal RcontbutdSistvalveRERy HmaP

across t d 1 nductance of 't he alternator
vichslinnging a]mjseﬁse(d(s) gredytp wbtanga sigealdefrtsentng ¥ inked ween
the signals which represents Vjnternl
15. A method in accordance with claim 13 wherein the step of sensing and computing the
instantaneous value of Vinema further comprises: |
(a) sensing the instantaneous alternator current and multiplying the sensed alternator
current signal by a constant representing the equivalent lumped resistance of the
alternator winding to provide a signal representing the voltage drop across the
lumped resistance of the alternator winding;
(b) sensing the instantaneous piston velocity to provide a piston velocity sigﬁal; and

(c) summing the sensed signals to obtain a signal representing Vintema

16. A method in accordance with claim 13 wherein the step of sensing and computing the
instantaneous value of Vipemal further comprises:

(a) sensing the terminal voltage across the alternator winding to provide an alternator
terminal voltage signal;

(b) sensing the instantaneous alternator current, differentiating the sénsed current for
computing the rate of change of the alternator current with respect to time and
multiplying that rate by the winding inductance to provide a signal representing
the voltage drop across the lumped inductance of the alternator winding; and

(c) computing the difference between the signals which represents Vinternat -



