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1 TITLE ELECTRONI C CONTROLLER MATCHI NG ENGA NE PONER TO
ALTERNATOR POAER AND MAI NTAI NI NG ENG NE FREQUENCY FOR
A FREE- PI STON STI RLI NG ENG NE DRI VI NG A LI NEAR
ALTERNATOR 5 BACKGROUND OF THE | NVENTI ON [ 0001] Fi el d
O The I nvention [0002] This knvention rel ates
generally to a free-piston Stirling engine driving a
10 linear alternator to generate electrical power and
nore particularly relates to a closed | oop, negative

f eedback control systemthat includes inproved contro
|'dapE f or mai ntaining the nmechani cal power generated

e R, A EROE e v ARG GBS ot 1T TR
G.’AE)WER R}BJ!IBFI\&NMJ}NING?‘EN@;IN}?eEREQS' IBNtEi &ﬁti?}{iigg tFﬁIgLMSTON
g Eht piReRreblf 2 BEe ARh a0l Ces are
efficient, conpact and |ight weight and can generate

el ectrical rom heat energy supplied by a

\}%{¥¢]§9§7\%N$QQEHEANVWIQ%t on Stirling engine is a

cl osed-cycl e, reversible heat engi ne which converts
heat 20 into work by noving a confined vol une of
Ing gaclB&fBeRvankas ativel y wanner heat acceptor

apghap el afjjy ﬁlk/éﬁliﬁﬁ‘%laﬁ{es B&atanyah eck: é%tpmta— heiings lélléﬁl@ @riving a

alternating, cyclical, expansion and conpression of
thinearj aipipionlo %ﬁewﬁmgle@agal OBl e mgre @@“ecitllalbneiﬁges to a closed

0?? gﬁ g\é\af'égdbtapgtcogﬁélv ?ﬁteﬁ'p t zﬂ? PLORA ésagng_k%vaﬁ}]p ch;ﬂg)l loops for

osci |l Tate substantially sinus
Innameamng doimachaatal pwez'@qmclpﬁ(kby)the|egg1meahlamodhﬁ g)cyWel transferred

ng.Qf manent magnets 25that it drives
onliﬁge%%%leeﬁpehgxea? F. 1%5101t he winding or coil of the

Ilnear al ternator thereby inducing a voltage across
@ﬁ rﬁndl tern1 | . g é cally, the piston of engine
& rectl on the back of the

piEEpn to @mearpﬁm1 Stirtaxgi aggnﬁe@mswldhyxngrar allngﬂdaltematm is an
for ampl e a

ran
GTAF N i a) ESFRBPGPS AFaUTh el P THEBCHE SRt end ligh
Rerdrelddcah loheseakied i BOWek 8 om heat energy supplied by a variety of fuels.

A free-piston Stirling engine is a closed-cycle, reversible heat engine which converts heat
inte work by moving a confined volume of working gas between a rélativeiy warmer heat
acceptor and a relatively cooler heal rejector. The resuling alfernating, 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 altemator thereby
inducing a volage across the winding terminals. Typically, the piston of the engine is
directly linked Dy & flange on the back of the piston to an array of axisymmmetrically
arranged magnets, for example arranged in a ring, and the engine and alternator are
integrated iuto a common, hermetically sealed housing.

10605] Many prior art eléctrical 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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30[ 0005] Many prior art electrical power sources of

this type include a rectifier circuit connecting the
alternator output termnals to an electrical |oad and
also have a 2 controller which is a control system

for controlling the operating paraneters of the

Stirling engine and the alternator as well as the

output el ectri cal paranEters The operation of a

c&ﬁz"?ﬂl& %}fﬂ?ﬂ 1&.Sta| (I:Orlflltl SE?% %ﬂgohﬁlg &o BB&&L oﬁ:u%uget@fs of the
Sndmgdm@@epmﬁahesﬁ$umm1as WHSasph¢emmuﬁe&%ﬁmﬂ95mwmmcn The

nc.o ated by reference. 1E
S5 4 Bt ECRBRATIE WG A 19 FSEPRb1Rg e aerhdor ae
dbedbddi it alang bittidkiion®findudifig paterds fuckheTty. ipataht HPEMBIOS which is
genehating dgfrc having a linear alternator 10 driven
§OR ROBRIIYIREEPPT | i ng engi ne and appl yi ng t he

fddoer nat orFi AC mwE;ﬂ@hﬁ&@soaema;oaaélgzam Thetralngerdatiical Sircuit of
shown as_its equivalent, lunped-elenent circuit, This

@y &l gleplrigq! Pt 2rpgieting f@”?%h%"é?& RENEE FHEREPHAD d&ﬁ@ﬂ by a
'ﬁ’@éi}ﬂ{éioﬁ rsidncha 11&9 a:ldngﬂa%ﬁ@ iR Lg@emnm PEES&MNItNG a load 12. The
alternator wn uct ance, | unped resi stance Rao
Plégnsardh oy aaMﬁ @ﬁlﬁa@@ﬂ Irci@@rﬂdsﬁlawe@ capt dhisseuirglepageeuit has,
AL 1§secoﬁ§3cﬁ& hl‘?&dﬁaol' nAucRd ngfucﬁﬁ&alﬁ; efthre¥shiing Ih&latm winding
voltage Vg I1s the open circuit vol tage i nduced in the
aldpelprat ?ohmwdq@ﬁlﬁ@n@y&t IPresei R e et reaIEner analeaﬁ 44 voltage
[We's t L,
5@?%@3&??%1%%% 1§é’uc%£ Slalgarcﬁ%m@'\/s e I{aa{eJ 'ggtgs H gfcj)ér%lncgl ézmet a/oitage
indusdrin dg: al\uemmtot h@ldalhg ey tﬁlatimmlvvs Hohi g driven rlda@plpt@amm’ey the
|nductance The capaci tance of the
? Pﬁ%ﬁs?hmg "ot s chosen so that, at the operating
tﬂOﬁquency zﬂoﬁmingealwctter h?anlscfreqmm:lyemgiented int fveies wiliche slemator
ance ,of itive.reactance, .

SFAEHCR G Bapanl Dor Trdi RGeS et il P 1R uning

edpacitdr tis chbmhsoahagti B8 opestmnafitquendyCef the @xdthdibt ndaengine, the

é@ﬁ%gg B%arr%eaﬁéfs%(] t\é@/ delé(gnggglﬁﬂ’i n&g]eﬂpllgfg é%alé[%ﬂﬁg E}lp ﬁga)él}mg capacitor

foagit DferivhicedhafiPoiiclitZ@8hROWEEs tds@nsf afcuftraaniblithe zero or resistive
alternator to the electrical |oad and m nim zes,

PEEARCE e gt 12BRdiak CONSRANERFBT PrOWHRSH: WK Oh BeaE HiRep g dactor

ALRL Ptk A weX RARE: iR S e iafterh 8100804 @BbiBcdl ®ad and minimizes
elimnate the tuning capacitor. Al so, the tuning

TealiaYe ieat L0Fsep JARKRET, SHeh FHMESEPIcHers) aie BBkyanfl FRisivE 80 it is
@é@h%l%t Gihigke e %L'u{l]igé @dtpgcrlf%g uﬁﬁg)/ﬁhe m{vetfaﬁic@tm M\ﬁﬂeﬁarﬁ:e and the

tuning 25 capacitor, the output power factor varies
e n@ﬁ@tpmnmé@watqnhgmamw éndygle Tiseuasemnt Phstdfese, withighaming

%ﬁaﬁé{%[‘tthé DHERLLOD: @1’81 %HEE’W%‘ﬁ%m?éﬁ&a@w‘%éﬁﬁm{ gn@ﬁ‘e Bntroller

equencl es, rovi e uni ty powe ' tor “or ‘con
:t‘afrtéq uEeRy mpleroatqam nompOBOB AT aalvisle rivigk gé fieatendes, prdviidp unity

pdwel I?actm gontstm%fﬁ Q§10?|0}355t10a1t or can be connect ed

[0008] As alse 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 axrangement 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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to the utility electrical power grid 20 and used to
supply electrical power to the grid. As 30 known to
those skilled in the prior art, this arrangenent

results in the free-piston Stirling engi ne operating

at the sane frequency and supstantially in phase with

the electrical grid. This synchronous operation occurs
because the engine is coupled to the alternator by the
1nagnrreglc con):h CO%Z %enghh%e{e\é\@%@rtingehe ?1%1}6?1\@\}?%& }mrs1 ganﬁl the alternator
mmtg Mye Ou‘ou;b]h@ ohigremagnefit Uloxob! theer em@mo;ﬁn@cmﬁgx@ witly the

etic flux resul fromthe .
e e b e L
kelcted ecihednding 6 &dh@)lcﬁ;n@in{}ﬁloaﬁnc%Q ﬁiﬂin@ﬁpdﬁﬁ’@l ]:flﬂﬁl@ 881ling
acting upagn the free-pjston Stjrl

e e A T &lamgh Hée bigg of the

RER dsheoRbshih @fmdsh %p ﬁl@éﬂﬁ@laﬁ@u %g@l@@) Cﬁﬁdet_{t@’hﬂ?fthe magnetic
mass, spring and danp forces. nsequently, th

fripmesnpiater &7 dis ?@@W@%@éeﬁ%w% Wit SIHAE SFERA pam o cause the

8GR 4 PANsyhRG otk WiRg 1R NEk:AS P bﬁi e%[‘ if @16(%@1%5, QudyNBat a rotating

piston to run synchronously with the alternator

exnchrerqus jckyorin encdernbaviegy o aleting magnstis Agldsyeerpohpgronons. If

BleGGLh e AR m aRAVNG ﬁmgn{a fad ﬁéa&n&aﬂr\}%ce of ﬂeﬁﬁ&% fzom the

remai-ns synchronous. i e magnetic field fromt

rmegihe éeldtfmn“gihwalgmmt@ dDeewnBer eaﬁwmﬁ@@dc fmeq aillarsibem iogethel
I GuU

H} g}?e nrc]ﬁl n@%oa@lé elféolgecgl{dgﬂ}e{ﬁ%ﬁo& tI emﬁﬁtf) get %{ {hEQP&pmca’ng

platenloif ltieai“HS)E Wlélcqppra@mauw}ngncela]glmél thn dleahltcarpmaiteolglldtvt)hage if

{hesﬁlSIE ISS dc%s%%t%d ?t]% ﬁ.’)rcolrlilgﬂgi 118:5.:1%t I%eﬂg%aﬁ{ %1 l%le gt% - L ¥ al“? tFP Ower grid

QE@ﬂnMoltage |f t he FPSE i s designed to be

ani ca nt a or Ver near
A0 oot 2T BB e ey Meserl iy B6Rhwlod SaP &y Bl O e 1
Blﬂ\llﬁfzmg@la@ﬁﬁbh &gssSﬂi,J fgewidckecifiant?2 ?Q‘ingl:foglz d!l}d@ui‘la?@dl ingn H-
wave rectifi r. us our . .
é% pl&f’i"’l"gr‘?gé hmézllhlgl-pl B f1 é‘és tlep ﬁ&é%“tf& Zarl %%rave switching

ﬁ@ﬂ@%&t&ﬁe}_%oﬂﬁﬁlb@ﬁ 2@kt adk@s rRli8Q, &@ﬁ&tmﬁ waeddidaf Helifier of Fig. 2
wave, smntchln node rectifier, also known as

an
anck Ghipangiedcipp fqné}g CopRioF R A PTARE e YFlbASOMERFFIOPdS shpp in

frleGbové oA BRIyt Hisnales the tuning capacitor 24. An
exanpl e of such a confiqguration is shown in the above

ot @d U. SA petcking nedg 7aclifiosis atg el oFwitshiptie oy dbreprior art
&%C&e'stfl b@& 11{ 1§1u ﬂpfeXﬁGh&ftz Qs' ftqwlgaﬂtyr}ﬁg ah §i- %{@Woﬁﬁgdfﬁﬁn but has

prior art descri b pub i Catl ons.
eoppiodabld gleqﬁ@smawﬂph%r wg@mtho M@ ﬂﬂax jubsiituted forihe dlodes of Fig.

gon&{ { thle% %} %?1#0?3& Sﬂﬁl\é@t&? II'[E%IG gaQJTHP @Lc)ﬁ ARG S switch and

subs
switches them ON and OFF by switching one d1agona11y opposite pair OGN and the other

OFF and alternating the pair that is ON while the other pair is OFF. This switching is
done at a frequency fhat is much higher than the sinusoidal frequency of the FPSE and
alternator. For example, the electronic switches may be switched at a rate of 10klz or
20kHz while the FPSE and altematlor 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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25 2. An active rectifier control is connected to the
gate of each electronic switch and switches them ON
and OFF by swi tching one diagonally opposite pair ON
and the other OFF and alternating the pair that is ON
while the other pair is OFF. ,This switching is done at
a frequency that is nuch higher than the sinusoida
frequency of the FPSE and alternator For exanpl e, the

?f)lels%t@\rl?g% |_1‘9 Itcﬁléngt %og?élptg% sw1t gcr) %&te(?tlir e?tisSeI e%]énti]ag§ IEtlzpulse
(‘m«ﬂh atodidlaat (160 ikd2udas a12gh Huneiﬁf}Gos.%lﬂato@ I’ﬂnﬂ@teﬁﬁtﬂly ekiiciatg the
dmeelpsrostn i oG 891 8 PSR oy B0f o g ON and OFF

SV BEiT Q1 € tﬁzwlal(ﬁﬁﬁﬁshéd?at &1@65151@1'9 Seqiefoya ARG AT it RROthE PRAEE of the
siqnal 4 Consequent | SMAtchlng con}rol qf_% _
T %a%\a‘émp% EHBATHL A N haje g haceEeriitiugh the
@Pﬂ’tﬂg@tl QftiveNating Nehidde %elﬁum ghiake, eﬁiéﬁrl ¢ &Gl bRtRY switching
for alternately swtchi the dlagona |y opposite
e eestipen qreatesrile 510 el On dherhaphes o litinejAppatosfang feerefore
gﬂ)v@snlge 85I 1g%‘§f)atoﬁ£‘1' ‘LBgJe%hﬁﬁtuﬁt%dt h%e@&eb&%ste(%ﬁ@ﬂm@& C(M‘x%l by the
frequency. aresult, it is the phase of
wtqlmtﬂ mefeg et hed@mnpt@ﬂpﬁlgi WOH ecserBIEe. Mlaeh is Higau ency dependen‘i
‘ﬁ%%{;&iﬁg LG RBaSR, Hanldifs @Hér S f)lt]agy gaaﬁJ@mE} RES qgfgnge of
rel a fo the altérnator term na
phgiseoreoming dteqbgrciehe Toaiptishivigh moulelativg cir @m%ﬁmdcﬁ@mcelscan be
f t £ .:aS [ a
ﬁﬂgeﬁ% }g%ie %é I%gl\f%Sgﬂf’] Bedlo%j %gguélgpbalgl % 10 aﬂg ]glg}% %ﬁﬁwﬁ{ﬂ qlsmg
emlnpm@et;e@ds oHomeveoptrdRcause it hveefqa’r&ds emé ooﬂlmoldlgy@zl tihge' and
rectifier d upon :
ogesrs]zé% Cgcul \Rht:ﬁ%thme Fregraams ﬁcsyclagsb gvﬁt?esﬁ) a:teigo lpﬁrefoml the pulse
stk mkuduguﬂga dectiectbetige swhthiigivoge tdmﬁde,sé;wzﬁﬂartﬁaa&laove, are

r.el onshl over e. of . en ting .

et B hdonaeeE SadtEungeRRg Bb clichamgde power
fuppatd, eRitGanoeinkapkeseRtied Mol 1ﬁd'tblyd1We§ hwanraih@gnode rectifiers
circuits but also %ﬁf nore inmportantly using

AieCPbPPlaed dgedr B sfictilocontrol l ers, as is preferred,

andipt her mhiegivtral a:lvog e FREE 1395[1 QRS FloRGanCdxkeeht] 1:8at khdte, such
are programed, such as wth software, to performthe

pufugieeontastiging ScHat ROGEY &F AR ORISR P BRSSP ERHg heat
oPde eh@ad hide %E& tos Y %@El'lc?? dTl@h%&iﬁ@ne@g'yels desed el @Y thd engine to
pI‘IOI‘ art text OO s and technical literature about .

siwFhastrolnwerk peue whigh srives thesliviepic plteste fonspareré e gechanical
Sl 4ol RER 1%%%3 ﬁ hd }Yigﬁlz SWMbRhhD gheniﬂ aﬁ@ﬁtﬂo(x‘efa Eéherated by

are "not exp ain ere’in nore detail Ener gy
floTPE by iexagtly euaFRSEe peweippsibedl Fo heds S@xit) éhmlalealh%‘@t"nawl
ﬁl%&rocﬁvhio%qg Ql&%%ie?? &H?@In & ‘Pc!‘?%% %ad O ﬁfﬁ!ﬂﬁ: ? g%&gﬁ%ngﬁion avoids
eat from’radi ol power  sour ces, I'ng heat to
tibei fieang iprd duesatvita oacmgmb mpm(ahbmt If eimad}ic)wm Tﬂt@sfw&cﬁ terier gijernator

%G%F%ﬁ Vreprot\},gg g?%]é&q%%ﬁgf‘%gﬁ il}e o 518? wnlllosta% #\@ rF{fJO?VEleirl"gxfened to

teahanitciak /QNgrg yhetl:me} gintafatadaaly e ErIy 1helmswszd'ukg kmly increase
desir chani ¢ ener.at ed

RSB e ) B BB e BB P r e Fpbrfree il
t1beIFRSEst ovirhend PrRearsydkd S kitatifince 2avdI@bhy Bk pMUnQJétWe&n the
ultimately transferred to the | oad. Thlfgbalan

powdsricg 8?16? IR AT §5Y) %}ﬁt?cf“l %érﬁm%l%ﬁ P Cfift PR represented as
P&ls&e\xﬂpﬁ[&@{bh aRplitfle KPendRWBheiikansbenne tsed idRseribe piston
ternator exceeds the power generated by the FPSE,

the engine will stall. If the power transferred to the

alternator is |less than the power generated by the

FPSE, the piston stroke will increase uncontrollably

and can cause danmaging internal collisions and engi ne

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 wth
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10 tenperature change that can be acconplished is
relatively slow, far too slowto respond in tine to
prevent either engine stalling or piston
over -stroki ng. Second, engine efficiency is strongly
dependent upon heat acceptorgtenperature. The hotter
the heat acceptor tenperature at the engi ne head, the
nnre efficient the engine. Therefore; nodul ating
ix lracebnetn{ r}l’F gocl)l et?n % éig?f'g]ﬁig g@%f ¥dlé ][0? Plge?léa}]ig@ t n gtgokteoagd the two
doms fotsonaiintaiged InEmbln@g@My pdssi disaibimputalhatea. dspects of
tengerature It is therefore desirable to provide a
?'W@ control engine output power in order to

neiinf ai n tihel peviREtidr a8shefobatanae pbﬁ&\/\@'ﬁﬁl aﬁﬁl@ sm@usn@f this
and the alternator, but it js desirab

WY CHEIOMHehtHet SR ot E Rl Sl {PEOD I, DS o the

iR IREA aBdepBir.¢ C@cﬂfsé RhTEX FAHINEIO TR Rl @nirél, Bfed@Echanical
to maxi m ze engi ne f|C|engi]¥€I Al t hough enbodlnents of

zeW@lh@lw%rﬁw}ﬂowea‘?@wmt&g@o PgALQr FRPP URFemalgled by moreasing or
%Q&E%lé&tv'tﬁ’é‘ihﬁl%{hﬁ B Qhut §¥\§:§1qmtﬁg‘§ﬂgn@56@@] Ankh AusRNEtBAberature to
tenperature hat "i s” as as the engl ne materials can
wharie tHavdven fat is an @ﬁéfﬂcgcnhmntlal {pr ableest R Tegspmp ofirst, the rate of
ALl | blﬁ%@lﬁ&'dﬁﬁb@g% FpRYER L eﬁﬁ@el;ﬁélé&f 0 $bsC0BPond in
maintal nin ower ance escri’bed above.

[i0B 18RI gi elﬂleablsmq stallis eratiben avsestmdgoPecand.dugiye efficiency is

8%%{2 F&gﬁg&gl@t 8?@6%% hd%{(e) %ﬁn@z@n %%?Ei}(@;éo? T lhe %ﬂt acceptor

bauanmsebeﬁwe@mumﬁamén@pnsxanﬁﬁmhmthiBm;maﬂmmeﬂihemﬂéﬂmﬂw

r.esi Lan_e 26 1s.an %‘ l.ectrical,l.o

iherm%l 111151(:1. PRION dmd q%zmptil gre. nont nlf 1% :Eoovglg% I&ut ﬁgo E&lﬁges engine

effRicat abeensk & @ss ﬁmmahﬂam ﬂmhﬁgﬁes@pm&ﬁe mpuvémqbtmx@mmelde Itis
unde

D aS Db B o S Bty BB P aT BB Rlfntein

ke oeBgiraefel Bal@icd @etwicn MRicAbiat Bnd e apawss:, bad ancksitatde to do

consequently redu Oefficienc heat

Eh&T &y bRt PRERIE G do hﬁé TQH’@W&% OP ﬁ*@%ﬁ}%ﬁﬂé@mw pqostant
RASINACRERLAREE hkdder id1RaPOWRS cnplb efﬂc%bya ARSEIcaf dments of
controlled by controlllng |ston st roke because

H@V@Yeanalb aqy@@agqus ¥ Ipebie g %o&m%gazwlgpg,systcm ﬂuguhmamiams a

@tﬂlﬁﬁlﬁf tteﬁlﬁélﬁilurettﬁattlp% 1BAYRR eQfind RBteRhIS LANWEIMIChat alone is not
However, the voltage induced in the alternator is
awwb@roml@h@n cqrrodfiEcTaging HeN PRSP U PrckRiptPE Alrolegad graintaining the
gg&g 5ﬁm§c§&§@g@ﬂx§gnstant voltage such as 24 vdc or
3 vac. Consequently, is a problemto

t9d3ign a d‘@mtlraclﬂo lgm@mheh‘a@ oiéa:cblnm iresirtasich &b B qubfher prior art
tU'%%%EBE% Elﬁ% g&%%}/%c? (g r#étﬁ} ngnq%tﬂ% 1%10 L ?él%ﬁeﬂ%g@éeptﬁ{e engine
pldrbe eltectioi Tat rdsossesi6 and a@@l)lomﬁdletmamﬂﬂl lngi *éﬂat:mméieaﬂwﬁched
BB aEAL e TSRO ST hod Sl bR Bah SR Ry e
sigiok Hoivsverlatin éasiadotsty mﬂehmeble Pé@cﬁﬁs@mmmrpiy ﬂlbfﬁp&tmeﬁd power

volta Convers an incr ase el ectri

bR G e 0 PHET Rrmdivein o B R e S b i gauces
BBt @n L astih©OR8at ferdyRSE hdéierobiksOil full voI tage al so
increases. It js therefore desira le to nodﬁlate &g%
HOKEr £ r orhhe HBIOEBERI4s TeRRIPEASS d IfF iPCRIT PalOBofar SF can be
Wb Bed %?L&!nﬁghﬁg flibiMishiaitd B&adR! HRISHWRI radiiceN vk FPSE is
the electrical load that result fromvariations in

| oad power demand. 00l1l.5]Additionally, there is a need
for a manner of controlling piston stroke by a

feedback control systemthat can nore quickly detect
variations in operating paraneters 15 that lead to
variations in piston stroke fromthe commanded or

desired piston stroke and that can quickly respond to

the detected variations so that the actual piston

stroke is maintained within boundaries that are
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20 inproved way of controlling piston stroke in order
to mat ch nechani cal power produced by the engine to
nmechani cal power transferred fromthe engine to the
alternator. [0017] A further object and feature of the
invention is to control pistgn stroke based upon an
operational paraneter that can be nore easily and nore
qui ckly controll ed thereby permtting control of
%}}@é}%}@)ﬂ% tr Oﬁog?rg%%ag S}E quOgciu%j El}&{a é\{rgﬂ gﬁglecg%%ea\éf td‘é Qfoltage
ﬁa&maﬁrm hé atthﬁatbmiselmbpmonas 4 stxcﬁmnémldnem heéecipicslt ads 1equne a
ke contr ti,onal cui t,r.y and feedbac
e BRI et shitba b " G oie v Hiaguty EotRaRnaR o i »
?pﬁ)bléiiﬁ&o e PIEngansybemoper actceﬁhpﬁslﬁi bathV\(l(;i &n;ﬁaﬁg@ tlef power
pi ston stroke for naint

SRIGHeHS 1O DR 81 BF FRGE B e eleirdoy ﬂamci}a‘fal foad plus

$lebhibal 3%sR! Ml (FemBnGaMst Adnsta¥ulput fQtibatiad pRIbdMLs that, if the
voltage to the electrical |oad over a w de range of '

elsglgcy gweer dowadaitthoplecirigel WE']EC@WF{{(TZI‘G:STLI‘?I&EIS decreased to
km%ﬁ@' 3[)\9@1%]5'-“@11(!6@%{!5@60@10 $ @1}9&5@1? ak |a§ rm&%e@ electrical

met hod fOI' control %on stroke of
ppee-dsinspdesdtsi 1r1|apﬁ@:1@ﬁtg]‘| W@ @“tq mowge AL P ﬁom the FPSE, the

3 1%5{ %g - als® 111tcmgest HQS gﬁ%&@ L8l abf%ot\éfelﬁonﬂl@i%e At ﬁﬂve‘?yﬁ om the

engl IS nmal ntal ne equal povver
EP&E & eltatCé ¢letvicelHead pm’@awhﬂg lqmt:@g r@ap@nmamr@vcvlmé wetigdgns at

e%u {CSﬁgﬁ;ﬁ& %sﬁptf o0 vl 908 i I%E&'ﬁ(%él e Yidt er nal
senses operating paraneters of the
éﬁﬂgShe andidiitteerihatiore iseomplifoes nansermf (cquiﬂmg piston siroke by a
%;Qb%:k t:g\l},ﬁc)rl1 8¥si%1p ﬁ}&?%aélc ?1%%%1%?5; tgﬁrtect v atlm%%% (1]13819.%11 % I%a.a ameters
tihelche eﬂhmakmsng p&lonl smokchﬂomom d:cbzhm:hlﬁeqb 08 d)esh bdapistdnestroke and
feedback ontr

B ARy Araend U1 TR ated St s SR e ST By pie s

afairgomgaukBEln boumdaries that are narrower and closer to the comumanded piston
stroke.

[0016] Therefore, it is an object and feature of the present invention to provide an
improved way of controlling piston stroke in order {o match mechanical power produced
by the enginé to mechanical power transfeired from the engine to the alternator.

[0017] A further object and feature of the invention is to control piston stroke
based upon an operational parameter that can be more easily and more quickly controlled
thereby permitting control of piston siroke, and therefore of power balance, within closer
tolerances.

[0018] A finther object and feature of the invention is to combine the piston
stroke control 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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10 operational paraneters that can be conputed and
summed are the induced or back enf (ternmed V8) of the
alternator and the voltage drop (terned VRae) across
the | unped sumresi stance of the alternator, both of
whi ch arc operating paraneters of conponents of the
equivalent circuit for the alternator. An alternative
pair of operational paraneters that can be conputed

Lo, ca € Wk are the term nal
iﬁﬁpgggﬁﬁguﬁghEﬁﬂgﬁég?ygggj al}15 drop VLait across the
gdaey nat orTiwhmd:hmgl is Thentatlepaitd aof ethdefoVeomaoHing tleedbas kiroke

nt.rol .| oop. ontrols the a tern tor cur en by ) )
agﬁé}egtp Sll.Pél ﬁn@eﬁ P nggaq,] nffahﬁ ?nwt?zesro 1att h%\? elc:1§a1ncal power
%@&h 4@ by Ghd el @Ninaediotduang fieephagknmentred|to | BOPmear
at controls the pulse w dth npdul ati on, of

a
§ TPER Age Hﬁa@w@@ﬁ iof eefhadormbiel bgP itiedetie  igema control loop)

Alal eE At Herdiiff PhidAkSrsaIdhaBnBRenEYalfhRldr n@)nﬁﬁﬂz@%‘ §u‘ﬁ{ (telmed
a battery or other suitable electrical energy stora

Neans. Of ThREating amsisarideast euspltvhiolicak agkde dB ﬁ%ﬂlytssnﬂteﬁénd uses

- Mianher Rahe £OMIERLZl 200K éo;%nﬁaﬁgcemathue RB8a0F cdBoloop drives

addi tional, outer control |oops, the choice or
sl cewpirigh s taghgoatnapdprbyrdiee (Cx’p@man eheobppl SwaPpenaippl ¢gouted

t
'oﬁ% ELEJE h%&n‘i%é&%a? Har ﬁbeooﬁmgﬁ@edoafnd%hﬁ’féﬁia%%“fﬁ% Eslh(ﬁBchelg(Eéi b&d emf

esigner wants to contro
DESERI \QTIOU‘IIG@I@?HEI SEVERADIAZ EWS (OFITHEY RPRAVWINGS: lumped sum

[eg%?agle': (i)fgghe %i elecﬁtoq ﬁoﬁbgf‘?lﬁmﬁ al%rb c-zjg 119 galghég% %m:@ﬁ]acﬁ)gms of the

prior art a erna’tor er nat clrcul
Egpavkldnocir Slurfp]] ‘@w a]gmﬁ@l pﬁwaheznutve p[aﬁ) 2 dzj])dﬁas,tgmaiaaal anegers that can
dla ern

%? Fom}ﬁﬁeidc angébnnne(? (t: com CUI ’fmﬁinal a‘hQr I 2 ]maﬁvoltag 1i/T am? %17%8 oliage

out pu
WLQIDMOSS El&OfoEihlEiog wnﬂ:‘lnhg Tac saipensit the Vapeh bledifalck conuol loop

di a an enbodinent of the inventi e .

PSR ol SHR0R b ive adtmHR KOLEAN BPvicyst B is wpled
tor ansfeaf cdutbigihg eRdH-R g5 ndolp Uedt baltiolgiht Peispwefierfoadlation of
enbo rent of téﬁﬂl nvent i

& CRERRIDE o dgFaRT 6PERES Priedy a‘ié“el‘%’llﬁt‘ﬁgl@m&‘ﬁ%f g an energy
glbfifdlichpaeforOfa battery or other suitable electrical energy storage means. The

commanded input, Vinemal ema » 10 the Vipema control loop is generated by one or more
additional, outer confrol loops, the choice or selection of which depends upon the
application of the invention including the type of output that is desired and how the

designer wants to conirol it.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

[0620] Fig. 1 is a schematic and block diagram of a prior art alternator, alternator
output cireuit and load for supplying AC power out.

[0021] Fig. 2 is a schematic and block diagram of a prior arf altermator, alternator
output circuit and load for supplying DC power out.

{0022] Fig. 3 is a schematic and block diagram of an embodiment of the

mvention.
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Fig. 3. 5[0025]1n describing the preferred enbodi nent

of the invention which is illustrated in the draw ngs,
specific terminology will be resorted to for the sake

of clarity. However, it is not intended that the
invention be limted to the gpecific termso selected

and it is to be understood that each specific term

i ncludes all technical equivalents which operate in a
i{ﬁdﬂ} ar nez[ is %negagx%gql%erdgc i (é)%{&& %3@{@%10 gflﬁﬂr%n?aﬁ*gfﬁnﬁ%ﬁ diagram
mhenﬁmgmmy%&ﬁé&mmmmEMmlmhhgmamﬁmnot Iinited to direct

ctio clude .connection.t
TRREST Mgt & O L BORR T e e e e heR i sigpit 50 of
&, bei ng equi val ent by those skllled inthe art. In
addi_ti on, circujts r at ed ich are of
(Y58 whi cHn %%g?ld’r”i*ﬁ JBt PR Ffé‘?ﬁn 68 aiﬁia’dﬂoﬁéwgﬁ BIRREF oD s
FhEnakdin ﬂé"&lfﬁ\@m@l.( ishdc@sh tinihB18g kAl DM thdorie @ GOBR RS kNS clarity.
there are many, and in the future may 15be additi ona
dlopeygiat jsast @ﬁ@l@e@ thet PeiteEIEeEbS 1@86@"—\\4‘102%@5%1110 term so selected
SeH Yo @R LnRLE ISR attcREY spREAY &8 ihd2€ics alBecRpes & h@ﬁ‘l%m@ Rvhich
t he signals. DETAI LED SCRI PTI ON OF THE | NVENTI ON
DO LT RS apanersto FReQpRish MvER G ose-anF emiserpis the word
Eflﬁl@(}t@d %!f qa 1Sts 11‘1!3'1 ﬂﬂelaﬂ géigeof%g 195%& vi ’Figsyaml ' Hﬁaﬁn}ned 10 direct
t er nat or aV|n ts output current control y

swineghinngt isdsle roemteplﬁqne{hlcwale piden drsuit wismevie N‘éﬁte such connection

f ST
?sq%é)gl 1%5@5%38%8{?%&110%{5@9 él%bn% Qé{h{d nﬁ]g t%;] %ggﬁ% £ man circuits are
lrlhxsﬂmtéd educhTive of onGeptshiof ptﬂh"em M8 nitriomm tareeaii@eston electronic
81 1aLfSt’fhos sqiﬂ?dél %na‘?'tt\ﬁﬁ 19% 612%9}21&#@8 aget quguy, aﬁn? R} the future may
be a:dhamki clomtatiob mamits ahehhametdgalzed dqhwailcm/lmzams ttel@rovide

eedback ontroﬁ “&Q di agram 25 can be better
8 detel

Jﬁd@?g?%% 0P o1 by an expl anation of an
enbodlnent of the physical circuitry that is

rese ted byt he feedbac . loop diagram This
E’Eﬁ KHON ﬁyeﬁ%: E%%%MI s several
y@as}abl es med £ROBL@E Snvaiebnt D ey idh8v&D ﬁle@.gis@d Stuhng engine
t oget her and eflned at the end of this descrip

F@@Q&]&ﬁl}ﬁi&l gltgrmatyr havig s jcetnyt ﬁ@?%cd’fmfélﬁdéﬁbédi%ﬁ’tng mode

&fcuﬁmmie[hvtﬁahhlﬁ svemTe'ﬁ{sc&%lﬁla; SERiRfioh Iaefml@idﬁie\gmekmedbac1<
he free-piston Stirling engine is, as I1n Figs

szont@h Bps epgitrpllige éleﬂﬁ\w@h@ﬁtmodleu?ﬁ&@@ dihe gperis of éllﬁ bpgef\';@n are
besRBRARG ﬂ-ﬁﬁea@l@\éf NG atcﬁ E&Mb"{l 00}59 a%?aﬂ?of\ﬁe typ& Rt those skilled

I nst ant aneous val ue o tage V directly
pr tbp Grediagh adnirobatt e fmnéltaamth rlé@welp iﬂ@tfmdh ax apefroklopy diagram

@;ﬂ]qaetﬂ%ﬁgz Al strogd ‘?éjce@é(i % &ﬁﬁ[ﬁt%ﬁr&% le%ﬁbgcﬁﬁ"l%ﬁtr%fr{ﬁgphyswal

proportionality c dnstant he open circul

tirquesr thatl it eapreatioed bypthe n?eed’oﬂru;ktcamcﬁ dop diagalmrif Iu@ﬁ@elumi;on of the

%1lvcr:3}r‘{loh§.}gglu%e|s t%c-rév% acfrt Iia%%cs aé1g 3 all%‘ crsvan%{hg)l(( Gre cotﬂcctcrs]cil to dgf:ther and

mﬂhtagﬁhﬂﬁEMﬂﬂﬂﬁéﬁﬁqﬁhﬁ I npedances Re, and L.

ﬁ&g 28]Th alternagor te%nhnalsfare 0 J ﬂ fon. Tl
dge g ; EUf gC m\%c tagram of an émbo unen ol the 111ven ion. 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 Vy , Ry and Ly having a terminal voltage Vg .

The instantaneous value of voltage V, is directly proportional to the instantaneous piston
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switching node rectifier 32 consisting of four power
MOSFETs 34, 36, 38 and 40 and a control circuit 42,
identified as an Active Rectifier Control. Although
not shown in Fig. 3, the active rectifier contro
circuit 42 includes a closedgl oop, negative feedback
current control systemthat controls a pulse wdth
nodul ator within the control circuit 42. The 10 pul se

Nﬁg)ﬁ%i'an%ﬁw? %%’rac%ge%t bﬁzgans 8&}301111 ng&)?rggﬁﬁrg}n? r}; mﬁm{lgﬁ'ﬁg H/ constant

sidiitd sdhé denl’t@xcaﬂt thnmndmsmmmomdommva PAsowwdlbcityeis dnecﬂy
nore full SCr.i the .c ontrol. | ogp,. . _
ST LB o Toge TRASRILY "EJBee oF R BUSB fiedtpw of
Fﬂéﬁh@e&lﬁ@famo-ghﬁleﬁzﬁﬁﬁbﬁﬁlﬂ%&lagﬂlalu for the current control

%f is obtained froman alternataor currﬁﬁg ns?r é%
tlH Vappl i 8% gpdpialer e el AtTAged i 25 HorHgs gf a fuli wave
CEEBAE mboBe FBEnARILREMMAE of BAMHEHLATMOSRET O34, <3|6r Bhdd 40 and a
within the control circuit 42. Although not

PR it 42 idealiedyia oo Ak ReeHfiFd-mbd Ao hozain Fig. 3,
ahd Q&N@Qéc‘ﬁ%lﬂy cPE opéﬁ%t @Oﬁgl%e-grhed@ééﬁﬂ%p fn%é’iﬁvte H€edback current
switching node rectifier 32 is applied, in preferred
enbodisween shat contehs e nplsgidh srodgatos gﬁ@g@} thgrcorigol circuit 42. The
HOWE ki nﬁ‘;dﬁlﬁﬁ @tﬁﬁoﬂ%ﬁ %Ych[ﬁg)éf b f&k&%b”sf«‘ﬂ’f@%f 4, 38%nd 40 in
|nserte par a e capdcitor 44. O her types of
devingesr lowmnie thesedilled @ e attlae@ sigirearigol ebave. 4% wrlkbe more fully
[
?%]?C?l#)gd (fl{f'(sl ?u%% 1}18‘12%?15 g gﬁ)glhlﬁy %%nég tBé gﬂgs?'ﬁg%f & 151ﬁ e width

pract

| dmdutaes 'Bwrfre@imdlmlgmbﬁmnﬂmmhn carrirch dopsecbtanel %{om an alimnatox

0%1 eﬁ S%%/\gl %1 *ﬂat a cgs aesrl 1a] 16})16‘:361]?111% g.l lt%%a&)?cH ?%hltl @lg 1émat01

an- 81 @RY i A
tohﬁeld et cit @11tlvnﬂﬁlem néradoll yirduitel e@Blmugh] eotsk effedive, a half wave,

PSR b SRS RS BRLY L1 he absence of an

regoyer ed Tie duygnt fm fierswinhing hedt rbadler 8YLY aﬂ:ﬂ}ed in preferred
throg gh a |load attached to the g ce. For ex ng b
SHORTRCHSy [0cH FLEY SBEES ALY A (P HATor: fPiRRC QAtcry may be

ahbsaanadof byinheed phorel s m%lcﬁl&cﬁd}eﬁgwﬂm @él@ﬁietzﬁeé’ &n be used
are alternative ener gy storage devi ces at can

usBay ateribla forsiare gleglEiesl waey ahes gswlétoeal%@wrﬁéléﬂhés H} | g form of
Lé?e%ﬁ‘lcﬁl%hﬁl%g efnd Qvoquét oR8tidd abvid¥e hirdi9 %80k Whesh @n bohsed are
alternative inplenentations of the invention.
30pRO30) wdodwiient Popiasr drsice atfeDy el i Phg it eqiticasgurrent to
'bg Egsécf ﬂhgﬂgﬁﬁ]e%e% RG EONEla BURRb%e ahasorkd élei@pi‘glams its stored
necte cross the energy storage capacitor . The
\po@"g:agwethq: gpecatoil Ay elefiriedl cprr@0 andpbiatlesenicraytin be n@mw@@d in the
{ Elg%t{lpaqscﬁu%i lul[oﬁ A arloﬁch GuBhdd f0mR r&%\ﬁcg CFor 1&?}1@1@16 such a
u pu at 'a cons espite variations'in
rdiaﬂeeswieagé bve Intoacgéaltamafoswzth la:e amhwcbﬂy\slte@} fagelocapar g}o Bee ause
iéehe HE & ge%gt%ve efg '8 [ogaggldte%]:gesct 13[1\/ gg%l On%r HClt&CﬁJ l‘?lecttng"a? energy
Glokpdi e’ to upsrdo‘{ld defeott gaticel Bet nne@althqse)\mntmhamz n:gtealauve
var,i erent characteristics. For exanple, an

of diff
1%9%??%@“&%Otgﬁuﬁgmggubst|tuted in order to provide an
ASD3opt put RoEoiBemtsREUbolkRade@ilattpOtiidhitt 3® @Mttt asdd DC/DC

can ,
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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be substituted to connect the output to the power grid
Additionally, the regulating circuit can be
elimnated for supplying | ess regul ated DC power, such
as for battery charging. [0031] The circuit of Fig. 3
addi tionally has a power dunpjng circuit connected
parallel. to the energy storage capacitor 44 and
consi sting of a transient dunp resistor 46 10 serially
connected t

SRALPDI ot el S Grus ehRiRrad whoees RuRdrgy e
$hOEAgragaRasci@r 44 4TIRRd al‘éwﬁﬁ&t}t be cMﬁflﬁﬁi&@e acwm Shai can be

t hat. capacjtor, Onpe function of
CORUFGR 6 P EUTvoS0 1 65 E G IER (o REKRETIRg' (e Giigpover

Yx@xlrﬁéégie vASAPSS dilteepap@sidiaftidd Rex Qﬁ@zﬂﬁ le@an inverter 45 can be
eterm ned, selected, excessive |evel such as

GRS 6 PHeF loUBOETT BWALEES g AePEy! CrhRst 8nf &g °¥1?161n%‘7 can

bDCubstRtePld EdnhAg ﬂi%ﬁ'ﬂdﬂ"@tot 18e f’cﬁv& QN§ URRE BN t e E&RALIng oircuit

prevent the Stirling engine fromover-stroki ng and

co! ba direpiedion eplaineness ragtated RC PR stiplyes fvbbftt%@gséchalgmg
3PS t hel’h%g:ﬁ%'t Bpfﬁ\#? HECOHNBS | 1%§(§%§§r|31\/@um %Bu Gl oonnected
Xxcessive m St age vo tage cah occur if an electrical

healelits tisrdeen siprage vaveidorcdisil ngnesiiss ep 2 apdert gamp resistor 46

L SR CEIMT S, T R BP0

fatdcoed ragosmmesemez;gyf ymegd oapac:tcanﬂgleandnsmh@ ﬂ_ae wlitguacross that

g@%glﬁﬁgg’g% gléncl N gl’;]l{aeﬁlgg aﬁﬁg\focft%,gé E(?nh of cﬁ% SO 18 %o um ON the
CODRHET 08 if {1003RIgBewaus eheofaptdier dpagecelid mp&caieieunsledtshe’,cied

m d- st age .volta co trol C t 50 is se

RIS BEgich g, o roart b o et rTPOpefinta fom e
Baling@Lesifl Widebnd:hal at @ plchent Medtisiagage fibage eVBdking
Bus acr.oss t he eneﬁ%é stora e capaci tor

4 (Fig, 3
FFFORGDE 355 TSGrHET A e B TE V8 Ty oaes | # é@agboa d‘?éelbmmes
Vet Re shch QPS8 Mhid-BafoMd REAGBR Beclriifl Blelectiiel Toad L‘s&ﬁdﬂenly
voltage is used to control the over-voltage protecti

pravesed dairbient S rBRAton daHSt ih§oBFIEhE°F Fardt etV gving
'bﬁ’éi] 11 %edé@mﬁ? Hz'.nﬁlgj He EARNBED éi"i@d FQ1hNE; BOWRS iMIBhEaA in the
t he reduced m d-stage vol ta?e is greater than

ablmlﬂt losi oyl b Preaspainis cp@u%l P éqca@éwdap& Hgehytee and comes
Vi t of the conparator 49 changes from

%?%ﬂ&%g %gﬁfg#hgg 30 signal is then inverted, turning

3the N[ﬁ@ﬂ,umgf Brdpatadipriebeissihe nndfrgiaeq,gmlr@ge control circuit 50 is

‘é’é Elcahe% fl’ﬁa ﬁl’e%gﬂcs‘,‘:"s‘i& {RY @n&l@@ Leoud dt é15ﬂd th%)dmdes the

an prote t% e%omﬂ conponent's Fom
mzestvgxi taigpee ‘Qstceus tah®so lﬂteputergyf stohge c:@mamaﬂé r(F@ iﬁa@?WH to

|
T R A L S T

telueednialtagé &gesed ab tcﬂgt@olotfn.e %Mdm)hageThJ@tactmp @D‘HB]O dumpm g circuit

out put then returns hi F

PO BF AP B (R TP ABOTY SREIS) S hEo A GOt GGEET 48
Vialch aBE <308 Nild-sGdgk le:lliﬁgeﬁ@ grcﬁteahl&@ HBONI e Scdresponds to a mid-
connanded g%gton st r oke,

ose Io? _ .
REgrataligee plerdiak Knccaof 8 ﬂls.?mflmmeb% HP%%S%@% vigp g low. This
sibhake. mdr h'iﬁf@ﬁ@d‘t iﬁlﬁhné APl MOskeTdis Giis sRehpl tsisher4d, nwhich
connection with Fig. 4 and receives a feedback si gnal ,

Fispliaease 9 FyrBheorgEnewaciisy didhiss £} arbriiscl, the pajpiacomponents
$BRSAmapé d@ﬂd%@%@oft&} et R ERRRuptRer 66 @&anarét@z Q@ﬁa&b@me low, it
either a pirston position sensor, which is preferred,

or a piston velocity sensor. The prior art has

di scl osed
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10 exanpl es of such sensors. The conmmanded pi ston
stroke, Xpend, provided by the m d-stage voltage
control circuit 50, is derived fromthe voltage

di vider that conprises resistors RS and R6 shown in
Fig. 5 and descri bed above.dﬁﬂrst, it is buffered by
the anplifier/buffer Si (and can be filtered and
scal ed, not shown) and sent to the DSP or

g}il%%l%o % u?}:’ ?8@.&@(&%@ e u % é[o{/%_{le d:g fg)&fazi t@;’/&gcm g%%onds to

adjﬂdsﬁtagmema Ubyp SSVdeO\M]hB chiap@atoXpapadhénf retune Iipld st BGSFET
Itag greater t han 65Vvdc and hi gher Xpcnd if the
659'568 voltage is | ess than 65Vdc. [0034] The engine

gbaske comwﬁalmnlgc’c@mé% g taitly, okt PUlsthdadoltaSe Eontrol circuit 50
commanded i nst ant aneous  val ue, L|nd , of alternator

CUP BRI toPEasP IMSERD kg Xondnd § loRstitiotre negative feedback

QHﬁtﬁﬁ‘rstZ 60 B8N iz 0 ml By d] c@eTﬁﬁgtchﬁﬂﬁ&ﬁI wlil 86 deembkéburther in
That current control loop is briefly 20descri bed

&B’@Wétlcahﬂﬂh Figdsand reevesm Fﬁsﬁ@% SRR ToEsERHIRcBE seped piston

\@4151& }Eﬂﬂ,g iy 2 E&Qﬁ%ﬂﬂ}&;meﬁ th e ripagh B, 58 Gh 88 6fher 2 piston
| oop, negative feedback control systemthat is

eatibeli @ﬁsqzmlvﬁew @iqu@tﬂdt org PPy seloQtyapeFob Tanarienm! hasfdisclosed
%géiﬁlﬁgs oib 1%91' .e‘fllké P?nggghl%%d Eﬁ[o%v\@x ke ')@Emd, E&E'b nlﬁe mid-

nown t ose ski e cont rol tem ar
clags efdltetggocmuu ple giacmiitvéﬁ fiealtbuck frownthe o*rohsgts tdendeh abataconlimses

fgsls%g %5 a%gq{@gqm% me 1gb§%1(d ldQs%ﬁb dI gboth.eFigsi ift od \@@ﬁe%d by the
red 1o & sunm’ng pol nt

(amphﬁmfmiffalgﬁj Camdtclam Ib} ﬁlt'(ﬁhé ambmm:‘rddnbtrﬁnmvnj gndasepi gnte DSP or
resent.i

(rg%glp}gtoc?ﬁﬁmgﬂgpému?vgﬁw 5 %e i) cggé@)eoll g?h*gg 33]; Tiﬁsg 1Inri]dg—stage voliage
@amnt tsolske . ad}l'\fsexgcg@dbacd@wh@ prha&mag i thasoib-sta@e voltage is greater
SIS, 261 el valie, of Lhal LRt perameter

qéB4p UMM NQLep@ishie. strbhe o@uiom Ubopo$2, tiae aﬁtﬂ'ﬂ'ﬁuﬂ ghamm Atcommanded
provi des an error 30 sign esentin

e ene d-Batmeae A CHEYBSRFEd A UEPAGRY hemBaut iy o (e
Yk d#® c&ftrol loop in the active rectifier control 42. That current control loop is briefly
described above and is described in more detail in connection with Fig. 4.

[0035] Fig. 4 is a diagram of a closed loop, negative feedback control sysiem that
is embodied in the circuit of Figs. 3 and 5 and can, of course, be embodied in other
hardware implementations. As known to those skilled in the conirol system art, a closed
loop, negative feedback control system has a forward Joop and a feedback loop. In the
forward loop, a command input is applied to a summing point (or summing junction). The
command input is a signal representing a desired (comimanded) value of an operating
output variable parameter that is Geing controlied. 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 swmming point. The output of the summing point provides an ervor
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

glements each of which is represented by a forward transfer function, which is a
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. tem ™con

the controll ed paraneter. That en-or signal is applied
to one or nore forward control el ements each of which
is represented by a forward transfer function, which
is a 12 mathematical expression relating its input to
its output. The nat hematical,.gxpressions are
advant ageousl y Lapl ace trans%orn1expressions whi ch
teII an engineer skiIIed in the art the operating
ract.eristi

é“h R ?aé]e)éﬁ; %531?8\}\?1{11813, 6%&&“???0‘%’ (}1]1 é)uévﬁm 11139]161113?1%1 e¥1§1tesesmns are
Iaﬂ{f)dnﬁgeﬁk@tuapn% winsiohe mxpreXsthnnanich ysil of engbuerseillet hetheart the

are multiple 5 ma to. those skilled i

fose SR e e ARG i o OB B 0y SRelFg e hov o
| com@uasha deye @ﬁﬁi@lﬁélﬂﬁdoﬁ@ of ﬁl@dﬁsf@ﬂmﬁﬁﬁg’i bl esurske skat kaedmuluple
by their mathematical expiessions. [0036] As al so

(6 R 1§ Riopt Ballgdn fheerde ﬁtllflepe%%%l%l%qné n g 6%‘6’1 System so

Jlslelem ﬂﬁ:?%@itfd) Ment 8 %@?&@ @L‘ﬁlcﬁ&n&éé@‘kb 8 ¥§ URIEn AN Pndled] expressions.
limted to a single feedback | oop, a single sunm

doi3et or aAsphgllaovprindbage ched f ha eanbin syaiem jagh olosed loop,
GRERRE f@e‘abécﬁcéngﬁ amé(lehh Ql@néiolﬁﬁﬁéélbﬁcz{( sﬁngl%pﬁedb%éimoﬁ,ga single
points, forward control elenents and er elements in
ansoy lintsy st engle @wﬁmp@nwb eamedl 1l isspsmmnetoriggudgmultiple
etdmc:ﬂ ]?oltplg es[lmﬁlql?éelgo(?l s, f&%?d 00[11991%?(;11%%'[53&2%11%( Ellelh,@ﬂs % control
con m ar't “al so recogni ze
csm’%m dlongystls msntnzé tpopeare nmt@rmﬁnzedthw aohtreliadisg or
L it al CI . G
TBL e § ohf SRR s RURLARE S R A Tpellf i spetcontol
(sm&msobanslgﬁsml@mnmn&ddaﬂi mahigymlcﬁgmamheznterﬁméobombﬁmuemyof them.

v P btetiel Pa= SR BFstba: v f EPaBr /ot FpoL gt PRy
Glinpll@hhieﬁtSd Wgh kam;)vvgf N xﬁhayc ar r@ﬁﬂne&hﬂl}e avhildblee 1ﬂ1bi0p10cessms
anal o rcui t .and mat hemati cal erat.i ons can

SR OROTICLIT §7 JBFT 57 Rt oy ST ASCROE byt Gaa" A e ot
Gih 4164 bk i e i hH@h Bk b MR 8- BB Wah tHB résoﬁoha&m@lpmbﬁﬁ@ by software
anal og circuit operatlons and perfmm mat henat

@ﬂ:@}ﬁé@l}l% @gxt%wu@p heKisg esogﬁféxleaglg@ﬁ@né a{bgm?gue analog circuit

Qg&ﬁt%l@ezgldbﬁfmﬂ)h%cﬁl@t‘h@m!ﬁ%l SperBE Q! anBbielegi bfiez@tﬁcﬁ@)’can be
programmabl e gate array (PGA) or digita

@plé@"@@g &y dqugpa 10,gwpp3§ﬁ@ﬁ1@raip}eolﬁgm agay {gy4). ag)gwmnabie gate array
'@@A?&r (ﬂg@aﬁ SRALS Rbcelof fl@ﬂg N5k leﬁ{aﬁons-rgse%%f ] @y Hﬁ(h@plOCESSOl 5

["fer circuit generlca Yy |nc udes
;@ngnmlopg;p@gel@f Tawraliory thnderai ggopapllar o@q‘c@lccgﬁltzq&@p]ly includes the

I(I:dgﬁn? 1t 3k Iagﬁ&f taﬁl(ﬂ Gﬁglnlogﬁ 366 b )1&1%1&[559%11’@ can be used to

- CIFCU TFerm conputl g clrcuit" refers
toplememuiat czsmi'plcenreht dhe obsmut’ pdalnlzutmg sirehitcinetetd tte  circuit

n%]t)]ﬁﬁlm%nt%’cil ml%qxg%?t\ch o1rceu?t§trf01gﬁansofr%|ngiq an el{%ﬁiﬁgﬁ%[gqgﬂﬁ%ccmddnce
WGmEBﬁﬁhﬁmﬂmMn@mmmmnm@kﬁu@m14 each of the multiple

?&d}%f ol | oﬁgi‘sc'aniol{g ntow to [}}r ef eerarch of the multiple control loops of the preferred
embodiment illustrated in Fig. 4 is identified by a reference numeral, 1 through 5,
associated with its summing point. An additional smmming point 6 is within loop 3. The
ultimate output of all the nested control loops is applied to a pulse width moedulator 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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enbodi nent illustrated in Fig. 4 is identified by a
reference nuneral, 1 through 5, associated with its
summ ng point. An additional suming point 6 is within
| oop 3. The 30 ultimate output of all the nested
control loops is applied to 4 pul se wi dth nodul ator 60
that controls the duty cyclé‘of the switches of a
switching node rectifier 62 in the manner preV|oust

gg%ﬁ)g%aqg %I'glllgl!iﬁ % § 1?{83%6 oong ]'[‘:‘IH i ugsrcagﬁgf T8 e%{ﬁ e %1 Ay gyc].e of

ttmv\rmhﬁlg Ploge CcQtiﬁElevnl:}&@ PEhiedse fdatdnjtols anem&emm ehh Each of

dut cle of the swtchin rectifier switch

i Sl e eoiS anbiroh S AT Aok Y GUFF e EAGHOBE 1o cock
tARicH TobPh L@k kighal RADPS cAGEUSHIERI0Y sigRN B Mred NS summing
éuty cycle sggnal I'n response to each particul ar

IP88H' 45 rdsesabat kn sqowvmhwht ke éoﬂéfea%ﬂimé’e PGP &ftial62 s
GERRERY ?djm@twﬂl&:ﬁ%%i?'m"hlwmé @ahitis dASend8sE Bliled chfine 66. The
connection with g he switching node rectifrer
eRinis ot A rEEtisne mode FelifFd BEoBIeckA falen Oiat Bircug458, such as
tlhﬁh a‘Je§ 1an1 F e &1&%61%6@'& h reﬂél E}gst&@ Qé NeiR 6111&);'- ﬁ@lu@éjg Pz%ﬁla%ﬁ cireunit
sw tch node rectifiér I's connected to an
@u@pMFM®hh®un@Mﬁsansb@huﬁ§mdlIustrated in Fig. 3, and
(ol des aﬂlee&ﬁ&gyoﬁgaﬁ%gﬁ?ﬁ)ew Efiroll™e L ARIULE Rriage Voo ne
regul ator circurt an Ut i connects to
ebeeding malheghweedb@@m@’ﬁgpTl'1b1@mqmsehm®nm@m1mpwl VImﬂ!O[JS 1 signal
eénéstem 3P l#leed éa%kéatél%ggf M)]g 1111%95?ag¥|%;%let5 l'és\/?é %Igr dhueg%&c%u can be
MEﬁgMd1N©mnﬂtV@MSOaesmgmﬂhw%hﬂn@senﬂﬂhgbhh&sdﬁsamdﬁmd1nﬂm
éﬁﬁmg‘@osgg{%’?%ﬂ’@ﬁ% Li)toxg g}erﬁa{'tm\u$g FIFHYD%% an%é}ﬁe cies € rd%sl'{gn value of
sied 1ﬁﬂtme leiagb ek §Js aElhcyﬂe(adbbﬂc Si@iaﬁﬁn HS8s lﬁlﬁ@(ﬂ@el \mtagehﬁntlol loop
circuit or so ased upon the artlcu
JobH e BRI HE Goah &d o RSSPRH RIS o DES Y g control
I r6kri 53 0B@es VO hitdet) @h Vs BUS o 1, TE apBRE RaGkaiskgB@tiADT through a

this m d-stage voltage control loop 1 is qgbtained, as,
éupstaf palirigolreto thy %‘Fﬁ“%in% BPinh el hedHer fignad togy Iping prigt 1 is
e Rtd fGCEAMHAQ 11u§11pl'1§dj'bty B0 feh-Frhnf SonBol e B) 71 BRkhown by its

senses VDclggs and li'es a signal representing it
trdughmeiononss arr! ]ﬁllﬂ“tﬂi | the fecadkocophal &M A pes Ard-stage
CcibPocH INBbrdi@M SIHEEN QeI tihelich 1Yt BARARNIRY and
;vﬁléaggn%&i |pe%lcﬁ)I nu;a]l i ed) Iib{g%t heggfor vvalrwlc]on? RUfG an
alednening Me tas Vghﬁﬁﬁﬂnbym Ntl‘énn FoeRtFAn BnEs. Thieanwu @’fﬁhaﬁnd stage
| T
ORI, 18 b L PP BRE LB B LB Rl dop 23098 picon
s@@wl canmranﬂ inpot Kenc. B}Btcumbkmcbmm@ nazddsiaga ibht adlisgnbecadis piston
?ﬁce\/%n{l?lgteeﬁé%pg oui lﬁllgl ?g%@?gsg%ltdr 163:)1%&?;11- Fg an increased
ahpduk:ﬂdoadodeh’rmed ﬂmbsﬂquemn}e pnsg;ofromtth@hu&rg,}os‘adnﬁ@ calpamﬁpx than is
S, a pist st r ston
e e i R R L R
& fa@send eRtorOIhs VeRgl; ReltReVEsnvelstIPUAn inbfeaddldE \/%é?gusllssults from a
reducgy %he reason js an.increased el ectri cal g q
PRGNS 21518858 He PSR AR PHB BHEIR OGS FHgO™ e
eapashd ot han i s being supplied by the alternator.
Consequently, nore power_ and greater stroke is, needed

{¥4Phi se aﬂtse Sﬁ'“e%’@d?cémt%efe‘v]{béc@‘)ﬂ%]l fogp @, conpk disiqn §proke, Xe

Aol i 8336atRE LM BUSHEQ DikEiS1eE MO rBedlRGT 1885 8EknE BRGn stroke
and requires a decrease in piston stroke so the engine

provi des | ess power 30to the alternator. [00401The
second negative feedback control loop 2 controls

pi ston stroke, Xp , according to negative feedback
control principles. The feedback | oop of the piston
st roke
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14 control loop 2 has a piston position sensor 72
mounted or connected to the Stirling engine to provide
a piston position signal. The piston position sensor
72 corresponds to the sensor 54 in Fig. 3 and may be
of a type known in the art fqr providing a signa
representing the instantaneous position of the piston.
Alternatively, a piston velocity 5 sensor can be

gglt%gol POR 2ata§% gﬁ{o 8%?1 110%3 %01 2'2%0"11‘1”1‘[%5181610&%1@ ec;f%‘l 16} ?het gitznﬁng chgine
Mo piavitiel S pSwhsiodititn dlghyl. She gpiaindgdsitioh engor §l‘20crmcsponds 10 the
p05|t|$ ensor 72 provides a ubstan |aIL¥ S|n%a )

SPGaPt i §e%§ewe4 AgY 4 6i18%§1 “dpltadénEnt ' of* t'ie's & Sig“a
RéHts@ningStha ifismedbeR Wkitoh . thd BRtANMHetddec1pf a tph;am velocity

pi ston position _sensor output represents the anplitude
6?1156’1 gﬁtﬂo‘ﬁB e ef ‘b*s%‘ﬂl"l‘talﬂegﬁ“ﬂdl‘ﬁlﬂt HEPE dp dipsetp Botain & piston

eahed] aEnL. cht:ﬁﬁe thlaq:ﬂs%ﬁ ﬂlﬁﬁozpﬂcs s%%ﬁ&llﬂs@nﬂs&dﬁp kel 9dthiEFbsition
by a constant IC.th, ied to a peak detector
PAsoITHebrpBidRe ad@lﬂ)@‘r@m@}ly ';swu@@fi)aé é]ggaltxﬁ@es'g@g]g qn@sa@a]kdmp acement
%@kl&t‘ﬁaﬁtbn &s athI{h%u@J‘&ethQe’l“hé)&nlﬂnﬁiesdfm{@9 sg)%l position sensor output
spl'acenent signal and this pea peak val ue of the
p@lﬂsftsems diesphriteiverit pigpiy hapar r%?)ﬁ@@énflsﬂl@h@eﬁ%% gngediment, the
i
‘élﬁégygonf Sétﬂélg{gels 85 Lt a'il?% B‘% Ebfﬂﬂiagt %0} Sﬁi aEP]? %%@Eé@&teetm 74. The
treakt Eetectur i d@ccpmhntpezk talpgakgva.&m fi.et e cowleppded lhel@mSOldal

%&H&Ke%g% %&?%1 5@8 ﬁ cggog:{!;:%f vihk BB ?gk&rﬁ bgﬂ%’im{ Signal

ﬁmmﬂdihe orehguodd xealh&nﬁm AABhd mttegs‘ua)écesrhamnbaanpdl prﬁﬂoesuoke K
(55 %%Jﬁfac[ O% ﬂféh@ nc@gclgl W%glaai G{% Ei%r%nmg}]g%é\%% 2 %10 g Wé{h 'he cam%nanded
ardienuignal dal,; fio rmdmdm agener aigod] K8 Rapphel & the i"orwaxd control

D A A R i Iy

afc hdiRcSinoWs 0t g lartf TRCHION of 210 FGRART @HA5] eic&mﬁ 76 ix@flied to a
at or_near the resonant frequgpcy of the

S

ngiorie! Bretion snerrar 14 hardie et ldiv P pRERte thprgs m?%ulated by the
desi gReduererald Behiubl EEMERCY. he tBGeRY hldiMEe 8PR&LIMGI finction
and alternator. Although these operations are

BRISEaEqTalS| iy Tinedt Mo s GF grseuanf euspiigolcnvErine Hgpe and, in the
El[u@%t@d’%aﬂ&inﬁ&ﬁ Of| 1¥1@ '3'9‘91gﬂe|3 eop&fa{n%c b ecﬁt@néﬁo@%' YirlidPeddd® and
sunm ng point 3 of the next negative feedback control
piepRiora éwm;@bu élleﬁ%lv¢i?¢gﬁt?@ﬁs aﬁpl pte@ﬁy@lr ha@fqrgled 2§1g1tally using

t t
e e D e Pl
Vel next \iegtteialeedbdcld ofnirphédowi rac aiptsophrianeg e \afml‘uéxdn athat is
gn)!g& u&taal %o h‘é {?Lﬁ'ﬁtas }a?ﬁ 01lnst 168%%%5 cogqgléé 831(1%1%07]‘6 Jfltﬁ? sinusoid is the
consided ablluy ViR Lol ef ’Ehelcnblel pm\ame[iﬁo\tl,;l;a R &hishiircdit parameter is a
negativ control summ n int 3, .
SR T of SRRE s o @Rk g 87 De RSP S PRRsE-BY Ry et

debini tion, operation and significance of Vintemal and

f eedback | oqQp for, th ternal eedpack contr
05 o T BEED pt ekt MEr e Bl 80, b e ORI boint 3
wﬁﬁmsrthms@@lﬁﬁdo@}s vAI0© @fsv.,,tm,e Tek ldefinibig pkrafibio M d sh@nﬁcame of
sunn1ng poi nt. 3 of the Vggernal feedback control

Moop: & %ﬁp{?qdé%ﬂ% RE) fPIoﬁWaY@m@é?ﬁdek EPEREHOPEBIWRG dfpcribed
baObL ARt @30tk HRbinknEs hfo18b6R" TRE BREH sitR) G8RLHALEmmIng
a sinusoidal commanded cuirent, Ignid , for the next
control |oop. [0042] The fourth, negative feedback,
control |loop controls the i nst ant aneous 5 val ue of the
alternator current and has summ ng point 4 to which
the conmanded current Lula is applied. The feedback
| oop for this alternator current control |oop has a
current sensor 82 that corresponds to the current
sensor 43 of Fig. 3. The output signal fromthe
current sensor 82 is nultiplied by Kfb,1 and applied
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[0043] The fifth control |oop, which includes sunm ng
point 5, is a feed forward | oop. The operation of feed
forward | oops is known to those skilled in the art.
The feed forward loop illustrated in Fig. 4 is not
necessary for the invention jput enhances operation 15
of the preferred enbodi nent and is used for purposes
already known in the prior art. GEneraIIy, the

reco pur ps f a,f S

aRe° Qe b PR e S S Rl Tahi Rl fyBrU8Ten: 50
pytech mtegcdﬂ@nQﬁSaﬂqu&s apnkred digehl \»targea&:rhte Aalglustsil chi@manded
sense @I s to rrak S process or operational changes

iReLE C”t'j BHWBP’T[@& QHriable is affected by the

CM)MZEV ban C’ﬂ% foufht RafveiRns.er embedidmnéonirblsugt ﬁﬂdte@ﬁimeous
% t he r|nC|paI fed 20 forward signal is_th

|Vﬁ¥‘fe SYUEE t%l@%i?factww@ﬂ AR AN BESVRIAD Hmcawmayd@rfémm

cm "9 taﬁlgﬁdvﬂhet 268 aMDEoBUYS: this TEmY@r Shigdflcolkifor detpi 1484 current

fromt i ston position sensor signal 72 by

@lefsp}efﬁQeﬂwq eprmesrendolodes fwrsniniestos i3 wé Fige Pt yheawj put signal from the

'Urhl &ﬂ Qéns&%tﬂzpﬂu@%h&% I@Et] Qhd gﬁé& Ate ﬁ%nﬂﬁm&b@iﬂ?@&s agsq)nusmdal

and then applied't i vi'der BuS™ sign S

ol di wpgsdntipgntitch @sisaimecovbeli@uaors elnmt 194T1pﬂ 91W¢10$ngla§/ ﬁom the

| n

S%@%&?q%ﬁg% %‘ aiH(Z gg%{ <g1 cgérlﬁg%tn b%&ffaoﬁ:ﬁgpg@]ﬁ?s ?ﬂéﬂ@@ cf;?&wald

reookttal plement &)ywhh@h m*aglat@aplm almdlﬁtemthtehsoxjaimaéier 92. The

j&’(ﬁ@?t of fll}c]aei% 1 con 1 10 3 thh 1? 4](1\5, s%%%m%gc[gat?% 15%’?6@3( forward

dqmbl €he ﬁnmsmq e mddyomtakﬂ B)oﬁﬁedtnbwn \mrh(dsd ﬂ@lﬂ)adsmmscesi. The feed

r.ban e formof changes in V nd i.n VDC .
SR IOt e b B Plepira T ther G P8 eitfncFSperation
al tier prafeRtd enbsd@nent MdnRiusddadon phi@@se&&ﬂi&adégiuaﬂﬁj MD(e Biior art.
t ho t vval ti n% for the nefg 11 g feedback current
HE'A P%‘&bogli’ F%PW@Q”&O‘H& ea@h@ WPShH b B2 circuit

ﬁ%ﬂﬁ‘&l&éﬁaﬁmﬁﬁadeﬂ@ﬁ%ﬁ%oﬂ dMaMBs iNE CeRRASA bReapiIENA Lﬁ‘s\écﬂue sensed
and therefore the alternator current and an i ncreas

AR BRES HERCEE 25 BT EHE2 esece Peow R R TEHE Cpaffected
@&tﬂ%r BELAERGHITHERE prefelfed [e%ﬂﬂ]ﬁgﬁﬁﬂl%htmﬂéﬁn@ f@l%ﬁepﬂltmmpal fed

fromthe sunming point 5 of th forward |
forwipics Benehisdthe |edused agangtgr ‘fqﬁiégéf éfe dm@ é?smmamﬂ%mhq gnd"ﬁage

r S t

Qmatgﬁsg)c égﬁ’spomcd@ sighal ﬁ?sn&éaﬁgde ﬁ\kl)mlglgt@% pﬁs%o&izuﬁkgn%}?l%&%p @1%11’:9072 by
dﬁmq&mt@m Toededive yalaiqzb}fféom A @nwl{iplicepih §y ghe tegor constant o at
%}Mn%&h;‘d”ag]ﬁi”[}?& d@tphgcﬁo { eﬁ%} fﬁtz gfg‘é ;/‘Whe E: gﬂﬁ % Bﬁ%‘ﬂ@d‘ f¥m the same
Mmhﬁ emsgr %mevzloeziy |df:scebcd sudprepdrtthoNat st deadh@k signal for the

1r{1 tst%geit,]\gc{f 001 1 Hm][u qf Ztt}Shlll‘Lﬁ].lI.lP]er Lé%sy%{d%l) C Q]gd)rh?éld 10 {h%%%ndel 92.

" Gfie btlitput@ﬂﬂ&nﬂwﬁﬁFQZSm %d&l@ﬁ btyﬁ@'pbjgugh K €1 G?hmtc@wldend essenually

SW t chi of th SWtc rectifier var

Berels el Erituinly BycraCrbrag b i ences in te

per at ¢1ﬁggefsr1ﬁCNﬂgeEthnﬂ)th gus apd @mﬂﬁﬁdsqﬁe tdatyt chﬁle and therefore the

i hst ant aneous val ue |a%‘§§/0| da ?ut put, ? a.}F

ppatFrurRR @&W%’& ‘g%?*ﬂ’ﬂe A Bl 1Hutt‘ﬁ%‘“‘é% or dle negative

saatitehichgediRegudiesd il r1§sp01M3 MBheSi6ich ingadil Med 3 tlans that an

reference to Fig 3’1 over one half cycle of the | ow,

fﬂchfaﬁféﬁ éfy 1]@:(‘6GaSGE‘SHbC @q}y \<]ycéf§/%11déh%pfotq]tge IRGIQRCUFISRT A @n increase

H@V;ﬂc deg‘eﬁgﬂ‘ﬁ@ldh%r OPRAS fircRM HERRSNAG: AR A0 vari es
from 50% at zero &ross over of the sinusoidal control

signal to a maxi mum at the peak of the sinusoidal

control signal. Over the next half cycle, the duty

cycle of the ONtine for the other pair of

15di agonal |y opposite switches 34 and. 38 varies from

50% at zero cross over of the
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si nusoi dal control signal to a maxi num at the peak of

t he sinusoidal control signal. [0045] The use of

Vi"temai for controlling the FPSE is central to the
present invention. Referring to Fig. 3, Vintemai is
defined as the sumof the voldage Vg and the voltage

VR20 across the |lunped sumresi stance Rae of the
alternator equivalent circuit. 20 However, because the

\46’!#44?968 afl s% s<t,> Hgl J%QHI \1/16“1 eﬁltnﬂ%i'],]%g)}ﬂlﬁ S%Itf%{gefgédsfo%ﬁd loop
0 ndepen dccessible for se Ing, their
i(msﬁamtfaﬂ&mcﬁmlemahm&]s Ifnnhstfeekiefonmmum@sl if poited] pervides a control

b| d d Ref ,
TP b Gthey BORRIT et el e REEThERopBabt Rypt cchltls me
Sﬁ@s@ble& tleasedhibpontit keititlahbonshife: Ghat tlikhéshopenency rate.

circ i ndu d voI ual .to the piston. _

Ve okt 57D 1 PaED By h 16 SHOLOHE EHS PR, Prppgionsl to the
RhsSdr@Meod FaROST ﬁlhsod"hlﬁblﬁﬂ%nﬁcﬁ s%lnfﬂfa@ eIt @bwiehidg T'Inéﬁafore
plston velomt(%éT nmul tiplied % t he not or consta

dbe gy ot g O pedERT sga@s of 61661'1 %e1gy§wgt ang of 1he switching
L8 €2y NGV - 2crbRE (KONSH aﬁ‘équbﬁ@y SycFRIOMN tild aRLEBABN bperating
84, is the notor constant a . This signal representin
W@qpeglc}a@pp PEGOTeN 40 Sgrivhtagnpoisrelug of g spgadaliogiput signal from
‘%%Hﬁﬁn%/ Ia&ﬁ@S as RhGFBRL 1881 BBLitdld %?ocfeh@ct?fﬁﬂs %16 specifically
current romthe current sensor by the val ue
dfvlth?a@ewqeho Kig: 35 dvel ong teHeydalod é}edf)WﬁemuencB@J Theeduty cycle of
cfi?er'@ﬁttgi% #}ﬁ oHt? EQIf oivga%&nﬁl o}a!) QsiAPRYit R iﬁoarﬁium f&g from 50% at
poi n erefor e ut of summ ng poi nt I'S

tzhie csasap iy o hYRRBscadud cardrot hgnal fremsaniedih at ﬁwplqale@jf the sinusoidal
cQ;%%o‘rilntgl%ﬁe@\lflm §1€17ﬁ1\/ ¥ [tj?srpl fthei dut§1 %‘rcﬁ]f%cléfl tﬂeobNI 1126 %/ l1J le o?%' Pan of
tdbgozﬁeﬂ!l@dckmodmel mmh&mﬁﬂahé 3(8I m&@l ﬂcmmsp"/metgaiw vneaoss over of the

f eedb nt. | t hat t Vint".al . ..
OB TR e I BPrRAL FR R T U g i
ysi48p Si grraieSusieM ved.f fanotbiing ape r@sENng seatrkiabl &% present

of the ten1 descri bed above,

SR LS e b bt SOOI dodl 07 G it agd the

veh @,@'\VFXC Bd6ks Ty lmﬂieﬂ%@mbx)ésﬁtﬁﬁzen@& Qr ﬂ@fpﬂﬁi‘lﬁﬁﬁl @uivaRnt circuit.
shown at el enment 84, to provide a S|g£ representln%J
Wpwevits bepruss (e n‘éﬂlﬁaﬁfé aFIAst Buee SAYGRERle CERA GRSy e mot
E’Acﬁ#@ﬁmﬁgsdct:ésﬁﬁlesﬂog Bekink Oh6le frsMBiaRiott QMUY eYeonButed from

on vélocity sensor can be used with its out put
ﬁmet fgspssiée By senved Npltes: RelsHEdnF 1% 4t e prlse PEY: # Wrghid from
rt?enﬁ@t@ﬁr%ilﬂgl MBsor 7%&35@[1;%?&@5 xéllé‘t?cﬁlshli Qﬁatt%"i’éjol%1 circuit induced
connecting the output of EgSItlon 10 sensor 72 to
vhiage|\arieruaBe 1hms@ppypg¢mgnm lipcbas(ifhe MQIOrSAQFHIK G - The piston
v, t

S9L50, vl Py R} 00 EIGED Ll SEIRRN S, o oo
cepies et shch@ mtament:&qq $¢ povida abighalwerbwutingidy. The constant Ko,
d gg"\%{ 1?1% etnmé fr # el l'itc(g}lsQaent Laﬁllnascsgg%l f1ee%1%tsc%%18§§7]g I1§ gpphed to

stﬁmﬂ% ;a:plpla(f é:mtn deotd dsummt@kkal; L e%zmcm Etmaumlphest tho na:m;sd current

Rl e SR sPge 2 B Bt S Rooed® Boppeinie it Re-

Ve eafput@Svapetorangl ivelko abﬁlﬁﬁ Iﬂcﬁwn’ﬂﬁmc lpemc enputetbrdyhe output of
sensing the vo|tage VT a volta

for ex

SRS PO e iithe 881 Yo lidrreanEdS i 81?? %%ﬁ%% PO LGS, l%gammws
and subtracting the voltage across the alternator

i nductance, Lair. As those skilled in the art will be
awar e however, the addition and subtraction

mat hemat i cal operations are al gebraic summ ng 20
operations and whether they are suns or differences is
dependent upon the sign conventions that are adopted.
For application of this alternative way of conputing
Vintemal , the elenments 84 and 86 are onitted.

I nstead, one input to the summ ng point 6 is the
sensed alternator term nal voltage VT fromvoltage
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[ 0048] Because there are alternative operating

vari abl es of the systemthat can be sensed and
used, in addition to the sensed alternator enelt, to
conmpute Vintemai , the term 30"sensor neans" is used

to generically designate altgfnative sensors that can
be used, in addition to a current sensor, to
equivalently conpute Vi"ternal . Those described above

oSiti ensor i stan
JefieBr Vi S5 B Lot BGR3ConubyPron SRt ds BE b or e
W@ddbageodgé'ﬂo{ 100 48fed The, nastivd Bpatiacbir &Qpﬁﬂmla’t&fonm e Vinema: -
tion S t hat |ston stroke is ntro . Y
VT o1 7 ol % HiP U B Rt g erp GEDE e Hpjvad fom
Gl bpdrhinR0rafif08n ofand/Bean. ah ﬂfé&ﬁﬁﬁdds&lﬂiedtah@vet aeqb@@kposumn
| oop of the negative feedback control .| oop uses

REaabre Bl P SEHFARIKOS Y YoraY, o peftebe St R aBTe PRt o e

QfioMt Qieéléﬁént RAL D S0 AN i¥8al QEpr&LARL OV NEAs &b bRdthdtive, instead of
variable. This gives the advantage of tighter contro

(Giffesentigfingnd HiSOR FOEHOR R &hdTEP PFHENYERGFE, 2 Pislguyslokity sensor
3t iahlses Wi@rid hepiieast %‘Bhé&?\‘}{r Q&Sﬁol&%nqté@%@d Ip{bvmea signal
followm ng discussion it shou borne in m nd
trépesontingr iai To 10plemset Git, [iestsd 3)1” &nuﬁepm &@b@éqﬁéﬁﬂhe position
I [ i3

t %%Bf%%av{OFL%}g glg{éagltg nganw Egl %QBcﬂﬁE%pﬁﬁo#ﬁmﬁﬂ%ﬁ&ﬁtn gqgﬁgtﬁpu{ ofa
@ﬁﬁicewmcdy serferis Iaﬂﬂledlt@ a hiswled 1be drorene 84 wnhﬂhﬂjKtthatl epresent
ﬂflet mgtcu %Ogl:}ﬂlglgbf Elgn 1] 1091 dnlgf(ﬁi?&ﬁmxgﬂen {:'mﬁ]%ﬂtttli]g hap]]@ce odjel atoy s) and
matoetpufl’alpehceiftome Sum'lh'&lﬁ@pdm)ﬁ be on t he order of 80 to

ST Sch, O o ey e ol S e e RE Gt (48 @ simpl

appleanat @b stdoad Chwt &ummigevodlége@ aghnéi gh’oséc_’r leqlhbeahmys that

tchln | e determ.ned b nsta eou

3F b LU O 81 PRI FFOEB T A 361 it Sl
&Iﬂht NQoltdgReringSoMchiE I3 NGustA%dan RSk, illtﬂi§SE dhﬂgﬁbﬂla&mo the
feedback control | oops can respon

ajiasearint e gltematopidupigicen ] ghets gt gy et wil be aware
fLEREGHENGY 088620 SufilaSAeRGHeREtichN Sy £NABL O Bredfidebraic summing
al ternat or . Adiustnents can be made within a small
oRgraapal df WACh@WEY ettty @ty Eifirencesgis] goxsnfenp) wopnthe sign
ShkRbGorks %m@%le%a& K6k, Y L SMPAAGE s JIRAUGIOGaPES COlllputlll%(V,mgmm
i ncreasi ng al ternator current to allow a pi'ston stro

¢ Hengenerth$s aids S argeunitipb ingited. pisl Apitdadhi pmgning point 6 is the
@éﬂsgc{ e 1&1{01 qg{lﬁ%ﬁ%@ﬁéﬁet\ﬂeﬁ cflgrvgﬁa )égl{sBl Qjﬁbﬂ’qg I’Bgt ﬁ?e other input is
pI ston he magnetic era ed
detred gt d}ﬂemuherlmm at Sp@@ﬂf&%%ﬂlg y3) éled:awpnm@gfzﬂ; rfron jthe current
n I Ly, o - :

?ﬁn ?‘?e%n%lt o% gu\r%ﬁtgn ?953 C}o thn or %e(ﬁtgr tch/e{ 919@{1@1&&2%/& %y the
dehstiantl b6the hbemaboand 2phdignise aws’ult as 2 si@np o itd she swnming
red ging the alternator current results in |ess

Wg”ng force and therefore | ess nechanical |oad upon
fdeaspi st orBaskise ihead b}@\meﬂlh@vepipsﬂaﬁmg sdrtabkee of DeisReagase can be
Te rily. ingreasi ternator current result -

E G asedin R EorE: BT T, HEoBPuE ofaa e temn
ti’bﬁﬁc@ﬁﬂfaﬁs”&s Gk@pioesenBRENAMG Mlatd QREhHPOFerkHe til $hPPe used, in
whi ch reduces the piston stroke. After the st roke

affirigyes 2 Ctﬂﬁ@“§§}§9re|"ﬁ RSN OB elepui -| 12874 rRPed ghye are a
30 higher or |ower piston stroke and therefore at a

hi gher or |ower power output with the power out put
fromthe engine again equal to the power transferred
fromthe engine to the alternator. However, it is
desirable that these changes are able to occur at a

rate much
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19 hi gher than the operating frequency of the engine;
that is within a time interval far |less than the
period of the oscillations of the engine
reci procations. [0052] The piston of the Stirling
engi ne follows Vimenei and the piston stroke is
controlled by alternator current. Vinenei is the sum
of V8 VRao and these voltages are in 5 phase because

2], » _the. Lesishan a.r LV -
SRR R0 b PRI TR LS S SRS Y Somsie
ahwmﬂsgéﬁﬁ.as a conponent of Vlne "ei allows changes
BT o, B Rl 1™ b Mo B b Byt goke
(cenedirf )fon] OQS3] Blier nrasQorcoraber foiront VirlagErTEJIonuolhng from

[lows tig ontrol of |ston st
ot mepiitary 6Tl oumiisalivedrd i BE0 di Arhsges it
bMaeEéuE&it’ PEABTRT i 511, Ql@ﬂhsﬁﬁﬁaﬁeﬁ@mfa\iﬂd @ieﬁ!mcntnpxaﬁ)@ﬂﬂfaﬁw or some
fromVg . Changes.in Vg occur nore_slowy becaus

(SheB BT RN 06 BYST B VERBER §F BBRICToTatioh Oel a1 R yloser

GRIBRGES) 1Sk f&tﬂﬁa@usﬁla@fes fdhendTessn abd dbdagkdd. a of the
pi ston, the magnets and magnet sugport attached to the

dP&06n andnt e Telfwiing §13%F1Pﬁg‘- Hi8H thkerne BesdysBabfhe Virem

t.B&y 30hd ttlﬁ:' s§bs@§1§eﬁ1{ fo@ﬁé DY oS8 Ryith 1ﬁst§1@slﬁ@§usauﬁlues across the

engl ne 15 CyC e or f'or 1 nstantaneous pl ston

Vel disitepcy axcleg of 61er5‘é@1plmgwg apoieherngtar. iFpghegyit Plopld e bome in
ﬁ@ gﬁi ﬁl@%&ﬁ&}ﬁ%lﬂé&iﬁ Te@ﬁﬁcgf fh o 18 8‘((‘3];']%.%1 %MWEH’L, is switching at

sw'tching cyc g 1S essentia Iy const ant .

1805411 Howesney ratarifhestiangdeicrmal bepndboprdeuet ghto 40 pwitching

%%olesnmgé %EJ(I nég 1%}3(1%6 1%&%?61 OOBIaD&&p Q\g ﬁe Elléw%c}éo&fttﬁg gngme and

ee across or resis ance
@hemetqlt,l &mﬂnlt}yq dibe calisef @0h Mghtfeqm@nlcy ww@m@a@le deeﬁuugmned by the

rués?e‘ngagfoug va g{‘ gﬁtgﬁ%%m% rhc%i 1&3?1 fg‘{}% Is]m}nﬁgll% é)ﬁm\/% at the time of

rs@zl'fﬁhﬁ@ Apastant oy 11@atiyc£ lfexdiodckt avmtrelf logmgtamerespond and make

eration, Sen s.in.alternator, curre

SEPERRD bt B AR I e eR e Sipg HEA Gy pne engine
@h@ Eiednasdy rﬁ)bﬁ@stm@m@ bangendk vk yahdiagerM éagoadfdgisicy cycle.
resi st ance be sufficient t? be sensed an
1&5pbnded lflat%ﬁﬁftiﬁés ESHEPOPY FBBITAY FICHOBS G eSitas fplternator

RAK&} @NaiRhw & JFR%I FOEnah B TAR i€ BHNRPAPRE AkMGiship of alternator
frequenc his contrasis with the requirenent of one

shrrenhdo dhgiities sErarPAY Tepisistbaiengagsttitekemsraie by the

%Rémﬂ@x élﬂe\{tg S};&u?c%%” b @ ling %r@@{sféx&lte%n&n e plps@onsﬁﬁﬁﬁdinecﬂy
responded to by the control |oop. Since Vggemal is

mmogwn@ioifo Vg disthayRagnreny gich ghoygrpepitienality cephtii op thpenotor
%Hﬁs&%{-‘& ?QH ézgﬁlp ‘?%cf%ﬁgtﬂna Al SEdaR gunéliluﬁ\ﬁ\ﬁs & '&%ﬂﬁﬂl M&rce and

tI‘O oopto respon anges t hat " oCcur
Hterafbre 1435 gwclﬁame:qhﬂewbwost\ﬁm eibton ghicktalowatheist@0sttokatp increase.

qgmp ar 11% 111&1@1%91&&19@ arlﬁ gmli]cgn 153u1(fs 111g%e<§atet1 I&%p:&%‘%&{:e ’%phed to

ne op
nl&slmbtbn iagd Illhsaifmta he gﬂeﬂl\ileniei:l@mcp]r kmwi adesn eheq[mimk @rhich reduces the

onse t S qip

plS?O% stroke. A&)ﬁerqﬁfls ls.trok%Ochanges, 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 oufput from the engine again equal 1o 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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changes in alternator current and therefore permts
control of piston stroke within closer or tighter
boundaries. The Vi"t"Thi control |oop responds at a
rate of a few kHz. [0055] The manner in which changes
in Vint",al controls changes; 4 n alternator current can
be seen fromthe equivalent circuit for the alternator
illustrated in Fig. 3. The 5 sumof the voltages

@1 P ﬁi],dltl rhe (%pezgﬁﬁltjf he%l%%.g/ qupg‘ L3 1llen 11 tg \ﬁ% fafiﬂde AL é"ar less

ccor di S secon
|ty theﬁ&mméqﬂmabécyuauansrce“dﬂwomgma1acrp1Matrens'.' " means an

g@g&ﬁ? iSZI : 1@2@%@1{? ghheg}xol} r%aengmglkfgﬁcg uss Hi\éﬁi"anidsthe piston stroke is
SohttatRi BY afisregueneyntol; L heis s sﬁlﬁﬁmm Wﬂg aﬁcbmmef fodtages are in

nver sel an increase.in Vinte ecre
%as&PF‘faé‘ "{ At PR O e RE, mrﬂ@m?/ﬁ %Tiescadﬁ‘i“? '0f C‘Pl%oﬁle’% gﬁﬁe"e‘
tREinEMERe BE the Lokhgs AN rLlost RQPs 4 cRRRolids POVISL Vealdtvs thenges in
hi gh frequency rate. Therefore, a circuit enbod

those (@ MompEctiskbiccesAthery apngdhe Vaetqn§ol léglbég%l respond
trs fRkily (doBghement al  changes that occur in a snall
fraction of a low frequency cycle of the engine and
tIESBeby el i5psan PR diont Y neweodllopts tehist é?ilt%)tl PHRECR FFOke to

RO c1bak @Qﬁ?auf{s%&(ﬁh Represe qﬁﬁftﬂev&@{pi‘éﬁleﬁ' 8$ 0 cl§mpz§1ng4contlol

Constants 15[ 0057] The invention illustrated in
dm Bewentodreh] ifondiif eFhangeciny dyi aogwh@oiengodive bepisigVe s

:f)% UGS S iotlpngIKVEq(Q aﬂ@ ton'_pe‘Wthg Fohafbs @f&w@f@%@us@of@hc mass
resent ative set ues I,s given in the follow ng

taad hlema}@f tYe=piBloB, th magmmm%n@}ms@por_[ 2@pckyl ® the pistpn and the
lé}%l%}gs aotmg upea’l alem Because 0?911@%1?45?& this o%m%gtmg piston, if takes an engine
cycle or two for instaniancous piston velocity (at a corresponding point in its cycle) to
change appreciably. Therefore, over a few PWM switcling cycles, Vy is essentially
constant.

[0654] However, any change in alternator curvent will be immediately reflected in
a change of the voltage Vg, across the alternator resistance R, . Consequently, because
Vinemal = Vg + Vrao » any change in alternator current will be immediately reflected in a
change of Viyema even though V, remains constant for a cycle or two of engine operation.
Sensing changes in alternator current is important because alternator current is controlling
piston stroke. A change of the voltage Vi, across resistance Ry will be sufficient to be
sensed and responded to by the contro] loop within a very small portion of a period of the
engine operating frequency . This contrasts with the requirement of one or {two engine
operating periods being required for a change in V, to occur that is sufficient to be sensed
and responded to by the control locp. Since Vigeme is the sum of Vg and Vyge , using
Visemar 10 control the current and therefore the siroke, allows the 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 Jow frequency engime

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

~
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Kn,s =15 =1 Kim= Kip,5 = 1.7 30K13,5 = 15 Kth,3 =1
Kf bA 21 [0058] Paraneter Definitions alinear

al ternat or notor constant which rel ates open circui.t
alternator voltage to 5piston velocity and rel ates
alternator current to force the piston is =

v(al (ernator - voltage) Nol tsﬁworce[ newt ons] a
V(piston- velocit)4[nmeters | sec] current[anps] Actual

:Cﬁ%gagﬁl %11%&21&??121}%}@@2@ ‘Blléllréfotlé }g)er}nl%fs cSitlo] BF %is{olnosyl\ﬁolpegwithin closer
or tighter boundaries. The Viyema control loop responds at a rate of a few kHz.

[0055] The manner in which changes in Viyema controls changes in alternator
current can be seen from the equivalent circuit for the alternator iliustrated in Fig. 3. The
sum of the voltages around the circuit loop consisting of Vg , Rae and Vipemar must be
zero, according to Kirchoff’s second law. Consequently, a reduction in Vipema means an
increase in current through R, because Vi, is essentially constant over a cycle of the high
switching frequency of the switching mode rectifier. Conversely, an increase in Vinema
means a decrease in current through Rae . The Vigema control loop 3 and the cument
control loop 4 are responsive at the high frequency rate. Therefore, a circuil embodying
those two feedback conirol loops are able to respond to small, incremental changes that
occur in a small fraction of a low frequency cycle of the engine and thereby maintain
tighter control of piston stroke and power balance.

[6056] Representative Values of K Constants

[B057] The invention illustrated in Fig. 4 can be embodied in differing circuits
having differing values of the K constants. However, as an example, a representative set

of values is given in the following table:

Ki4=6.3
Kps=0.05
Kis =126
Kps=0.1
K1 =739
Kpa=0.2
K11 =860
Ky, = 8.55
Kps=15
Kaps =1
Kp: =1
Kps=1.7
Kps=15
Kz =1

Kapa = 1
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10 because of the internal inpedance of the alternator
coil. Since piston stroke is proportional to piston
vel ocity, voltage is proportional to stroke at a
constant frequency. Vendthe comranded vol tage, VDc Bus
, across the energy storage gapacitor. 15 VDC Busthe
DC vol tage across the storage capacitor or battery.
XPcl ndconunanded pi ston stroke. 20Xprb(t)the

i nst ant aneous pi ston position as a function of tine.
Xpf bt he feedback piston stroke/anplitude signal. It is
proportional to the peak to peak or zero to peak

( kitude of th$ i.nst ant aneous pi ston position
*@gﬁ t). PRET PFEREPYneous, open circuit vol tage

ighduced 198 taR@nabil aFBAL D WIdiiNgla(ek beerbaekit@ndrnator voltage to
vol tage). VRacthe instantaneous voltaggvgcrfss t he

| unped PEY ngielpritwansk ?eltaﬁé Al R FHEEH 1O MR Ong phRston 1S

i nstant aneous ,vol.1,aGL apHASERE 8l EeLNalSns]

i nduct ance.= _ _
Vi ntemal cnd felerssect  current|amp

Actual terminal voltage is a function of current flowing through the alternator
because of the internal impedance of the alternator coil. Since piston stroke is
proportional 1o piston velocity, voltage is proportional to stroke at a constant
frequency.

Veme the commanded voltage, Vpepus, across the energy storage capacitor.

Vpepss  the DC voltage across the storage capacitor or battery.

Kremd commanded piston stroke.

Xpgp(t)  the instantaneous piston position as a function of time.

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

peak or zero to peak (amplitude) of the instantaneous piston position Xn(t).

Ve the instantanecus, open circuit voltage induced on the alternator winding (the

back emf{ voltage).

VRac the instantaneous voltage across the lumped resistance of the alternator.

Via the instantaneous voltage across the alternator inductance.

Vo the alternator terminal voltage.
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alternator current 10sLapl ace operator designating
differentiation 1/slLapl ace operator designating

i ntegration 15[ 0059] While certain preferred

enbodi nents of the present invention have been
disclosed in detail, it is tp, be understood that
various nodifications may be adopted w thout departing
fromthe spirit of the invention or scope of the
following clainms. 23 Clains: 1.El ectrical power
generating source conprising an alternator, the
art.ernpatcefmnhalkdng,.an al ternator w ndi ng, the power
source further conprising: (a) a switching node
rectifier (32;62) connecting the alternator winding to
an,. &l ectirdfdheRREEGYVF ¥ 0ngge nmeans (44) and including
a pul se width nodul ator (60) for controlling the
rectifier switching duty cycle; (b) a negative
freedback,GoRhESs, doapRmbayviiRghatrcafemnd i nput connect ed
to a summ ng junction (4) and an output connected to
the pul se width nodulator (60) for controlling the
gper at i ol dutyegycl e of the switching node rectifier
(62), characterised by (c) said power
generating source conprising a free piston Stirling

&ngi ne (L%??aicl%ﬂf:a!éﬁ) ieﬁ@na%n?@%fenﬁcjﬁtﬁﬁlon driving a linear

alternato

i/s Laplace operator designating integration

[0059] While certain preferred embodiments of the present invention have been
disclosed in detail, it is fo be understood that various modifications may be adopted

without departing from the spirit of the invention or scope of the following claims.



(d) said negative feedback control | oop being adapted
for controlling alternator current, and the current
control loop having a feedback circuit conprising a
current sensor (43;82) connested to the alternator
wi ndi ng for sensing instantaneous alternator current
Clai@®d applying a current feedback signal to the summ ng
junction (4) of the current feedback control |oop; and
(e) a negative feedback control |oop for controlling a
1. voFtealyisal pavrrr grperatinghsosicd eomprisingamadierains, the pligrgator having an

alterﬁé{gawinﬁmgca@ 'Ovelr bsurad fpheatiprivinadi ng and the vol tage

al E@ ket ﬁgfatgl{nn%moge ﬁeétH:[% W{jsdoﬁﬁ%ﬁﬁg tl{e%ﬂ%}rra%r \;/ ﬂ to eu%l
electgigehrapdyishpege rag'amS. (¢4 and incledingrn Bylsp stidih 9) or

commacgbme kectifie€etbitchimecdugicpgdea sensor means connect ed as
gﬂ)g%é&at \% f@%ﬁﬁ&p HideRg lc?dtprkgﬂéln? Jo%n% 1'?1?15‘500 & to a

connec
sum@mp URqtiog (@) snan Ou"?‘ﬁéoé’bff?ﬁﬁiittp r%e zaﬁffec‘mdfh %ﬁﬁlafqr AP 4
cont@plix grthe gperasérgin dhtyregpleadeint swighifighhedmiccti Bert (62),

sflhagk input of the sunming point (3) of the
char%ﬁ ? control ] oop, the output of the gnte

cotf b PPBEpEEBETAECOHIFE COBEISEE p e BlhR 1%*%%6881“ (66),
inch(dlmg dpore pﬁshm dtiving mtlinteredivackordd®ta4dl |1 oop.

ﬁ%%&]}ﬂrﬂe Veﬁg&ﬁ{acl@ @&ﬁﬁfﬂ(k U daBtel rfcgﬁés&lﬁ{)ﬂﬂ{goﬁternator
curreg <o t%cwg BB iooP e %ﬁgﬁf‘%ﬁﬁsm Figeradndy Purtegdfensor
(43;42 eonteeted dophet dlregnatomemilingfar seneing dowqmtinsess alternatgy qurggnt and

appl Ptk bicBh¥hi e dbabic Sihalt khaQReh AL jRtion $4)HTahe current feedback
Comiﬁ\?&)r esenfing instantaneous piston velocity multiplied

YRe?™i t er nat or notor constant to provide a product
si malnegwpredsetbatingontind Ieapsfoneandredlingse valtagag¥ingivg yvhich is the

sum bﬂﬂl‘é%?a@sn(\l b‘ﬁadﬁlcéc%zﬂﬂ{echlltfﬂdaﬂﬂ Agdiag tdndiﬂﬁ' wiltage (W8.) across the
Si ut.i | i,0
B T 12 BTGRP A P
input pplied to @mm@errgsmmtf(éb amdm fqeébaﬁkrvgrcvﬁ anglyding p sensepgans
conn@ht%@ E@Qﬁ Hipuﬁﬂd)fe[ &ipdihgaindait, ke b@piesanbi (1g;8Nalso being connected

as artig %tt n&)m q&%g; bR tﬁg @&?xﬁut r%c%)cug of'n% ﬁ%ﬁr’ﬁf {ﬁtﬁ}lﬁﬁg a signal

age
reprq;tpx@;plg(\%{ﬁzen)m @choisdoaek in P96 dhe SEIRINE HEBT 6F) QEEE Vinama control loop,
the oatgue bhefe ol Mardhirgl lang baipp Icynﬂegteﬁrae theoddragendlingpt (loma) to the

current %%a&vé?@?& lt\;\)g%t he conputing circuit sunmm ng

junct rein the output of the conputing
CI rcuit summng junction (6) represents Vintemal 24
2. 3 Eleetrical paderpenantige saret inngesdaneevitnclame d vdenas:

a? fid @ 2R €4 Bi &ﬁﬁﬁ%né@@%?@%@ﬁété@%l@&ty sensor; and
Eﬁsﬁp the A

g?aneous DIt t1on sensor connect ed
FHRPENE %‘iCBi't FPEPFIET: di f f erenti ati ng
| nst e(r)taarnahnpkymg sirant imo geddrating s guaipepreseptisg vstantaneous piston

vel g6; g}’muﬂr ﬁ%&/ hEAt erﬁé%ﬁﬁo@? B&! Rt ﬂgpI%QiHeCa%rbﬂuct signal

e L A o (Y apichy o og?%%?iﬁrﬁéfw“gs&w and

geamlping tle mdu@slgmal @ccomiaticg cuicwih sehaing LY

the qaMPHtultlying circuit connected to the current sensor for multiplying the
instantaneous alternator current by a value representing the equivalent lumped
resistance (R.) of the alternator winding to provide a signal representing the voltage
drop (Vrac) across the lumped resistance of the alternator winding and applying the
voltage drop signal (Vgrae) to the computing circuit summing junction (6),

wherein the output of the computing circuit summing junction (6) represents

Vintemal-



circuit conprises: (a) the sensor neans is a
vol tage sensor (88) connected to the alternator
wi nding to sense the MAndln%Hherninal vol tage, VT, and
apply a signal representing e termnal voltage to a
summ ng junction (6); and (b) a differentiating
circuit and nmultiplying circuit connected to the

3, cum&mcaﬁ é}r eﬁ&%)mé wur@eqmuédraﬂmtahﬂzmm vah@ﬁ:ﬂﬂ&@ sensor

0
It R e p—
cirayt v ritféerqat@tlgg alstangpeessanstpm gogitien palomugis pistop valords s
the | unped i nductance ( Lal t) of the alternator w nding

4, an%he%?rpciagp?v% t%%% éon c %ggorgg\bg% v)’xﬁq él?i%er gf 9 Q.rherem the sensor

meap%mpr@ﬁs @Bm‘ééoqﬂﬁéﬂéﬁoffer ence betvveen t he term naI
vol tage signal and the w ndi ng i nductance vol tage drop

5. si gna qc%g&berr Lﬁ%ﬂ&%ﬁﬁ@ E(Tcuréé i ta%%harﬁ:e %!/ﬁfélﬁiin‘f ?lwh@féyfhe cgmputmg

genera cé I'n“accordance W th
c1r015§co4nmseg wherein the circuits perform ng mat hemati cal
opéxaté emsoraneine Iiﬁ)a)d(blexge isensar (#i8Y coaleced np thei attgrmator winding to

sensé 'tl{e%:gl in 7Iter'l?f!uE‘ﬁltv'r()'ltﬁ aéﬁ;g}?%@hmﬂ'}gpr%%ﬁﬁ tﬁencermmall voltage

erein a sinusold
toa?WfquHn‘ﬁlé’ﬁépbtaBg Ci rcw t (78) is connected to apply
a Corndiffdrentigintg ¢ixuittaad matltiplyohe dimuit kentdctddenhe current sensor (82)

for cfo dhae Hlecr%torf Qharl g%Q)@ tﬁé@fenia%or%u%%ﬁ‘lﬂesﬁé@ td'@e@nd multiplying
ubst nt 1 al e res

that fatt%ng gﬁé%; alingtlp] fange t%@rg?@ﬁ agy gnlaf Teﬁbesgq{a}glige voltage drop across
the IgmBedorinctende (oo tlyettematirngndiogroé applymgdoe winvdeg inductance
volt etdli‘o&hgﬁdptc? t}f%rb‘iirrf kbl 5\?%;1512Wérr§h rt‘lgenﬁmﬁﬁg%tjhﬁ’cglto? ocomputes the
aifirige RGN O s C e befig gt het TR adt™ Blfee arop
signgiwhisloregegseftaMotdnon gener at or ( 78) as its output

connected to the sunn1ng point (3) of the Vintenma

contro IOVId 0

( Vﬁgetgg}clggPoxg%enfzrggpg% ?eal?%?rg?tscegy Ldaim ‘ii or Q%Lr”?; or 61 or 5
w e!ten‘ethsucgwtﬁ mm@&@ﬁmﬁr@atw%@perhwwe amb@@%aw r|g8@1pfzomputmg
circdifacl udi ng a pi ston stroke sensor (72) connected to

apply a piston stroke signal (Xpfb) to a summ ng point

(2 of the pi ston stroke control |oop.. 9. Electr.ical _
7. trifehRen SF9CIIH0E ERTPRINACEFHeRGFOBI Tl & 105 Prﬂf% viligein a
sinu:fdmlatl lﬁmctloﬁ pndraion gireauin@@atsi coandceeitb apl! yeoetnimbnd mOPt (Vinemal emd)

to thfe Q/r al 9!1&1,14 &%mtohﬁ) é%&t Ei‘@ﬁn@ﬁ%ﬁd%? SnPRih ﬁ’{tﬁ.{eo 2 p% Q{aﬂgﬁly equal

contro avin
to thsr%@@ uw&w .ﬂarcfrWIﬁf@na‘?t%W& ©25 sensor
connected to the storage neans (44) or battery and

8. Cg?ﬁ%é&glcﬁp &Wér%é efafiiy Q&Ir@éjmteag{:?rldéxgtlfmﬂg cRfh Zaagrg‘;ﬁtnfﬂab@ comprising
a neay SR AR GOLFIHOLTSA TS P on e 103 ke Sonirol Loop
including sagrbsinespidad fiorctips @pndrater (4§) ias 8s putput coooaeted toethie summing
poinP3!) 8$ &et\ﬂmensh‘éé@&%k @&?{Hﬁ l&f’p"ﬁ) p%w@é‘me%}hrﬁ&fd IRF@V VL RPema) to
the ﬁmema] ee(?b ck CB(%tro(f Ioop, E’le plston strgke control loop having a feedback loop
including a piston stroke sensor (72) connected to apply a piston stroke signal (Xom) to a
summing point (2) of the piston stroke control loop.

9. Electrical power generating source in accordance with claim 7 and further comprising
a negative feedback control loop for controlling the voltage across said energy storage
means (44) or battery, the voltage control loop having a feedback loop including a voltage



11. Feedback control nethod for controlling an

el ectrical power generating source conprising an

alternator, the alternator Qﬁving an al ternator

wi ndi ng, the nethod conpri si4ig (a) providing a

sw tching node rectifier (32;62) connecting the
sensel cosneciecio the staragg mesnaiide prbatiehcand kavinegn erpisgenected to a
sumRANSoikt4F theltabd 6britdl Rbpa pul se wi dt h nodul at or (60)

for controlling the rectlfler switching duty cycle;

bé provi ding a negative feedback control | oop .havin

10. a Elpeirigalawes Zeneraiiresouss in 6ceordanseivitg glaimcy heﬁw aPCDC
voltaRe deg,ﬂjflht@xl@D}Iha\ﬁﬁiglnﬁﬁxbe&dnﬁedt@ac@wsslfee s(;wﬁtgh rrmafﬂaudéia]z Oirl;]attery for
' i operational duty cycle of the
pmnégﬁg%ﬁﬁﬁgﬁﬁg%EQQEg??%égﬁd(62) characterised by

(c) providing a free piston Stirling engine (66),
11. | nBeedBhdigecantpbinethofifod @mtrdllingiangletrddahpaweradenerahag squrce
comé&&n@zﬁ altefrnato the(aqit)err{%'fcﬁ\ﬂagf ggn A1teihlof Wlncﬁﬁ i Ol el F%ompnsmg:

circult cur
(48 @29V1@aa ﬁét”ﬂté ng 1R Gt oE 70 rcgwq%m& f‘f%ﬁemator winding to
an elsenisilngcigystanganeoss44) adrimdtding e poise mdiamjoca]d)qiblyﬁﬁﬁgfor

°°“*ﬁ’%1‘f‘*%“hg%°}iﬁﬁ§ﬁt (el %c‘:%%? (ol Lan an controltin

h) et e et g %?mﬁfgﬁ 0&8%9@5&%0%3@@8%583““‘“ to
a surnoiig juhctico) amhah output confiegredsodhd misﬁgwgdth awalt|ajas (60) for
contfo@l%g)tﬁ@lé &Qﬁ&ﬁa@ 'dul!yQS/Elefd? thec@Rtchtgl thode @cﬂﬁ’éﬂ&/

er(g d\[gln I's"the sum of the voltage (

|n 554 O%e al ternator winding and t he voltage o

( VRagyovadinp sdreepistonifiidingicaging (ehiciacluriig)a pswer jpeston driving a
hnea@'att&ﬁﬁlt@% pro:gdyndi ng the Vintemal control |oop having a

BB ) DO By o o
senser(4p ¥gueonngcigd so g tergtos m@ims fortSﬁ@lwmseﬁtaneeﬁsaét@mamr
currdrf 3nd Qﬁplﬁk@ Q e eedbatiesipas teshesuninipgtudctioh Ii4) of the current
feedlg‘ac%% r&%&% ra%' %)ntr(glnﬁ%s %@1&1’9 H%I #rét&%xtougﬂ gﬁ& bk Pdi@kdback

repr
Contlfoé aé‘l’(d i nput of the summing point (3) of the
Vi (¥) pralidiagatnegtivedo@ibatiheormsl sl fof cdrntellifigd eottlge, Vinemar,

th?‘nthr %IuErJ &Qﬁ p@i‘tzl[g ('ggﬂ?&% ﬂ%n&ﬂ?e gl%ﬁm%g AHUhe Volta(ie (VRac)

cant.r ol
acrogsthg AP R O LS TS PO Gaihe Vet (L [00P Taving o
comman@rnpgeaipqﬂmﬂ itng smnum@pcnmr(ﬁ) iwbs ferdbackeripiy fmohuding a sensor

meat?t donhéd F’Euﬂ td ddgiéﬂﬂngcﬁ’&i@@ Eheodlﬁlteﬁpséﬁﬁbﬁ/MB‘QZ?also being

ar al terna nc udlwg 4 anol
conngpf AHEN PHE PRt %688 Rl ?mfduw?énpé?‘}l%ﬁ% applying
a sigodl represquiting Ohmday to the feed b(aaB ingehef the isurgrmanspeins@i @hihiey inemal
contibf [dﬂpngle%’fﬁlﬁﬁﬁﬁ@ \)‘,fment &ofRfb] 1ohPYbing k8MRctcdlastecommand input

L nc the Stirling engine, the input
(Icmd%{%gth%\Fu% ?‘ng%ﬁﬁ( {998 generated by a piston
stroke feedback control | oop; (b) continuously

12. Sel@ﬁ:'tmﬂl 1ﬁtac&(ﬁ‘§§ﬁcetm @1521%{ at ivdBrin Had aleBkRAISpoWer gBhdating source

comRis by S B s AR o BREEN SRR AR ERLF btemator

(10;64@ ireateding en phenatonivatding shesrthag eoygying saeeling therseke of the
pistoalgyer nat or wi nding and the voltage (VRac) across the

| u;Q? g%&%%g; % %ﬂﬁ?ouﬁzﬁ@e\)a aﬁhg ES}Em%b&egf Vg{e%r 1n£¢1{]%gﬂh‘i’ at @@peratmg
freqqe@cy aEthe Siskpgenging thid nww% aving an amplitude generatn;? by a piston
stroke feedback control loop;

(b) continuously sensing at least two operational parameters of said source and
computing, from the operational parameters, the instantaneous value of Vigemal, wherein



cmd O Vintemal 13. Method in accordance with claim 12
wherein the step of driving the sensed and conputed
val ue of Venereal to the commanded val ue Vudenal cnd
O Vintemal further conprise?s,6 (a) generating a
current comrand signal (lend) froma feedback control

Vindng ghtrgim a§thetveltegmivan theldcednaretha blt¢rnggar wiidgmeasndthe vokage (Virac)
acro@@ﬂﬁﬁ&ﬂﬂpddﬁ@ﬁﬁtﬁﬁﬂel (aecljratmerawt)m@f@el vtllttﬁng,caﬁa uted
\;@%‘Iﬁt\/ﬁ@%ﬁg ?en%%&oéjnd comspute aﬁ% of g’f“gﬁi% Eh%ec%gl%é(nded value Vipemat

t'aneous
sgriat or current (1); and (c) pulse width
m)dul ating the duty cycle of a swtching node

13,1 estéttad% asg&d%t vﬁﬁﬁ(ﬁeﬁ{ w%ﬁ% (R ttggagaﬁtmp%dgep%dta%

Comatﬁeg §H06PE Yot PAhe cq@@awtﬁéwa&@n\’lmmal Cinfb%fpvham fgthenromprises:
s e (B ednérasigntanso usmalahé sigaildl.,H fonen tfeeﬁbéck&smtrb‘sloop having

the Jo‘?rﬁ%ﬁ% v?meg puﬁgigneﬁ t&% b,tg %fﬁﬂgd mma Z%d {88 buted

as Its accor e wth

mStaélFaélie?HSl‘? etlﬂnlaltaﬁ éts deadpa Sl%‘@hs i ng and c onmputing the
i nét)aptsmetha sns‘tleaitmom‘ al’tﬂmh&t@muaientf Uy, =hér conpri ses:

( alc %%R% '\t”i@thhﬂ&]dld’iﬁ@ﬂé BRGAYSIc 3k h SHNBRIAL nfIdE &&!@Fﬁeﬁ(ﬂ 62)

hé senséd” al t er nat or,
contiitig B A r Mhadin o regn R tanam&)atd‘*@atf&atter?%m the
outphifirechrrest fesdlzack eoriRaldpopharihgthalsersed atstantaricna altpraator current (1)

as itPFobLR s%n§1' aahe £GP SERMRY s%aﬁ 9 ta@@t@ cgﬁl%nﬁ\/ﬂﬁl‘?)
acr oss the | unped resi stance the al ternator

wi ndi ng (b) sensing the | nst ant aneous pi ston
14. poMqﬁtcmlnnaﬁ@rdﬁrfCﬁ evigraldiat | hyhesin thketep pf sénsingemd egmputing the
mstamfaab@rst@nemfswnpgmgtf@hh@eahtph@ét si gnal to co gput e pl ston

ve S S

(Vi St B8 hsppiamsoy ?Igh TOBELER HANERGE s Sensed

alter&eowrﬁ:@tjﬁgml &y acoasiaeie(Keist Teprsentingthe odrsyaden lumpedsyegistance
(Ro)0f thedlsdrmgoranichd 30 phdwide & Bignilngiragthang eitsvolabel8ropf(Ve,e) across
the lyﬁtgécﬂggllstahyé éﬁgrof(ﬂ%mE | Pt St Wlndmlg (a) sensing t he

ant aneou current”’ and nultlgly|ng

t heh) seminsths irsEntpicaps eﬁtorl@ﬁtltlgtl grchfifisyentiating €dako. s) the sensed
instafitiped)s pisepn pesdiidd $igndl e caapite plseont velatityeshd esi st ance
( Rgc?)s BhifdBedbd fs (Y bR v,
re e%entulﬁ%: e%h eS%{&/ g%lhgls ( & bﬁp%\}%gm? sl %gaée%tre% F@rrp’éte o
resi stance (Rae) of the alternator w nd| ng; (b)
15. seNsiheg it hecardsicantitndaius | pivktein the kwepiof yertsmgpmawotputing the
1nstaﬁfa§5&f§ v‘éﬁJeQﬁ \I,,}{cnsl fgt%"ér’coﬁrgﬂs es: ( C) sunm ng (6) the
'0 obt ai.n %nal entin
E’? é?nﬁ he mstantaneous AllerihtSt cment andma t}p ying (%6) the sensed
aitemator current stgnal by a constant (Kp 5) representing the equivalent lumped resistance
(Rac) of the alternator winding to provide a signal representing the voltage drop (Vg,c) across
the lumped resistance (R,.) of the alternator winding;
(b) sensing the instantaneous piston velocity to provide a piston velocity signal; and

(¢) summing (6) the sensed signals to obtain a signal representing Vigtemal-

16. Method in accordance with claim 13 wherein the step of sensing and computing the
instantaneous value of Viyema further comprises:

(a) sensing the terminal voltage (V1) across the alternator winding to provide an
alternator terminal voltage signal;

(b) sensing (82) the instantaneous alternator current, differentiating (89) the sensed
current for computing the rate of change di/dt of the alternator current with respect to time



16. Met hod in accordance with claim 13 wherein the step
of sensing and conputing the instantaneous val ue of
Vi memal further conprises: (a) sensing the
term nal voltage (VT) acros<'the al ternator wi nding to
provide an alternator termnal voltage signal; .
and pltiphdng thagratgip) the vanding indctanesli 4o aroviser sl rapreserfing the
voltadefdk @y fnddsalid Mehped %dubﬁﬁc@?ﬂ&? of e rltenktof aindigfaudi ng
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the wi nding inductance L to provide a signa
representing the voltage drop across the | unped

i nductance (Lalt) of the alternator w nding; and (c)
computing the difference between the signals which
represents Vinternal



