CIRCUIT FOR DIRECT ENERGY EXTRACTION FROM A CHARGED-PARTICLE BEAM FIELD OF
THE INVENTION [1] The invention relates generally to electric circuits and, more particularly, to an
electric circuit that facilitates the extraction of energy from charged particles as a result of a controlled
fusion reaglipRaRdeRRHsPe LRRIGYI E@@%%%@H%%&%%ﬂ%?&%&éﬁﬁ% %jﬂ'}é'}%&mwer factor,
or lagging power factor on demand. BACKGROUND INFORMATION [2] Controlled tfusion power
generation will open the door to abunddntianoraleaiverergwsources. This topic has attracted

signifi research efforts in the United States and the world. The reported approaches are typically
pasect Ol Lot IS5 SIS ESTETR S BIGHTen SRR B o RICHTE et Tafa S A mative
approéctitésclibediiscUs PaterigN o8, 61drgb06{thd<d 66 pataiithfentithed!!&lofatiol ek ftisiomih a field
reversed £anfighsalon @xmp@%p%ﬁe%gx Q%Yt?rgz%' whigh s Rcomparatedbersin by ieisseace.
controlled fusion energy, carried by charged particle beams in the form of momentum, can be

conve RS aRSERAG- electricity by decelerating the charged particles using a quadropole inverse
cyclotron converter (ICC). Thus, highe{ @RerdRBINEsSIOR S eXxpected. A key technology is needed
that extracts the energy from the ICC and injects it to the utility grid. [4] Accordingly, it would be
desira§i€to providked peiverelsatesarzativouitiliswendhdebeteratedtindaptasm sl partiokegy extract the

energyfrorgueseseiarRiion.astian raByeit therRlasma engray ditectydauelemirs engrayang send the
electricity to the power g@q?ﬁ?% MMARY %@Tg@iﬁexemplar embodiments of a fusion energy extraction
Cc

circult (EEBET G B G HERE MR BT QLAY B ) Sl CREFALTES oY HH8 Al Pocermie
implemestatipnsofithadiFE Grpevise RRGiREe iR 1% warinteoded o limitihe subigstmatisnalihe
presen dz}elgq{é%t'}on. [611 Inf.oBe embo im?nt, the FEEC device preferably comprises_ a grid-tied
bidirectional convarter tompoRert SR A FELERaR AL AT P Cam BN ER T he Bk /s SR ESHverter
compberent danrideplernenticatitdg phasestegyingpldse; ahangity pewck factorsgind ttiedeanverters for
different RLrRasesin [Fl Te/&rANaNL LNV LRLRIGIC AP LOMBASESIR MIMHRP M@gsss%ﬁ'éﬁron

converter (ICC), an inductor, and a pIuralitgé(E)f circuit switches forming a bridge that chops the dc
voltag¥'t6 aPpii B AR SRSTRTOPRE LTS BhdtéralbRpobiglereashith WS BT ore SPYfRadripksts plates
that fundtioivgsiacagabiter dogethercwittraniind ustac (Dadtigscs resonantitankidhe plates are

[004] Accordingly, it would be desirable to provide a power electronic circuit used to decelerate the
plasma particles, extract the energy from the deceleration action, convert the plasma energy directly to

electric energy and send the electricity to the power grid.
SUMMARY

[005] The exemplary embodiments of a fusion energy extraction circuit (FEEC) device described herein
represent only a few examples of the many possible implementations of the FEEC device and are in no

way intended to Hmit the subject matter of the present description.

[006] In one embodiment, the FEEC device preferably comprises a grid-tied bidirectional converter
component and a resonant converter component. The bidirectional converter component can impiement

leading phase, lagging phase, or unity power factor grid-tied converters for different purposes.

{007] The resonant converter preferably comprises a multi-pole inverse cyclotron converter (ICC), an
inductor, and a plurality of circuit switches forming a bridge that chops the de voltage to a pulse
waveform. The ICC is preferably configured with two or more or quadrupole plates that function as a

capacitor together with an inductor to act as a resonant tank. The plates are



WO 2009/158720PCT/US2009/049108 preferably elongate with an arcuate cross-section forming an -
elongate annular cylindrical chamber with axially extending elongate gaps formed between the plates,

| [8] During stargypehibe FEEC device, energy row; from the utility grid v&%%bg/ jg%gidirectional ,
converter compgpe?t to %he resonant converter. This; establl-shegjthe resonance ar% excites the
1 Fa a

quadrupdig aTettnc HalE ST ad B e R G R S S B SN h & ST SR AR G DR Y& eration or
energy exinactien yétiargetypantiotisgof chatg e paricte ddsme:tiot: plgesa fusion process are
decelerated by the quadrupole electric field as the particle beams travel through the ICC. Also during
power gemg[/ioﬂ}‘mﬁ SHE R WEEES] detsd- B are dleadrisadhsiaidtoFthe Rl it ¥difdrm of an

image cubgitechidgnaar-eur e ppailtihendlonwsthonghihe e sanantcamgtian and ihe, grid-tied
bidirectional converter component to the utility grid. [9] The grid-tied converter functions as an ac/dc

rectifier dRPMEEIET 1P AT e sl siae il RaTtePRoETbE QmRiiy G RRgeneratBH e both cases,
the grid-tish.onvasienwibhoprrale- Wit dHlyRene Haat0ks leading PO fasioh: #Jageingpower

factor to provide active poger and reactive power (VAR) on demand. [10] To realize electric field™

excitation HA"EHETEST AR R Yhe ALY B SRS nip libitile Rt Rt tnverter are

preferablyhpsegisely icantraliecdurhe featenay-uthiscasadslixed at shgbtivabpug the resonant
frequency of the resqnant tapk, while the voltage control can be achieved by switching pattern
C{i %‘ .‘ngﬁﬂé\ivfg

modulatiGh 3R e AELEK W‘F\‘ivg)m‘o BLRIRSHEHTEAS, PidSe EhrtiatuiAisR (BSK) and

pulse-widtirangglulation (B\0Wh)yater aapahleof pravising N Ritagesoniel. frepdhack.regulation is
achieved by comparing the sensed resonant voltage with a reference, while its error is used to .
modulate“the phase or the pulse-width of the switches in the resonant converter. With this modulation,

automatigidirectiopahanarevniiow Acrerding.o.ihe QpeLaling Mads s guarantesdy f1414n.an

alternative embodiment of FEEC device, resonant conductor can iniplement multiple ferrite inductors
connectedf ifr Bedidy g SR e rereatanide Beraen. trneriseirkcenrpiestedirergrtant inductors

have sevgigh agRRRESTRYS! RAINGISSRSORRRLRd w&gg{ng[ﬁg\wﬁ%@@%ﬂﬁw@ﬁe{w ipved by

comparing the sensed resonant voltage with a reference, while its error is used to modulate the phase
or the pufS-GFRABVEPIEPINARY BF &Middes in the resonant converter. [13] In another exemplary

‘embodi nEa tl%egPﬂ% qg&”@kwl aR ggg%lg qn nt converter can be utilized to facilitate automatic

1 1 . ; S TLIE
bidirectgr?al [})owqr flow. E:I'he fee] bac’lé%c:orlltroeT‘ﬁooE)}elgg CS’F\T{]TSB?S’%%% 5%)%18%%% Q/l’éﬁ?%g’ns(insing circuit,
an error comEsrsabsreanial PWIIrsr S Maberss gemeratorcontrolled. The frequency in this case

1s Tixed at slightly above the resonant frequency of the resonant tank, while the voltage control
can be achieved by switching pattern modulation and feedback regulation. Two modulation
methods, phase shift modulation (PSM) and pulse-width modulation (PWM), are capable of
providing voltage control. Feedback reguiation is achieved by comparing the sensed resonant
voltage with a reference, while its error is used to modulate the phase or the pulse-width of the
swilches in the resonant converter. With this modulation, automatic bidirectional energy flow

according to the operation mode is guaranteed.

[011]  In an alternative embodiment of FEEC device, resonant conductor can implement
multiple ferrite inductors connected in series to optimize the FEEC device operation. The

series-connected resonant inductors have several advantages over a single resonant inductor.

[012] Feedback regulation is achieved by comparing the sensed resonant voltage with a
reference, while its error is used 1o moduiate the phase or the pulse-width of the plurality of

switches in the resonant converter.

{013] In another exemplary embodiment, & feedback control joop of the resonant converter

can be utilized to facilitate automatic bidirectional power flow. The feedback control loop is



[013a] In another embodiment, there is provided a method for extracting energy from charged particles
in a system comprising a resonant converter and a grid-tied bidirectional converter, comprising the
steps of: receiving energy from a utility grid to the system comprising a resonant converter and a
grid-tiggh HAkaCHionaLCAMEN SR YNGR NG IRROARTULEONSIIEL COIPIIRES HMUUEPYISINYISe
cyclotron converter, an inductor, and a plurality of circuit switches, the multi-pole inverse é)ycTotron
conve$t8Fitludes two or more elongate plates with arcuate cross-sections forming an elongate

annulggieglindricalchamberwith axially exiending glangats 9&9&&9&!@9&@%&6&%&%&%&@ ore

plates, wherein the two or more plates function as a capacitor which resonates with the’ inductor,
wherehaREHRIRPoT R R GRSt AYY SHE @BRRGHIEHS FulrmcH MRt YRS e KoBRTHIRECRE BIFBht
voltagetececpuge-ueaye fasin aastablighing the wsenanespekiie Mmutinpledaverse gyciotranieanverter;
and exciting. a multi-pole electric.fieJd across the gaps of the two or more.plates. [14] Other systems,
et Pl bacHE BB aFD SOt skl
the arttpeTHcexainibn ohthe Peling figires arickrstaiflerddsodptionetsiscimlemoiedatmertall such
additignal &¥stems, melhadsafeature and agdyaniagasMedoedsd witbisuthis deseintignaiewithin
the scope of theiinv%é]tion, agld b%}%lr%ogected #@hﬁ accom an}{lfi]n% claims, As mentioned above, it is
also iNtBRUSH THAFTHE TrOSHITERE SoTBRigRe S GBI S T B RIS S BT B RIEF
DESCRIR D@ OBECTMEFICERES: {iijiTivecdatailsidf the imrentiowhincluding fabligatidnrsttucture
and opefafian .y AegeRnsd i ParbRYstuRly Qhike arcampaRyingfigyes, inyhich likgsgference

numerals refer to like parts. The components in the figures are not necessarily to scale, emphasis
insteat BRI 5 aENS W@&Fdﬁﬁﬁ‘%%ﬁ%ﬁ?lé@kﬁ%ﬂi’ecﬂw&ﬁ% ARiSFE Bt i titerdt sls6is are
intendedidtecconveyrepneaptspwhensrelative sizes, shapes and other detailed attributes may be
illustrated schematically rather than literally or, precisely. . [16] Figure 1 is a schematic of a fusion

energly ExtraCish BifEHit(PERS: [F91IGHES R RSeRE Mty SRR esd et COHRSFRPCREGIEWith
equivatenteinvity esidlirienbs etrepor] I8hiigatien3ois thegka el Shacfiing saaBd detgled atibeppaiallel kesonant
tank. | 4 . i se Wi ] hod illustration. [20] Figure 5 is a
arap e O ot ot iogy £ AR e * g
a Pha&SoSRAHOM S8 B heuSrag oH . the invention, and be protected by the accompanying claims. As

mentioned above, it is also intended that the invention not be limited to the details of the example

embodiments.

BRIEF DESCRIPTION OF THE FIGURES

[015] The details of the invention, including fabrication, structure and operation, may be gleaned in part
by study of the accompanying figures, in which like reference numerals refer to like parts. The
components in the figures are not necessarily to scale, emphasis instead being placed upon illustrating the
principles of the invention. Moreover, all illustrations are intended to convey concepts, where relative
sizes, shapes and other detailed attributes may be illustrated schematically rather than literally or

precisely.



[22] Figure 7 is a schematic of a Phase Shift Modulation generation circuit. [23] Figure 8 is a schematic
of a feedback loop of the fusion energy extraction circuit. [24] Figure 9 is a schematic of a resonant
voltage sensing circuit. [25] Figure 10 is a graph depicting a simulation result for the dynamic
wavelrie of {15,091l Itk ierRnending foag padticle hesnuagien, 126] Figure 11 is a graph
depicting experimental results of the resonant voltage at the capacitor (emulating the quadruple
plates)}IDE TAlUE 3B SCEEIPE] QN rf2djaihesystemsandvitiethods de seripedihereinuare directed to a

direct fusion energy extraction. WO 2009/158720PCT/UUS2009/049108 [28] FIG. 1 is a block diagram
deptii b o B e BTSP BF M N5 SAFEHH (it (FEEC) dovics 100, FERC

deviceol0p isparspasedafipsasichiice:bidivegtionalicanveteneampanginhl10 and a resonant converter
120.In a Fl;:referred embodiment of the FEEC device 100 in FIG. 1, the bidirectional converter

compéirédit TFRHhpIe MERRE shenreg-pracriia-aetrbsVieModvatimseverifls appreciated that the
bidireggional coRvester. compoReTiLLOKRN SIRieRGRLdiferant fagtor phase grid-tied converters for
different purposes. For example, a single-phase grid-tied converter (not shown) can be implemented
for lo2povresuapplicatidnmatj2 of #PbeprSlefrétbdrhitiodignemtidfrthizcBiEEC device 100, the resonant
conv 120.comprises.an inverse.cyglotron converter.(ICC) 122 and a plurality of switches S1-S4.
O D R B R P G S R T B Bbrated hevein by
referefice), ispietarabnlycenfigurdd widhapldraktysefsplatasdiz4 shown in this instance in a quadrupole
configuration. The quadrupole plates 124 of the ICC 122 function as a capacitor and together with an
induct8rt! fofriFdrdSdhant ek PEo w A BT bR GRECHBdtri A greter Heiambelols mehiays 124
are preterablyclotigatetivithhan aiecate cross-section forming an elongate annular cylindrical chamber
with axiall extendig elongate gaps formed hetween the plates. When current is applied to the plate a
iel

multi-BUIE! el SLHHE fididS tEHRB FEUFEES HRBGEHEBLEuLR fldlmdfsgnant vollage at the capacitor

(emulating the quadruple plates).

DETAILED DESCRIPTION

[027] The systems and methods described herein are directed to a direct fusion energy extraction.

3a



[30] During device start up, energy flows from the utility grid 114 via the grid-tied bidirectional converter
component 110 to the resonant converter 120 to establish the resonance and excite the quadrupole
electric field of the resonant converter 120. During power generation/energy extraction, charged
particles beé’ﬂﬁ’s%ﬂ‘%?ﬁ’f*‘é&%h as, e.g., a fusion process, travel through the / E%‘gﬁ}é%%scelerated by
the quadrdpdle léetricsielPrbriataefssictiy §aps Berheshotieprardshedusssesrec 122. Also

during gengratian/extractipnrlostanargyoviltbe caliscted by: thepuadrupglealates 122 in the form of
image current is, The image current i, will then flow through the resonant converter 120 and the

grid-tied BAHEEHBRMI COMTE S ERMBhent $1dascaraghacrIirieYrid-t 86 EsHrerter 110 functions

as an ac/g regtierduinorstart up,tinecant pgsa defpe griddisdnyererduinggeneration time. In
both cases, the grid-tied converter 110 will operate with unity power factor, Ieadirrlﬁ%epower factor, or

lagging pBRRF TS A5 FoEE SEHVECHERRYCERE rEactivs kel BRRS SAIERAMARE [31] In order for

the resongiaieenvieitesheddpdanpize-alagiiic.field pxatatignans: energymxirastiondt is preferably that
the resonant frequency and voltage be ?recisely controlled. The frequency in this case is fixed at

slightly ab8UETHE S EUSHERIERLRITBRE - of he T uEBlahf IR RA S ShEGRE FRYE oAy s witching,
while the yeltegenganiel carmbrachigved Mpswitehing WO 2009/158720PCT/US2009/049108 pattern
modulation and feedback regulation. Two modulation methods, phase shift modulation (PSM) and

pulse-widfi¥ HodtlarsHmdambarinesa mifediiditwe Bothl Bfetbapabhamfie task ‘Glvoltage control;
however, the PN methadeyields 3 viderpreration range; fop dyniamie mangLvel.faeqeback regulation

is achieved by comparing the sensed resonant voltage with a reference, while its error is used to
modulate!the PHESE T8 il s SRAAGT BF IERIitChEs IS ARithd TESOFRAR B AGERRPL20. With this
modulatiogi.auiamalic.bidirestional epareviflowpeaarding iethe ORRIALAN MRGSIsgualanteed. [32]

FIG. 2 is a schematic diagram depicting an exemplary embodiment of the resonant converter 120,

where thd BETBIRAGECVHEEIrBvidas BRiHP Y dlakd bidirichsHal domaReiom® pRIPRS Ao illustrated

in FIG. ) ahiefgndinerreaananheanvertes#20 inchiges.aiuralityieoh switchesSlinsd imdeadd S4. The
switches Si, S2, S3, and S4 form a bridge that chops the de voltage vdc, to a pulse waveform vAB

across AB°H BP§\fitehinBerrsitre e o ERAR hRICPERTG N R A tHE St ey St N Hower grid 114,
A capacitgnhtziepiesentsihedguadnpaie-platesdd ekihall GG ha2..Asdpdicated aligve; the capacitor
C and the inductor L form the resonant tank 130. Only the fundamental of vAB will pass the resonant
tank 130P{iHEre I YRIRYISRESS Pﬁﬁﬁﬁlf%ﬁﬁ@é?‘%ér%‘é‘i%ﬁ8laﬁ ambgeé SIBTIFSE™ Oneddidal
waveformars.cthehegiegnt source is represents the corrected image current when the charged particles

are decelerated, and the resistor R., represents the heat and radiation losses from the charged
particles ! [3%] TRAEGEiAPKE P 6riHE FESHRANE tarikoRs: the utility grid 114 via the grid-tied

bidirectional converter component 110 to the resonant converter 120 to establish the resonance
and excite the quadrupole electric field of the resonant converter 120. During power
generation/energy extraction, charged particles beams from. such as, e.g., a fusion process,
travel through the ICC 122 and decelerated by the quadrupole electric field formed across the
gaps between the plates 124 of the ICC 122, Also during generation/extraction, lost energy
will be collected by the guadrupole plates 122 in the form of image current i, The image
current is will then flow through the resonant converter 120 and the grid-tied bidirectional
converter component 110 to the grid 114. The grid-tied converter 110 functions as an ac/dc
rectifier during start up time and as a dc/ac grid-tied inverter during generation time, in both
cases, the grid-tied converter 110 will operate with unity power factor, leading power factor, or
fagging power factor fo provide active power and reactive power (VAR) on demand.

[031] In order for the resonant converter 120 to realize electric field excitation and energy
extraction, it is preferably that the resonant frequency and voltage be precisely controlled. The
frequency in this case 1s fixed at slightly above the resonant frequency of the resonant tank 130

1o ensure zero voltage soft-switching, while the voltage control can be achieved by switching

4



[34] Therefore, the magnitude (voltage gain) is: \/(1 - (HI [35] The maximum amplitude frequency is
corn at which frequency the output voltage has the maximum value: WO
2009/158720PCT/U8%009/049108 = LC 2 CR, [36] For the FEEC device 100, R: is tB/ 0|caIIy very

large, thus: =2 %2 N PCT/US2009/04
pattern modulation and feedback regulation. Two modulation methods, phase shift modulation

(PSM) and pulse-width modulation (PWM) are examined below. Both are capable of the task
of voltage control; however, the PSM method yields a wider operation range for dynamic
maneuver. Feedback regulation is achieved by comparing the sensed resonant voliage with a
reference, while its error is used to modulate the phase or the pulse-width of the switches S1-84
in the resonant converter 120. With this modulation, automatic bidirectional energy flow

according to the operation mode is guarameed'.

[032] FIG. 215 a schematic diagram depicting an cxemplary embodiment of the resonant
converter 120, where the dc voltage vy, 1s provided by the grid-tied bidirectional converter 110
(vqc1s also ilustrated in FIG. 1). Here, the resonant converter 120 includes a plurality of
switches S1, 82, 83, and 84, The switches S1, S2, S3, and S4 form a bridge that chops the de
voltage vy, to a pulse waveform vag across AB at a switching frequency £, which is much
higher than the frequency of the power grid 114. A capacitor C represents the quadropole
plates 124 of the ICC 122, As indicated above, the capacitor C and the inductor L form the
resonant tank 130, Only the fundamental of vap will pass the resonant tank 130, where it gains
H{s). and will appear acress the guadrupole plates 122 as a sinusordal waveform v,. The
current source I, represents the corrected image current when the charged particles are
decelerated, and the resistor R, represents the heat and radiation losses from the charged

particles.

[033] The gain H(s) of the resonant tank is:

Hiy v
sL+——il R,
N
i
= (t
S LC+ s 3 +1
i

L.

[034] Therefore, the magnitude (voltage gain) is:

Fd

%f“f’ { j1o }i = — (2)
f L= LCY (:{ I
‘(

[035] The maximum amplitude frequency is o at which frequency the output voltage has the

maxumum value;



[37] FIG. 3 illustrates a bode plot of the parallel resonant tank 130. The maximum gain appears

approximately at the resonant frequency tor. Another important parameter for the resonant circuit is

Quality Factor Q: ;S%Where RU is the characteristic impedance of the re ongmt tank 130: [39]
158720 (i S200

Therefore: \Mb 2o equation (7), it is noted that a larger Re results in & llqg er &"é‘%ﬂ‘% steeper

slope of change in voltage gain off the resqnanee.——%lrﬂﬂbcsmentioned above, the resonant converter
120 output voltage control can be aghieved Bv gw_ﬁghi g pattern modulgge?n and feedback regulation.
Both phase shift modulation (PSM) arid ph!lie}Widlh digdulation (PWM) are capable of the task of
voltage control. [42] Pulse Width Modulation (PWM): With PWM, the pulse widths olthe switches SI,
52,53, a 4in the t are adjusted. The resulted voltage difference is in a staircase shape
whose fuﬂ%}e? e?ﬁéﬁ:%%égggﬁt]lfse Zggﬁﬁ%&ﬁg Bif ?ﬁé \[Sffj Se Widt .us[43] FIG. 4 shows the trigger pulse
waveform for all the switches 81, 82, 53, and 84 illusfrated in FIG. 2. The on time of the switches 51
and 52 is adjusted between 0-50%. Thegwitches -Sa-and S3 are comptementary to the switches S
and S2 respectively. FIG. 4 also VL

[037] FIG. 3 illustrates a bode plot of the paraliel resonant tank 130. The maximum gain
appears approximately at the resonant frequency .. Another important parameter for the

resonant circuit is Quality Factor (:
He

(J=— {3)

R{ !

[G38] where RO is the characteristic impedance of the resonant tank 130:

bl gr‘gw >
!‘s} = VE [:{j} .
[039] Therefore:
- Rw Ll
0= ;_:_n {7}
Ve

(040} From equation (7), it is noted that a larger R results in a higher Q and a steeper slope
of change in voltage gain off the resonance.

[041] As mentioned above, the resonant converter 120 output voltage control can be achieved
by switching pattern modulation and feedback regulation. Both phase shift modulation (PSM)}
and pulse-width modulation (PWM) are capable of the task of voltage control.

1042} Pulse Width Modulation (PWM): With PWM, the pulse widths of the switches S1, S2.
53, and S4 in the two legs are adjusted. The resulted voltage difference is in a staircase shape
whose fundamental component is adjustable by the pulse width.

{0431 FIG. 4 shows the trigger pulse waveform for all the switches S1, 82, 83, and S4
Hlustrated in FIG. 2. The on time of the switches Sy and S; is adjusted between 0-50%. The

switches Sgand S; are complementary to the switches Sy and S; respectively. F1G. 4 also



WO 2009/158720PCPUS2009/049108 illustrates the voltage pulse waveform at nodes A (VA) and B
(v5) of the circuit embodiment illustrated in FIG. 2. [0441 The fundamental of the bridge voltage vAB
(asillustrated in FIG. 4) is expressed as follows: 60027 vAst =sin(7rD)cos(-- t - z[%%{?T D<0.5 [45] The
appropriate Wiﬁ(j'@?gé]i s for all switches can be realized by a simple an @@38- ﬂf%@éd circuit. [46]
As depictediHaehs valacsaw 6 StA WataSUB LN 152 awhBsephade shitbegtrtsdniare compared
with the sgme-gontrokgignal Ve. The duty ratio D equals the portion of time when Vc is greater than the
magnitude of the saw tooth. The resulted two pulses are used to trigger the MOSFET switches Sl and
Sl respedtivély. As mentioned!alh ovebthigswitiehe s b4 amntuSBaare idrilén Hyithepeomeglementary signals
of the sw%toclklloe\%SSI and S2 respectively. It is noted that the duty ratio D can only be varied between
0-50%. In a preferred embodiment, resonant converter 120 is configured with MOSFET switches S |
-S4. 1t is appreciated that resonantgggnverter 120z;¢an be configured with a variety of circuit switches
that would achieve the same"fé*ﬁﬁlf;fﬁ‘}(ﬁﬁé%@(sj]ﬁiﬁM@@ulation (PEW:In P514 method, the output
voltage of the resonant converter 120 is regulated by adjusting the phase difference between the

trigger pylses tojthe,ppvitghes afdbe twededs: EiGwaidliestrates thaibuical RaMiwayeforms of the

switch network, vvhere a is the phase shift between leg A and B. Note that the pulse width of the
switches ‘doEEHbt Lirdid s a changes, the pulse width of the bridge voltage vs changes.

Consequeniy, the dundameniacampanentchanges.and the,resonate.voliade s eguiated. The
fundamental of the bridge voltage vAB is a function of a:
are compared with the same control signal Ve. The duty ratio D equals the portion of time

when Ve is greater than the magnitude of the saw tooth. The resulted two pulses are used to
trigger the MOSFET switches S and S; respectively. As mentioned above, the switches 54 and
Sy are driven by the complementary signals of the switches S; and S, respectively. It is noted
that the duty ratio ID can only be varied between -50%. In a preferred embodiment. resonant
converter 120 is configured with MOSFET switches S1-S4. [t is appreciated that resonant
converter 120 can be configured with a variety of circuit swilches that would achieve the same

result.

[0471 Phase Shift Modulation (PSM): In PSM method, the output voitage of the resonant
converter 120 is regulated by adjusting the phase difference between the trigger pulses to the
switches of the two legs. F1G. 6 illustrates the typical PSM waveforms of the switch network,
where a is the phase shift between leg A and B. Note that the pulse width of the switches dogs
not change. As o changes, the pulse width of the bridge voltage vag changes. Consequently,
the fundamental component changes and the resonate voltage vsis regulated. The fundamental
of the bridge voltage vag is a function of «:

VA= @cos(g)sin(gfw[) 0<ag<n

g 2 T

It 1s clear that the phase shift o can centrol the amplitude of vag.

[048] FIG. 7 illustrates one exemplary embodiment of a circuit capable of implementing an
adjustable phase shift between va and vi. 1t is appreciated that many other circuit embodiments
can achieve the same goal. For example, various digitai circuits can be used for the purpose of
impiementing an adjustable phase shift. As illustrated in FI1G. 7, a saw footh wave 170 is used
as a carrier to compare with two DC voltages—control signal veand fixed DC signal v,

When the saw tooth wave 170 is compared with the control signal v, the comparison results in



600a . v5=cos(-)sin(t)0 < a < 7T ;r2 It is clear that the phase shift a can control the amplitude of \inn.
[48] FIG. 7 illustrates one exemplary embodiment of a circuit capable of implementing an adjustable
phase shift between vA and vu. It is appreciated that many other circuit embodiments can achieve the
same goal. gy %@?3%?3?various digital circuits can be used for the purpé’genr@lsﬁ%fgﬁ]é’ﬁting an
adjustable pirsseshiftalag ilvistratedsirRIGh7vay sawd toswpaid 17t ibuSeelddastendlenio compare

with two %_8&%2&%%%%&'{9{5%&99%&&% ?@‘Haﬁi’f@fjaﬁ%élﬂ@ﬁé}"&%n%ﬂ@&é‘ﬂ%ﬁ@%&%ﬁ%1‘4‘6%\!@ 170is
compared with the control signal ye, the comparison results in WO 2009/158720PCT/US2009/049108

a phase sHift auenaypehesavssn tosthvivae hrovdieurharadeithvthis fixed DESRINARUE the
comparisgREesults 17 @& ¢leck signal for all the digital components in the control circuit. The frequency
of the saw tooth is twice of the switching frequency which is divided by 2 after passing the D flip-flop.
[49] Resdfédh} Inthuctont inpleme htgtionshmamalternativersinbediment oftthetkEET Aevice: 100,

resonant fanductor 120,50 mplsment miliple ferita industors,connected in.gerics fo pptimize the
FEEC device 1 operatlon.D‘f'h‘é series- onnectea résonant inductors have severa ac?vantages over a
single resamanritdediok(Fistcthipowartioss dan dse redooed be causereantisieriesreonnected
inductor cap.bg 18aliz e?éiv%rsams%%"%%&oh%ﬁ‘ £§§%89Wi;§tfrfﬂ%§ IS AL oy gore;lpss and small flux
swing. Secong, It IS possible to make each resonant inductor with a smgleallayer structure, eliminating
the need forhigirevditsrgeisoknisich atdester kiyers rélintebmore aheiparaishiéreapacitdpcgeand

coupling IndUGIANGS,PEMGSN Iavers s also.gliminaled,  hess,paiagilg gapaciiances.apd coupling

inductances can have a serious effect on the resonant circuit 120 of the FEEC device 100. Third, the
single lay&e sttt cangrovide andHecaietssiadhsolatioridrghe sésghantaneubtors without

overheatipg he inpgeiaversuEipalihe.seriescanneciad rsanantinductors san be implemented by

small-size ferrite cores, which are commercially available for high frequency power applications. [50]
FeedbacklTuatisl L dbps A aifisted gpeveihecsntipgtvonegeceo mrobdfre seiaitessverer 120 can
be achieygd byswtehing: nateinipedyation;anshieedback regmation, Hhgwe-madyiatiqn methods

were described in detail above. Feedback regulation is achjeved%y comparing the sensed resonant
voltage witheHSeftsnebnatnteties dprdhss ereBanid sdtiate thie hpagbest e s AR of the
switches Ghafid indharasenantic@nuerar 12fictors can be implemented by small-size ferrite cores,

which are commercially available for high frequency power applications.

[050] Feedback-Control Loop: As mentioned above, the output voltage control of resonant

converter 120 can be achieved by switching pattern modulation and feedback regulation. The

two modulation methods were described in detail above. Feedback regulation is achieved by

comparing the sensed resonant voltage with a reference, while its errer is used to modulate the

phase or the puise-width of the switches S1-84 in the resonant converter 120,

f051} FIG. 8 illustrates an exemplary embodiment of a feedback control loop 180 of the
resonant converter 120. The feedback control loop 180 of the resonant converter 120 is a
crucial element of the FEEC device 100 because it faciiitates automatic bidirectional power
flow. IFeedback control lcop 180 is composed of a resonant voltage sensing circuit 182, an
error compensator 184, and a PWM or PSM pulse generator 186. During the start up mode, the
resonant veltage v, is initially zero, This zero value of the resonant voltage vg results in a large
error and high output from the compensator 184 and the PWM or PSM pulse generator 186
will then produce a high duty ratio or small phase shift, respectively, to ramp up the resonant
voltage vq.

[0532] During the generation or extraction mode, charged particle beams will travel through
the ICC 122 and are decelerated as they rotate through the quadrupole electric field formed

across the gaps between the guadrupole plates 124. The lost energy collected at the quadrupole
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[51] FIG. 8 illustrates an exemplary embodiment of a feedback control loop 180 of the resonant
converter 120. The feedback control loop 180 of the resonant converter 120 is a crucial element of the
FEEC device 100 because it facilitates automatic bidirectional power flow. Feedback control loop 180
is composey&za?%%%ﬁ%{ht voltage sensing circuit 182, an error compens%?g'}tfé%’;gé{}ﬁ%% PWM or PSM
pulse gemrstot 296! DrintytAdosBar i smaesaMartvoltlye b reihitedine2erd “This zero value
of the resgnanf NoliaggMbEeRUHSIN @ larae erenand;high inubiramdhe oerpensatas 184 and the
PWM or PSM pulse generator 186 will then produce a high duty ratio or small phase shift, respectively,

to ramp (FFtHE redREARLBIE VS 1 hsoflptimagktefePrvati8Hor extraction mode, charged particle
peams wiliiavelbrouall e 5k Lep and ardaselaraied ardliov felate-fpuahdhe guadrupole

electric fi rmed across the gaps between the quadrupole plates 124. The lost energy collected at
the quaditipolepuV@2069E58 720RE TVUER2009104 91 08'pledds the4anihiné dokeedaanilsivinto the
resonant et the ioqimi t oR 130,91 the grid-tied
bidirectio‘r%gp(%éoﬁ\}géﬁ%ﬁ%a% I f%?gg %?Ié Aegn?()a%éf;? géﬁlﬁegg%g%r%[t tﬁgé%%gﬁg%lgigﬁﬁtw ]E)acli tg the power
grid. [53}@1@}ggcum@tré‘fesf‘aeﬂé@@rﬁﬁIsacryu@iﬁ%dihﬁém@@f:@@mﬁﬁwe!t&gé’é‘é%%ﬂﬁé’%%uit 182. The
Input vo af, [eseRank Yallage SEREING CULENTS cotplgd:-lo hs.resenantautpuiiernal vswhose

resonant voltage modulates the photo diode current. The output of the resonant voltage sensing

current (‘wodeiedbadieyiseed piabestdbaskoitepridhs atoief teeP'Wi or P.SM controller with high

voltage opti 'S(i#atio . Therefore, variations, in the resanant voltage can be, optically transferred as the
feedbac&%lbg'rial 8?%'{}1]% %o%?rsdf’l%g% fgf)ﬂ.u E{éﬂ“@é‘ﬁ’é‘ﬁ gicl)fV t(h{}% i g&%téof}ic%%égpo@vecost, high voltage
isolation,iamdesimpiedm @ementationh Specifically dhed@dnpithphgtocdupteitidvitkihigrvoltage (MV)
divider resistors imposes.little ct on the resgnant operation.si the. IV divider resistors have
very highrerselés?g AN Osfézﬁt@ﬁr%%% ion Egﬁéle >?€‘8ri° 8%?%:1]:?8?81@% ugtfgtés él?ﬁllj ation results for
various pagictesstrengths. With the FEEC converter device 100, illustrated in FIG. 1, direct fusion
energy extraction is demonstrated by the %g&ula(ﬂop result shO\?{n in FIG, 10. The)averrag DC link
current ‘B¢ VhISE AR THE SRR U B e Ald The BT BRI S e et s S nding to the
intensity efgpamiclevbeamdmeRtiomwhieh dswiredeled hytihe drmage curtent shuiee dnetmFIG. 10,
charged particles were injected into the ICC 122 at 300 us. When the charged particles are
decelerated By e I6ET r"t‘ﬁgg siilz)%sgﬂlé%gﬁi?ri{sr%sﬁ%rsgﬁﬁ%g%?pt}rolp%rt%ﬁgr%%e&%?a%g current. In
this simutatien; the hbatkaneiadationt opsescars! medeled:bytheresisitnRewheohréspbMiDg During the
start up time, the average DC In}%( current Ipc value is 117, Qﬁ@gtﬁat represents the glergwltnlosses. After

‘ : ) ' g / s mod tL it
the |magé%u?r@r%ﬁ%%feéf%ﬁfejﬁ AR ggpé%e% due'to the |oer1né}n%?§'§/l ﬁrr?ﬁu%f) or example, the

DC link cEiterntRExysmiliedsiceduced t0j87:8 mA wWwhErCal3dnAlittage dheembdshajected into the
resonant converter 120, which.is a SV injection case. Erom FIG. 1 ,Qt ig& ec ggmg} W}?ﬁ@ the
ik ]a%Céler %n%lezwlt%% %\?e?ruasb%} B%Tﬁrxlésceﬁ?ﬁénkt H[1)Ct: lsse%cllug 1 (break even)

fusion enpergy S Between es zero
and theniisaadugenhto ththnegatilzivalte (powerd getierationdse{36] MadeprésentedsFERMRdevice 100 is

capable of prpidng eneyay (o 1ne auad upole plales, 12 et fie G132 lo.lart e degeleration

process. en the image cufrent is collected at the quadrupole plates 124, the energy will be sent
back to thepowesaptit i tveibldirestidvitr gridithedccomeattesrinipotedMar value decreases due Lo

2009/ 15%12291@8;{@1{%991%9{1 gigzgrgexampie, the DC link current Ipc value is reduced to 87.5 mA

when a 3 mA image current is injected into the resonant converter 120, which is a SW injection
case. From FIG. 10, it is expected that when the fusion energy is between 15W and 20W, the
average DC link current Ipc reaches zero (break even) and then is reduced to the negative value
{power generation).

[056] The presented FEEC device 100 is capabie of providing energy to the quadrupole plates
124 of the 1CC 122 to start the deceleration process. When the image current is coliected at the
quadrupole plates 124, the energy will be sent back to the power grid via the bidirectional grid-

tied converter 110.



[57] FIG. 11 illustrates an experimental waveform measured across the resonant capacitor C
(illustrated in FIG. 2). In this experiment, the resonant inductor L value is about 370 tthl and the
emulated capacitor value C of the quadrupole plates is 70 pF. The estimated Qesis(tor 12.c of the heat
and radiatioﬁ’f&gg%iriss?ﬁ/@ and the frequency of the image current is | MEZHHIER 4THE same as the
switchinglftégLieéy: ot ihestesenameasnvestés! Withione clessticbapesnbolesgmn 2eRMa fink voltage
VDc of thg iesoneat,conyeriensangepeale:s i &Mhl Iesanant valtage giiing-Ahgrstart up time

shown in FIG. 11. [58] The systems and methods provided herein are described for exemplary

purposestBaKAgicreeimag ter dirbier fUsi e snedipeitrdedon Howeviie sreskifedsithéart would

readily aRHE%@E%J@%ﬁ@ﬁ%@&%ﬁmm9@&%@@%%?%@_1%@5 @KH@%@@Q the kingtis gnergy of
charged particles could be used for the recovery of energy in high current ion accelerators. As one of

ordinary $kfllstrtrasdheisiiehingssauiigh Potreitonpeeanyciom Hith barlstdoaRcdisrators are used

in various ggmmeyaiat and anadenic. esearch SaHIRYS iR SCigRceRRdeNgineenng: Albthese
applications are energy intensive. Today most of the energy is simply wasted. The energy extraction

process dédEASEYTHEIEIR PREVIBEETS MEASHd HecodVer such energy and reduce the energy

consumpti fsuch | lati T e s, the extract] ign would. simpl dded at the
end of th % mﬁggfp%%?%k%%}%%?%%ﬁ%éggﬁ %ﬁg%éﬁég‘g ?%%ﬁe%gﬁ%vrggl%%lg%%%iI%%é%preciate
that the syétbm@gemﬁ@rﬁie@hb@@ipmwi@@d h@r@ﬁ%pdl@ﬁevase@m}éﬁmﬁmm tvwwiétrf@ﬂéystems for the
recovery and extraglion,of.eneray. B G LARRIiGation No., ECHUS2006/0082a 1. entitled,"Flasma

Electric Generation System," which is incorporated herein by reference, refers to an energy generator
system uskd gedarervielesdivect Bpuases! prashnacpropulsiomeanaskilbgun thie drtvisiidisadily recognize

that the egfergy &%ﬁ%?}i%JPYQ%M%QPE%'P@,Tﬁiigh‘%%%grfl%ﬁi@é’aﬁ%seﬁ&ﬁg}ﬁ ERGQVRIM BAd extraction

from the fusion energy stream when propulsion is not desired. [060] One sTgiIIeo_I in the art would also
readily apprelEIOR e the b KadsForiratirlg i cgfRmic spfergs or B gBP Partie sl could be used

for efficiency; enhapcements ipneutahbeam acseisraiers. High awer neutalatom beams from

positive and/or negative ion sources are used for diagnostics or as energetic atom sources in different
commercYASFY heaesine SEtri! mosastése HisgIReativisotide b irrBd iR sBCHFE Characterized by

efficiency.g E@x@%ﬁ&ﬁ@tﬁéi%ﬁaﬂ@%&%ﬁ%ﬁ%ﬁﬂf@ﬁ&hﬁﬁ%ﬁ&%&@g%&r@%ﬁ%&t{iﬁm&ﬁ&@ﬁhieve pure
neutral atom beams, all residual 1ons past the neutralizing cell are deflected and dumped. This waste

energy isTGEFRIN HARK BPME Mag e weh et tbh ytdme istiRe e b¥Eeribed herein can help to
recover mos of e _ﬁﬁﬁ’éSYn%Ehﬁ%@;Eﬁ[rillEe£%‘3"ric%%?fy W e200 8 2ARGHIUR2A0R(049108 [061] In the

foregoing specification, the invention has been described with reference to specific embodiments
thereof. IPwitlideelvervar chd Ebidesst thaovrousompiifiedwo nsstanes dhahgascaiayybamade thereto

without dgparting, froths, bieasar sirkandiscees elthpinyention. Farexampls, e.eader is to

understand that the specific ordering and combination of process actions shown in the process flow
diagramsasersadhErem ¥ Méralyimpeaive heisie sy stheriise 3iated, Rty BRASHIBN can be
performeg), uging, diffes el Qn 28HiipgalBrAGESS ACHRANS.Or 8 AINGIRAL SAmRIRAlaNRQdering of

process actions. As another example, each feature of one embodiment can be mixed and matched
with otheereaiirseh St R NR St farHBB diPstl s iited eSS H PrYLESIRE R FOFBNEINGER of ordinary

skill may gimilarhe heniRear R iRt asdesirac Aoditionatiy.andoRviously,-fgatures may be added or
subtracted as desired. Accordingly, the invention is not to be restricted except in light of the attached

claims andttheiaguivdiehts thWO 2008/ 258 728PIC TSRO0 9048 IOBCIAMS What isclaimed is:
kinetic energy of charged particles could be used for efficiency enhancements in neutral beam
accelerators. High power neutral atom beams from positive and/or negative ion sources are
used for diagnostics or as energetic atom sources in different commercial and academic
settings. In all these applications, the beam sources are characterized by efficiency constraints
that arise from the fairly small charge-exchange cross-sections. To achieve pure neutral atom
beams, all residual jons past the neutralizing cell are deflected and dumped. This waste energy
is usually half of the plug power. Extraction systems of the type described herein can help to

recover most of the energy of these "filtered"” ions.
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1. An energy extraction circuit comprising: a grid-tied bidirectional converter; and a resonant
converter comprising a multi-pole inverse cyclotron converter, an inductor, and a plurality of circuit
switches, the multi-pole inverse cyclotron converter includes two or more _elongate plates with arcuate
cross-sectionS g &h elongate annular cylindrical chamber with axiaﬁgyy%ﬂ?ﬁ%y é%ngate gaps
formed bétfreenBHBetipecarifiores platado iy He ain e flie oPsriblespIaek ilRdabcastd capacitor which
resonates Withithe-ingciorns whessin the; pluality af sirevitiswitches.are sonligurgaioferm a bridge that

chops direct current voltage to a pulse waveform. 2. The circuit of claim 1 wherein the grid-tied

bidirectiofBieisvetebdsasnfifirkavshnte ety feadhidneges: spiriBarhe ettt claim 2 wherein

the grid-tied hidirectionaleonvererdseontiollafinashigue hidirectinnalPRwvanaoshieactyg power
flow. 4. The circuit of claim 3 wherein the resonant converter is configured by an H-bridge or

Half-bridg¥é PERGHRATEBHVERKE in thegraqgss el GREAmRHSSHIREFMT AR FaBBiTANt dskvd er is
regulated by & fesehaskcantrahlogR havinga iasenantyeliagesensingitetitda:gempensator, a
modulation generator, and an interface to the resonant converter. 6. The circuit of claim 5 wherein

the mod PARIGT SHERALSF fs BERRESRRRITHOR MRt Jenrataress actpngh A ARURGEERIMS wherein

the modulatipfegenesatakisrtphiase shiff teadulation generatatiB thecireuitefelaimia wharein the
modulation generator adjusts the resonant converter's resgnant volt%q}e. . 9..An energy extraction
i may s

circuit coMprHY A Gritced DGR SAVERAP Hifge of ordinary s imilarly be

incorporated as desired. Additionally and obvicusly, features may be added or subtracted as
desired. Accordingly, the invention is not to be restricted except in light of the attached claims

and their equivalents.
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resonant converter. 10. The circuit of claim 9 wherein the resonant converter comprises a
guadrupole inverse cyclotron converter wherein the quadrupole plates are configured to function as a

capacitor whigh Jgs@Rg4gs with an inductor. WO 2009/158720PCT/USZOQ%%&%Q? o106t L The
circuit of claim 10 wherein the grid-tied converte; is configured to function as an ac/dc rectifier during

start up mode of operation and as a dc/ac grid-t inverter during generation mode of operation.

12. The cipenit af glaim L1 wherein the grid-tied converter is configured to operate with at least one of
unity power factor, leading phase, or lagging phase. 13. A method for extracting energy from
charged particles.in a systemrmornprising eresonampconyerter and a grid-tied bidirectional converter,
comprising the steps of: . . receiving energy from a utility grid to the system comprising a resonant
converter and a JFACHEY BidiFEXihRICEB e Mherein the resonant converter comprises a

multipole inverse cyclaancARVeHismRAYAEALLARA holalb ol il alEgs, te fult-pole

inverse cyclotron converter includes two ormore elongate plates with arcuate cross-sections forming
an elonga&idaniiurak sytindrical eisshbe tiwithuiidptly extendivig slonyetevgapsifohmetitbetwreen the two

or more platese\uheieipie W armereRlRles HNCoR RS ARACIRr WhISH [S8aRALes with the

inductor, wherein tT)e plurality of circuit switches are configured to form a bridge that chops direct
current vélkagetovahuarse! avEroding eknenis iy thenedbparies Brtheomultopoainserbereyclotron

convertergand.£3citing 31multipelR flaciis field AcioRs Ibe.9aps Alihg-Wa QI Mas.Riates. 14
The method of claim 13 further comprising the steps of:
plurality of circuit switches are configured to form a bridge that chops direct current voltage to

a pulse waveform.

2. The circuit of claim 1 wherein the grid-tied bidirectional converter 1s configured
to interface a grid ac voltage.

3. Thecircuit of claim 2 wherein the grid-tied bidirectional converter is controlled
to achieve bidirectional power and reactive power flow.

4. The circuit of claim 3 wherein the resénani converter is configured by an H-
bridge or Half-bridge resonant converter.

5. The circuit of claim 3 wherein the resonant converter is regulated by a feedback
control loop having a resonant voltage sensing circuit, a compensator, a modulation generator,

and an interface 1o the resonant converter.

6. The circuit of claim 5 wherein the modulation generator is a pulse width
modulation generator.
7. The circuit of claim 5 wherein the modulation generator is a phase shift

modulation generator.

8. The circuit of claim 5 wherein the modulation generator adjusts the resonant

converter's resonant voltage,

9. An energy extraction circuit comprising a grid-tied bidirectional converter and

resonant converter.

10. The circuit of claim 9 wherein the resonant converter comprises a guadrupole
mnverse cyclotron converter wherein the quadrupole plates are configured to function as a

capacitor which resonates with an inductor.
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receiving charged patrticles in the resonant converter: decelerating the charged particles to extract
electric energy from the kinetic energy of the charged particles; and collecting lost energy from
deceleratingthe,ghaged,particles in the form of image current by the twopﬁrﬁﬂgﬂ)'@ @JQ ate plates.

15. The method of claim 14 furtheé comprising the steps of; flowing image current hr%u A the resonant

converter; and flbwing TaGERIREARBAK fﬁhﬁ’i[é‘%ﬂ?ﬁﬁﬂﬂ&’ﬁ‘i‘r‘éﬂaﬁqﬁ@bﬂa‘ﬂe‘tﬁr% 16. The

method oiclaim /&4 Auiiifier eamprisingthadstepsdaptaandingdhe catracted slerticapesgyhack to the
utlity g”dg‘eneration mode of operation.

12.  The circuit of claim 11 wherein the grid-tied converter is configured to operate
with at least one of unify power factor, leading phase, or lagging phase.

13, A method for extracting energy from charged particles in a system comprising a
resonant cenverter and a grid-tied bidirectional converter, comprising the steps of '

receiving energy from a utility grid to the system comprising a resonant converter and a
erid-tied bidirectional converter, wherein the resonant converter comprises a multi-pole inverse
cyclotron converter, an inductor, and a plurality of circuit switches, the multi-pole inverse
cyclotron converter includes two or more elongate plates with arcuate cross-sections forming
an elongate annular cylindrical chamber with axially extending elongate gaps formed between
the two or more plates, wherein the two or more plates function as & capacitor which resonates
with the inductor, wherein the plurality of circuit switches are configured to form a bridge that

chops direct current voltage to a pulse waveform;
establishing the resonance of the multi-pole inverse cyclotron converter; and
exciting a multi-poie electric field across the gaps of the two or more plates.
14, The metﬁod of claim 13 further comprising the steps of:
receiving charged particles in the resonant converter;

decelerating the charged particles 1o extract electric energy from the kinetic energy of

the charged particles; and

collecting lost energy from decelerating the charged particles in the form of image

current by the two ore more elongate plates.
15, The method of claim 14 further comprising the steps of:
flowing image current through the resonant converter; and
flowing image current back to the utility grid through the grid-tied converter.

16. The method of claim 14 further comprising the steps of sending the extracted

electric energy back to the utility grid.
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