05892/£02001 COVPACT AND EFFI Cl ENT TRANSFORMERLESS

POAER ‘TONVERSI ON SYSTEM Background of the invention 5

Di sclosed is a new Transfornerl ess Power - Conversion System (TPCS) that
allows a direct voltage step-up or step-down of DC or AC power wi thout

t he use of magnetic core transforners. The operation is acconpl i shed
with solid state swi tching devices, 10 dapacitors, preferentially air core
i nductors and a switch control system The conversion and
step-up fromAC to DC and the i nverse process can be i mpPfRAPXION t h

hi gh efficiency an¢oMPATTU AN EFFICIENT QRANSHORMBRIIESE The transforner

15 elimnation in conjuncti O'}?d%éﬂ] éB %ﬂﬁ\é% gﬁmMuency operation

results in a | ow wei ght syst émrwttou arrs r core losses and third

har moni ¢ generati on. FoBadkground cofiHQ imemtdorf or mat i on t he TPCS
transportg the i npuysLdaddsy did efthdw th-d 6¥@ Siedd pigdoUt requiring an
AC |i nk. %hethree stlnct oeratlon‘@? ?n transformation, and

ener gy dFQEH8F§é°&r§YF§GP04PP§SD t§é&uéﬂﬂPHP BrééFeﬁﬁdYﬂM§§&§

conpl ete isgkap-ap bet mep-abenl BEUDCABE MGt PoiveROWEthoutdhhes usENR£TPCS
al l ows conpl et r ro %%8% nd 20,wth it.allows an inprovenent of

Qwe
power grid ?FgBFEFchoﬁe rﬁ& |nt Fa?@&r?ﬁégnnﬁﬁules can be
confi gured accompﬂeshednwnmhasglaglstaﬁetswu&shanwoﬂeagsesnansfornat|on

Stage, & @oUpabIRUEL! Cprlled-BRbIy 31:0UGR! 1nauEtlllaitla 0 AC Phase

angl e corrector as wel’l “as a ower i nterruption device.
The archlteéﬁeﬁ§h|§°§§§@ﬂfﬁ&§¢ﬁP~SU|ted for high vol t age DC power

di stribution systenpnhai ébndérs foRCand Qe%ﬂﬁ[?lﬁfbﬁnﬁcséépoépaﬁ& the pover
station for transm ssi on; egwgg ?{ DC distribution in
35 pl ace, of1R§er§ﬁdpFPﬁ%sﬁD§§ﬂ)Hﬁﬂ¥ﬂ§¥%5§ k&% bigh efficiency .
and without the generation of harmonics. The transformer
15 elimination in conjunction with high inversion frequency
operation results in a low weight system without
transformer core losses and third harmonic generation.
For high ratio DC to DC transformation the TPCS
transports the input charge directly to the output
20 without requiring an AC link. The three distinct
operations of charging, transformation, and energy
discharge are typically in sequential order and allows a
complete isolation between the input and output power
grids. The TPCS allows complete power flow control and
25 with it allows an improvement of power grid stability. A
number of integrated TPCS modules can be configured to
perform in a single system as a voltage transformation
stage, a power convérter or inverter, an output
regulator, an AC phase angle corrector as well as a fast
30 power interruption device.

The architecture is specifically suited for high
voltage DC power distribution systems with AC to DC
conversion and step-up at the power station for HVDC
transmission; DC to DC step down for DC distribution in

35 place of AC; and final DC to polyphase AC power



-2- 7 conversion near the bulk power consuners.

Sumrary of the Invention This invention relates to

t ransf ornerl ess power conversion systemthat allows voltage
transformation of 5 either DC or AC, conversion of AC to DC or inversion of
DC to AC. The system al |l ows vol tage ste -up or step-down of either AC or
DC wi t hout the use of a transforner = conbination with the appropriate
control lo and solid e wntch|nq:deV|ces hi ghly regul at ed out put
can be 10 | R & fa Hﬁﬂ%& PAWRFe CMTHERF f fi ci ency equi val ent
to that of unregulated standard AC power transformati ons. DC- DC
Transformation I %% iay‘eﬂt fﬁyé 0 DC step-up the DC 15
needed to be first converte he vol t age

transformation wasThisnip¥enbinndrelateg to transformerless DIRWerC was t hen

converted Ragdod9s{¥n s;;sﬁ@ﬂt‘? tHANH O diRE ViR yua@tdéfémtbfoﬁyérem vei ght
but is the maj or _con butor or the reduction of efficieng

20
addi ti on5sc@HHRFE tRF PG RGO RINETE Iy IPR S R PO h’em’er%?‘éﬁﬂgf 100 KV
is inpractim@ltoWech nphe nsyestiemrallows voltade chizegeup Sorli sepl-fiown

Vol tage - 98 eitist A€ br e litndil Sa Moot M BEFBAL AbEnSe 271 1Ce
requi red. Tecmsinabion W@thnth%;QRQ#QRN*EFQM#QR%%Qbnhogics%aﬁlﬁglidagnetlc

core |Ossesst§@étsw¥‘€é19m @é%é@é,g%ghyplweu@eéaraaeﬁt aggncpgp! etely
el i m nat ed. AC- AC Transfornatl standard AC power

di stri baPi 0?1*’%@/%‘?%% 2t Megarkh W?lhel%‘(ﬁlt LR r%s?%fhﬁ%?ﬁﬁycapabl lity of

iron core eqiii vABERE MES StIRPE & | fr éyWlLted Ystdndar@Vatrpawency of 50

or 60 Hz. T ese devices are large, costly, and have a
ransformations.

DC-DC Transformation
In the prior art for DC to DC step-up the DC

15 needed to be first converted Eo high frequency AC. The
voltage transformation was then performed with a
transformer and the AC was then converted back to DC.
The transformer not only adds to the system weight but is
the major contributor or the reduction of efficiency. 1In

20 addition scaling to high power and high voltages of the
order of 100 KV is impractical. With my invention the
input charge is directly transported to the output with
an efficient intermediate electrical voltage
transformation process. No AC to AC transformation is

25 required. Transformers with its demanding volt-second
scaling, magnetic core losses, cost, weight, and large
volume requirement are completely eliminated.

AC-AC Transformation
The standard AC power distribution system is based
30 on the voltage transformation capability of iron core
transformers operating typically at a low frequency of 50
or 60 Hz. These devices are large, costly, and have a



- 3- ¥ constant voltage transfer ratio given by the turns ratio. My
ineention elimnates the transfornmer and all its constraints on the AC
power distribution system by transporting the input power

el ectrostatically to the 5 output with sinultaneous regul ation capability.
AC System I nterconnection To interconnect two independent and
unsynchroni zed power systens it is=pBesently necessary to convert the AC
to DC and back to AC wi_ith the correct ghase and 10 frequency. My invention
al | ows the @pprekant, ¥Rdftage transfagey F%Bngbﬁ%annghgsEu§ St EAEdB-a

second pol yghasAventipst eDiwihhees the tsensform®E hndkall dust enphasize
that the DC to Link intercognection henefiis,of p rid for
stabilizatiﬁﬂnfggéépﬁﬁngg %ﬁ?hﬂgyp?ﬁﬁg §t§?51§tﬁggnt§§§§ Br M&ti on

i nt er connectransporting the inpupr powenr eleéthoghapdwedlyokpplthee AC

rectificafi ULt ghl & hadblha! rB5A8NE bANcabapi1AREONI €S on to the
AC inputé;Tﬁgtﬁggu#%gg %gﬁﬁgﬁic fFI?eS?ng coﬁt??b&tes&éppreciably to the
power 20 distribution cost. Wth nmy invention the ACto DC

t ransf or mat h@nsga@eat I tdr cdnndctdbas t he transformer and t he har noni cs
filtering. By operaging at_a high TPCS. .frequency only snmall filters are
required at the ACq*‘ﬁpg?gerc?aﬂ ﬁ:%"{ﬁ pntnd'eperg%er% %‘ae‘?(“ﬂ%?’ﬁ%ﬁ%

To clear a pogervslystpmsDGt iise presentiyenpceseary toaconvegdi the Rice

shut -down of of B QP Ko 'ﬁ'd‘%&ﬁ.ﬂy%ﬂ% corgaevce§,hars,$§d nput end. As a

result DC |ines are present econom cally viable for |ong distance
30 poi nt1@Q o fyeanensdrer My dmyssitionnaliews fhepdident $ransfer of
i nter connecioRdr '#3diP e PolPphadee Bls@amaltlbOus slt®dnd pd1yiphgnt ati on of
a po_rrpl ete s, e | Ii%g';[éuotn tvl\qe:[ rExsdeI ro CE’;l DC ll:l)%kt.o %Cm%[s%p_eqnomsq;eh the
el i mi nati onS¥f % P
that the DC to DC link interconnection benefits of power
grid for stabilization is retained with my TPCS AC to AC
15 transformation interconnection.
The prior art of high power polyphase AC
rectification results in substantial production of
harmonics on to the AC input. The required harmonic
filtering contributes appreciably to the power
20 distribution cost. With my invention the AC to DC
transformation and step-up eliminates the transformer and
the harmonics filtering. By operating at a high TPCS
frequency only small filters are required at the AC input
and DC output.

25 DC Power Distribution
To clear a high voltage DC line fault the present

art requires the shut-down of the complete DC line on the
converter AC input end. As a result DC lines are
presently only economically viable for long distance

30 point to point power transport and for independent systenm
interconnection. In contrast my invention allows the
implementation of a complete DC distribution with direct
DC to DC step-down with the elimination of all the



-4- ¢ problens associated with the AC distribution system Faults on a
DG branch line can be sinply cleared by nonmentarily stopping the

i nver si on process. Disconnect swi tches can then be opened or closed
under no load 5 conditions. Vari abl e Qut put Frequency The
prior art of variable output frequency is conpl ex and costly to

i npl enent. The cycl oconverter is a —hgh power control systemthat can
directly convert AC 10 pol yphase power fromhigh frequency to | ower
frequency. prohkens gFSecidhft it ey AG H’e‘-%&d% r$EFEL put
f][quen]g:y iFad MY GH o ncan?ﬁbr{@ frrigre Zigm) Be slithgizy }mi:lﬁaredt]bip h} gher end
of the frequency spectrum/lijmt t o _about, 40% of .t su r equency.
The resul tﬂ?ﬁﬂ“q%%mﬁéhlfew]l@ \%‘I&\Fe TYESHSBL &F ooqe%%gne%%fig‘g?x?cﬁ% ori gi nal
sour ce faveichohres/ . cathethvan he opsinest e arldeedatnden npploadh a sine

wave qui ée %;Arg@# ondlovnever large reactive power . and harnonics are
gener at ed. addition the output voltage is limted. 20 I n
contrast my invention allows the efficient generation of output with

vari abl e frpgeadsye ookt | BPéguency Ol t age. The control | ed output frequency

may be hi gher or_ | ower, than, th re cy of the pnower source. The
sa?/re sta!tgment appFhgs FEdPL ﬁ§t08?pﬁﬁr3ggtnl§é@u%‘gﬁttr (ﬁ%e%r}ﬁ%tiﬁ mportant |y

ny TPCS varcaiyhbet randecost iyl tagbnplemamt ; ol Thee clpelonohvgeherais a

har noni cs, t f di i r ' agdition the
out put féiﬁﬁkﬁéﬁgftﬁ%ﬂ%ﬂ?%u%f%ﬁ%é4993%a°%€?%%%f§§§2?eégxéﬁs e
contr ol R&d pelyphase peeetyLEPHi Righ (frequeney %o ALCHERe £XSUUERaNsf or mer .

The phase rpgaji g9 BaNsE8rebangedséd, dthe cpebsy6hoetrtBR Batpad Wi th
control |l ed vol tage ouf u% for optinmumstart-up, torque contr g or speed
control of TreauARGE: {BntHBLERLLY FATHEP NS E1GR EPEPCEENt Oy HR M
frequency cengehighetadnlicofll sher finedidéhcgt spegbiuiClimited to about

40% of the supply frequency. The resulting low-frequency

15 wave is°composed of segments of the original source
frequency. The output voltage can be made to approach a
sine wave quite closely. However large reactive power
and harmonics are generated. In addition the output
voltage is limited.

20 In contrast my invention allows the efficient
generation of output with variable frequency and variable
voltage. The controlled output frequency may be higher
or lower than the frequency of the power source. The
same statement applies for the output voltage control.

25 Most importantly my TPCS variable frequency/voltage
controller does not generate harmonics, input waveform
distortion or reactive power. In addition the output
frequency, the output phase, and output power can be
controlled at an efficiency similar to that of a AC power

30 transformer. The phase rotation can be changed on a
subcycle time period with controlled voltage output for
optimum start-up, torque control or speed control of
induction motors. Furthermore an efficient variable
frequency converter can be also run with straight DC



- 5- vi nput with equal efficiency and perfornmance. Reacti ve Power
Regul ator and Harnmonic Filters TPCS nodul es can be configured as
a fdast response phase angl e correction systemand reactive power 5

regul ator (VARG as part of the voltage transformation systemor as a
separately stand alone unit. Wth the fast TPCS operating
characteristics such a VARG can responsl on the tinme scale of a fraction
of an AC cycle. Not only can ny invention regulate the reactive power 10
f1 ow cont i nuctrpyt fwidih aaun) efRiciRpGIMARG RIGTPIRANCE- 3] so can respond
to both | eadi ng and Iagglng phase angle correction requirenent.

The phase angle correction i orne hout erating either

har moni cs org%?ﬁ%fe{‘ﬁﬁ R (ﬁ’P tq.% m%?y% Yrids my VAR
configuration does ngpcs modgliesechhebet obagégatednasyyp ffastl awegpotiseat i on
of a cycle S ﬁgﬂ! A& \%%
VARG has simF ﬁésé b?ﬂ@%é(ﬁ/ré ara t%gltg‘%nl‘ cr’gs}%%sxoégéﬂ%g%ﬁyonous Mot or ,
runni ng Wi t&momgtalafWahYW) |amcbary ghethejwlthge etm%f%m@ha@nwcs

VARG has no npyifém or PRéta dsspdbite r@t@&d’%&@'uﬁﬁtr unwifRstRych hi gher
efficiency, and can response |j'n a faster tjne-sc The TPCS

VARG oper at i oh@$t chBF3i¢ Qﬁ?§§+¥% %H?EﬁF??rlst}?FtﬁPiﬁoﬁr%ﬁ%@dcﬁg a stand
al one or as lﬁéegdsﬁdeﬁhﬁmcavelx&s stadonot & fraetsi¢MHbf, angacncyels. no

bst anti al bl i
TRCS oan ext rugt ony Gl RO cLAPERE LS Rbau it e ORE PeaBELLS BoRRL ] P DLTC
Iom/voItagH)pﬁlowocoahinubwquefaﬂu zano tOrEtﬁJMQxlmumln@biEGObhtr phase

that has a hi Qi‘sé!OJ:&ﬁgﬁ espdnd €0 ThGEN VIR th 4R DEagl PG %ﬂget &ngl

neutralize several arhoni c frequencies sinmultaneoUSly: |nven |on
al | ows theCEFFﬂ?Eh?Poﬁe%¥1¥ﬁ@epﬁrge capacitor and reactor energy

storage as is the Stmﬁ@m@&a&fdleaWﬁ@Htl% des gydrisitmed Wyiddd@sani at
all (Active Pogggraklng e?&ﬁerkkarmonlcs or phase distortion. For

15 balanced polyphase grids my VAR configuration does not
require the storage of energy for large duration of a
cycle as is normally required for most operating systems.
My VARG has similar ’black box’ characteristics as a
Synchronous Motor, running without a mechanical load.

20 The major difference is that TPCS VARG has nc moving
part, is much more economical to run, has much higher
efficiency, and can response in a faster time-~scale.

The TPCS VARG operational characteristics allow it
to be programmed as a stand alone or as integrated Active

25 Harmonic Filters (AHF), again with no substantial energy
storage requirement. This operation is possible since
TPCS can extract the reactive and harmonic power (or
charge) from the low voltage part of an AC cycle and can
reinject it into another phase that has a high voltage.

30 The TPCS VARG/AHF can be programmed to neutralize several
harmonic frequencies simultaneously. My invention allows
the elimination of the large capacitor and reactor energy
storage as is the state-of-the-art approach as described
by Malesani at all (Active Power Filter with Hybrid



- 6- <Energy Storage, in |IEEE Trans.on Power Electronics. Vol. 6 No.

3, July 1991). Wth the present state-of-the-art of either ACto
DC rectification or AC |l oad control, passive or active 5 filtering are
required to neutralize the generated har nmoni cs. The TPCS on the ot her
hand can performthis function as efficiently w thout producing harnonic
distortions on the AC input grid. - 6 - |f harnonics and reactive
power is generated by 10 non-linear and reactive AC | oads the TPCS

"t ransf or mer "Energyg é§ﬂ§#9ﬁg,1FhEE$pC§réﬁﬁ -@n fPeyeint Eyeabrenifs zeVohem as
long as the hgryeni §$ gﬁgybgbgmyed on the AC output.. The TPCS active

harnonic filtering a I ve r lon IS r f.Qrmed w t.hout
| arge ener gy storage"g‘ 3&[]? %‘?%ﬁ r‘?ttar% ?%ﬁ‘&f‘ it f?%(reeé%&fe: 5 ¥hnks
or | ar ge i pduséotifiEattibar oer ACt headr chntesol urpassivaecor ad®fBehar nonic

filtering S%fﬂ:éﬁ'rtﬁgcPrgh?‘EﬁhErganto n%ﬁé??fﬁzé ﬂQecééﬁgi‘é{:SHE“t of

harnonic filtérin raction o
Bri ef EEscrlpbaﬁﬁoﬁﬂcﬁhe BhewTRES on the Othetlhéﬁdoﬁ?écpgrﬁﬁﬁmfEbiares of

ny invention eaﬂce&on akhege ienrbaeh Feqatenblier ppbaubihgbRabrbhes under st ood
from the f % speC|f%$ ation takgn i p.conjunctron wth the
annexed draw @§ Bﬁ& o5 8% cAnPYE 9rid. " FiG 1 is a representation

of the ba5| c TPCS B diarmonice andl seactise quiwedt dsajerieamtedusf or N5

for to gg LS YR hree gt age
TPCS DC t g}%@gé eﬁeﬁﬁtﬁygngFo}ﬁé Oﬁhél?gﬁ%t kgghS% Enér FIG 3
is a three stagepﬁwesmg t@hBC'I\PaStezga eff1sv.eptawneutan§iaenahemnas
circuit; ng as tHe harhohitaUarauadiankbed! 8R- Hﬂeaﬁé Shéguf_o"m'rh
TPCS conflguratl n allow ng power fl.ow cqntrol _in ormar& and
backwar d dlregppgnactlve harmonic filtering and reactlve power

generation is performed without large energy storage

15 requirement in the form of either capacitor banks or

large ifductors. Furthermore the architecture of the

TPCS harmonic filtering system is such that it can

respond to the requirement of harmonic filtering level

change in a fraction of a cycle.

20 Brief Description of the Drawings
Other objects and features of my invention and of

these embodiments thereof will be better understood from
the following specification taken in conjunction with the
annexed drawings and tables of which:

25 FIG. 1 is a representation of the basic TPCS
architecture and some selected electrical waveforms for
an AC to AC converter; _

FIG. 2 is a typical three stage TPCS DC to DC
voltage step-up transformation circuit; _

30 FIG. 3 is a three stage TPCS DC to DC voltage
step-down transformation circuit;

FIG. 4 is a four quadrant step-up and step-down
TPCS configuration allowing power flow control in both
the forward and backward direction;



-7- { FIG 5 is a single phase three stage TPCS AC to AC
transformation circuit with bi-directional control capability and with
phase i nversion; FIG 6 is a typical single phase three stage AC
to 5 DC converter nodule with vol tage step-down transformation;

FIG 7 is a typical polyphase TPCS AC to DC conver si on systen1mnth t hree
phase i nput; FIG 8 is a typital CIrCUIt of a three stage DC to

10 single phase AC |nver5|pn nmodyl e_ wi th voIt%Q
transf or mati on; FIG. 5 ig|g sé“‘?%e PRIFR Hires %eTWC\'/AF@ d¥ner at or

and harﬁDniQ%athb@hdﬂidﬂHﬁrﬁﬁdlr’w&thhb&edthSELQnad control FIG 10
is the voltage,

tive £ur.f, d for a three phase grid,;
FIG 11 is § ?Fﬁﬁi’f Ye(?"fgce’cﬁt gqasc%or#?’éa%rg\gﬁlbn for one TPCS nodule in
conjunction with anFI@duét bs &okypicahgsingle ohasg thveagetage Attd eval ;

Tabl e 1 eD@%&W&?@ﬁrﬁﬁléﬁ&@plvfdleagenes;eb-agﬁaequence for a three
phase TPCS VAR generataor; IS the conparison of the

resul t of at¥P@§f°r“@ﬁR‘§bnerator sequence mnth that of theoretical
requirenents. FIG. 7 is E)ESQBE.E’EICbbqu}& PERREERRED:&EMBED VENT 25

Basic Architecture Iomnn IS scription of preferred
enbodlnent<ﬁDQﬁ?5ﬁﬁﬂﬂn§¥ﬁFe9¥y¥1 g%ﬁ #ﬁé?é transformati on of AC

to AC with no changkIGt phaseaahﬁbmcal clrcthemﬁya|thnegcstagd B€ to

SChemtifé"drnﬂg%"”bﬂa&é:'zgé"ﬁ@&éo quo?i\ﬁ 'vﬁ.t‘?{% é”seca ally

applicabl'e vol tage step-up as me as step- etails
will- bedgimnsfprpaktomi th | ater descrlptlons To performthe

described function wrgh BsRisMaMtypicRWBH1VPRASENDPEES TRARI GUALBNE6EM
wei ght, ”‘”'”Hf‘ g%monlcs filtering system for a three phase grid;

FIG. 10 is the voltage, reactive current, and

15 power for a three phase grid;

TFIG. 11 is a simplified electrical configuration
for one TPCS module in conjunction with an inductor for
magnetic enerqgy storage and retrieval;

Table 1 are the parameters of a specific control

20 sequence for a three phase TPCS VAR generator;

Table II is the comparison of the result of a TPCS

VAR generator sequence with that of theoretical

requirements.

DESCRIPTION OF THE PREFERRED EMBODIMENT
25 Basic Architecture

The following is a description of preferred
embodiment of my invention. As a first example the
transformation of AC to AC with no change of phase and/or
frequency is described as schematically shown in Figure

30 1. This basic architecture is equally applicable for AC
voltage step~-up as well as step-down. The details will
become apparent with later descriptions.

To perform the described function with maximum
power throughput, minimum system weight, minimum system



-8 ¢ volunme and mninmumelectrical filtering requirenent the system
shoul d be designed wth an internal operating frequency significantly
hlgher than the AC |ine frequency. An internal TPCS cycle typically
consists of 5 a charging period, an inversion cycle and a di scharge

peri od. On the input end of the TPCS typically a high

frequency filter 11 is used, this is fol8l owed by a chargi ng section 12.
The chargi ng section controls the 10 char of a set of small high
frequency | S@lpBgsand papaBHRRoPdeghyicahs é%ge¥§59cﬁﬁﬂ916ﬁm§ﬁﬁtGﬁ@s and a

series i ndugygtemTBhaumul becaaégqma hﬂehcaﬁaﬁhtéfnbanbperait(inE;Wl ce of the
I nst ant aneo ut vo ' .S _given by: 15

ch
[err] gFﬁqE EFV]SﬁgngﬁécéﬁﬁlguH@gPﬁﬁﬁgﬁﬁ gﬁgrégf #1P€¢ he ef fective
val ue of th€regpancyor RankinbernglclacgedycIbetypicapayi consiats iof | ocated

[ imverson SR8LbaRg geadld San (WIBERLA GOTRONGA' o WikbHMRAIN

swi t chi ng dévices 2 capdcitor ban only
char ged. period. Typically as soon as the char gi ng smntches have

el ectrically recoveggdeidei AphEr &dd Jf@&@aqmtﬁypmly abregRES

electrlcally I sol ated f.r. e i,nput rsign c cIe S
initiated. SANGTENe T |ﬁg8Féﬂ&n %25t¥ﬁ§ éFegPﬁﬁ %I is inverted
on sone of EMQrglngaBaetuoms12TheThnwehamgdngysbetuenubbnﬂnokstﬁny a

1ol tage heRi gt aamt oBSuaINCRIUAN eekRhEncy HLRRAREG 5 descri bed

bel ow, requires gi ng cyc %. The
i nversi on pKEG@G§¢P§SB@HQOm&namﬁiﬁmtwwlpﬁé1VbPﬁa&@l&thﬁﬂaniﬂdty

(typically gedi@dld indhudts.camapid Qi1 hakeeCt aPAthled oM Y 84

The third and final period |s t he di schar cyc where the energy in
the TPCS cagtittice otk the dnshantgngous %t"’i?r“éugﬁlttﬁ@eol}t Gut Rt on 15.
Wth the usemirdimeeeidod iy qﬁvferreqiyency filter 16 high frequency ripples
fromthe

15 To=nv (Lig.Cags)

where L; is the charging inductor and Cg¢¢ is the
effective value of the capacitor bank.being charged. The
capacitor bank is located in inversion section 14 and is
the major component. With modern switching devices the
20 capacitor bank may be fully or only partly charged.
Typically as soon as the charging switches have
electrically recovered the internal TPCS capacitor bank
becomes'electrically isolated from the input and the
inversion cycle is initiated. During the inversion cycle
25 the electric polarity is inverted on some of the
capacitors. The inversion cycle results in either a
voltage step-up or step-down. The inversion cycle
process, as described below, requires a similar time
period as the charging cycle. The inversion process is
30 completed with the voltage of a plurality (typically
half) of the capacitors in the capacitor bank reversed.
The third and final period is the discharge cycle
where the energy in the TPCS capacitor bank is discharged
through the output section 15. With the use of a second
35 high frequency filter 16 high frequency ripples from the



- 9- * TPCS operation are elimnated fromthe output. Again it IS
preferential. to use an output inductor to control the out put energy
transfer, the discharge period, and to mnimze the energy |osses. 5

A critical conponent is the controller 18. It nmoni tors both the input
10 and output 20 condition such as the input and output voltage, |oad

| evel, and criti cal i nternal TPCS stafu3d condition and generates 22, 23,

24 t he turn on or_gajting of th (@] ting,the TPCS
at a high frgoe ’éaqts %/ %ﬁo%;t%%gqtg&%st%ﬁ ¥th a

m ni mum of |r$nprefezamtxnm;nn ﬁsétaN|oqpput1xnﬂndtan1tdu;qnn¢ma thet age or
power can be gg% IE%IQI y%y By. ging the
capacitors to“li rgédﬁ%‘I%tIllleg e\r/@.IéI corI:tqr I‘Iel'rnloqt heaﬁlcgg{s cycle
frequency th®1QQM$%$ the \gnergpe kQFEe®: i ncreased or decreased 2)

Thﬁ Secotnﬁ rmdet Oflq-\OIa:trrlQIlcbi Jt:e%ugseﬁetﬁﬁcqesmat cﬁntireﬁeeyqlale f;;g;qgency and
achi eve the confro reguj ati.n a eve

Finally the ‘&%%E°¥§\nge§h aAPEBRE M’I"é&ﬁﬂ: I?eoqrﬁ%é’s%’r%ﬁﬁﬁm s
subject to d@éathedmpﬁvmtoutputsymm@epmda&ttw\eehnobmpecnitmal

requi rement tr S Sedid) od. {| ty dul es,
operating in ng%‘?l T%é S Aeé‘llént%gr&fe{#rgsg%én %Su% ul es
woul d be opetheeﬁunntODfOph%%EtwwqIpﬁxﬁ#ﬁ SW¥#¢R§S{0 n1n|n12e the i nput and

out put fijlgt er r eq}ﬁe&%@%gs then '1@@@' Ia'to'a ?ﬂ%ﬁ' @r@qﬁ%ﬂ@:‘ye abGH wave
defective such an architecture coul rovi

ui tem r edundancy.
0 S0 PREBUENGHR bo| TeR R SHRELre i tHen M taum O - LhpBEer a)
poi nts of thgndPeStpMset emtEe:tngl arIxﬁYa@cﬁltlonI‘ﬂ:lhélsélﬁt{ﬁmﬂnvﬁl]tdgé8ofpcs

I AC I Th I Vi d
har gi ng.cur PRREE) EaR Be BEiated 1E SHO8 dELiaE YRy ai on secti on

out put 35 culpent | @y dresrging rhhleacapiasidonst tics as lpirfided ey ioresd

15 level and controlling the TPCS cycle frequency the output

' voltage’ can be increased or decreased.

2) The second mode of control is to use a constant
TPCS cycle frequency and achieve the control by
regulating the input charging level.

20 3) Finally the above two modes can be combined.
The mode selection is subject to detailed component,
system architecture and operational requirement trade-
offs. It is understood that a plurality of modules,
operating in parallel, may be integrated as one system.

25 Such modules would be operated out of phase with each
other to minimize the input and output filter
requirements. In addition should a module become
defective such an architecture could provide build in
system redundancy.

30 Figure 1 shows voltage and current waveforms at
several points of the TPCS system. For clarity of
illustration only 18 TPCS cycles per AC cycle are used.
The sine input voltage Vin produces a charging current Ic
having a sine envelope. The inversion section output

35 current Iout has a similar shape but is shifted by one



- 10 « cycle in time. The output section produces a current If. Its
I nternal operation is selected to cause sone filtering. The fully
firltered output reflects the sine wave input nodified in anplitude by
the controlled step- 5 up or step-down ratio. In addition a phase-shift
with a time period corresponding to a TPCS cycle is induced bet ween
the input and output. To limt the shTf% to one degree the TPCS woul d
have to be operated at a freque

n %? € a_ 60 gptkcatlon
This i s welFYGEEntR $Pehe QM u?hﬁeﬁ foﬁfp§8$?ﬁe§t%l%PEEﬁ$
pl asma STt & ChRBefnal apeitdiei it obsagebacted toDGause DEdIBE ep- Up

Tr ansf or mat r nunmber of
component chRNFEE iR coRie FREFY F11Cabka SAERLE FBELOC SN e
appl i cati oreavewinpubswodifiedi imrauptitude bysthe C°ﬂt(§ib%@r%t¢ﬁn Fi gure

2 shows %S gpbi—f geépf-éaﬁﬁ £4€98. InDQd&Q{:iéﬁeasﬁﬁﬁséPsﬁifﬁ%itﬁhét was
tested. The Tn [ter, outgut filter r ol éCUI are not

shown foFlﬁﬁaPFF}°d26°rresP°“ BRYoFe 30T3§E|ﬁ¥89FhéScf? ¥Fe<and

oper at i onal petwdeacthpt iaput #hél oukpuew t e ifimit- bhet bhifitttofohE to
DC convers

n., The,Zbasj ri.nckpl n r e n d since
Cs Crvent | SRopgerERRoHECE LBH1A fabk €8TXE bEERaRE AL aNPEGHBRETT
Patent No. 8£683, 64EH25fbc0at56IHabapploadtlngensﬂbiﬂe1Powel1CHthlners"'

Schwarz 14 By s’cﬁtel%%ztnubah%?e.e,outme@.tlaeas dwlbagsoersaaaﬁs
refinements and inprovenents on this classical work only feature

our two |nv§WFt§H§Sh§V€hlﬁscﬁﬁﬁoﬁrp§sﬁﬁ§9n' bot h deV|ces operate at high
swi tching frequency and have 30 a reqgul ated output capability.

AC i 5 then DEnbeclic Bbsbine TEansebRmBSIRAGi ng of a high Trequency
transforner. The SlncanB¢otmemcttwansfetmati@nth@ﬂ skoiv troamdsexabdf sh t he
component counts and_condeptually is one of the simplest |
15 TPCS applications I will use it to introduce the basic
TPCS operation. Figure 2 shows a simplified three stage
DC voltage step-up circuit that was tested. The input
filter, output filter, and control circuit are not shown
for clarity.
20 Before going into the circuit and operational
description I will review the state-of-the-art of DC to
DC conversion. The basic principle of converters have
not changed since its invention by Francis C. Schwarz.
His work is described in U.S. Patent No. 3,663,940
25 "Controllable Load Insensitive Power Converters"; Schwarz
May 16, 1972. Most other inventions in this area are
refinements and improvements on this classical work. The
only feature our two inventions have in common is that
both devices operate at high switching frequency and have
30 a fegulated output capability.
He first uses a switching circuit to produce AC
from the DC input. The AC is then connected to the
primary winding of a high frequency transformer. The
transformer turns-ratio is then used to establish the



basi c* vol tage step-up or step-down ratio. Finally to produce DC t he
trransformed AC is rectified and filtered to yield DC at the desired

. level. The Schwarz converter has found many applications 5 in
the | ower voltage range. The operation at high frequency reduced the
transforner cross-section area, whi ch scal ed approxi mately inversely

with the inversion frequency and difddctiy with the output voltage. This
transfornmer scaling, however, yields |arge transformer 10 wei ght for

appl i cat i oPASFhiV IFoIFERR YRR steRTdown i Fakianediinaldaudid on in the

t r ansf or maipre@uRle DO @Ry transformed AW tik Wedtieidd Qihd e itvansf or ner and

Its di sgdvant e heen, eldm ed.. Scaling to higher vol t ages
- can be per]ig’r %&q\%le%&%&gﬁ%e? fq%ﬁﬁ%‘i)éfﬁ)&?%'g ny 15 invention, converters
can be desi gned t hBheofehwarzaconvepbeer hasd fouhtdagaeniyeappiicatibasr ange of

SCR err], Zhich SR lappifoitehteh} einiverde Iy reiah the divdesidy err] 30
i odes. ) WAERIRIEL AT SR ST PotRite L 6adhT ) This he
o i o 4 s g, hored 30 T
FARPARIR LI UR s S A
charged, 30 is thegigarfiy I¥WeheibAstheNReahe¢oraR2ChhA §tean be

consi deredqa st v%e and s‘f;{ms beaS_IeC bu;Adi ng block w th a vol tage
t r ansf or maISRPTRTRES 23R e relipinated. $eabing tqdighemge
transf or mtvalitages cade ipmatormed twifs loigh bef filsbehcd5 Using mylhe
char gi ngs PeHsht forfl e d e Wed &1 6l eﬂé]dg‘gigﬁ'g&'tthat operate at
power ahd voltage levels in the range of commercial power
grids. '

Returning to Figure 2, the six capacitors 20, 21,
22, 23, 24, 25 are charged in parallel with the polarity

20 as shown by triggering, at the time T, SCRd, 26 SCR; 27
SCR,, 28 and SCR3 29 through the diodes D; 30 and D, 31.
(The demonstration device used two SCRs in place of the
diodes.) With the use of resonance charging inductor Ly
the capacitors are charged to twice the input voltage Vin

25 33.

In this voltage step-up mode the capacitor string
is charged in an alternating sequence such that each
adjacent capacitor has the opposite voltage polarity.

The voltage of the capacitor string, when fully charged,

30 is then zero. Two series connected capacitors can be

'considered a stage and forms a basic building block with
a voltage transformation ratio of a factor of two. To
increase the voltage transformation ratio additional
stages can be added.

35 The charging period is defined by the Ly, 32 input



- 12%- chargi ng i nductor and the parallel capacitor value (six tinmes
Cferr]). The half sine wave charging period is given in terns of the
conponent val ue shown by the follow ng equation: 5 [err]

and is the tinme between T[err] and T[err]. The peak current is gi ven
by; [err] Wth the SCRs 0,1,2 and 3 recovered the
triggering 10 of SCRerr], 35 SCR[err"]1 36 and SCR[err] 37 will start the

' ' J hort | ft f th
L ep- up | VBT RGP e o pas oL, srpAciyon Wiud ciabng

capaci tor sttmersgscguch The thldif slineoivawiee chapgo.ngopsrhwde J.tshe_;asmm

polarity. Iq, %&%%&W ol rg% C4, and
derr] are]bel ng revers in the Sngzlyélu%n o iltlve (;'ﬁ[ t vol tage.

The rever seﬁq\ﬁ?ﬁ@fperl od for capacitors C2 C4 and C6 occurs between tine
‘markers g[err] and T[er@.—.ﬁﬁgel %c jgi ven by: 20 [err]

The utilizatiopn o ct, swi tch suc SCRs, GIGCs, or

Crossat rons aoﬂ‘g ’r?‘rp%ﬁaqﬁ’t %ei?'ff’eeq MPersd J11 * B’Fo?@?é‘. C8FEe it hes or
swi t chi ng cpiveryusyas i on prevents the current fromring back through the
I nductor 25 and all ows the Q}(trgrgkl en ].C.’J) the inverted energy in an

efficiently and contr ol ['B&T d&h The tenporal voltage history
for both the even ¥i#h thgd§CRspflcilyerandrad saeamMerad: khe| swdggesfinghand

corner 9p of td€rf] BH Scrhe 3@%&1@“%0& ase v1203tare Bakf mfve%s%%e 30
wave wheretheg k curre |s i ven, b [err]
operating cO¥HHEi DROFHIY ¢ t ‘and C6 are i dent i cal .to t_hat

of Cerr]. During whe IpI&!‘@b&IeObe}thbestbp-up iavergtoacegedel.ie eapaci tor
bank has theha86g1 Xego£¥£r§? of half of éﬁgrgapacitor strings such
that all of the capacitors have the same polarity. 1In
15 the above schematic the polarity of capacitors C,, C,, and
Cg are being reversed in the selection of a positive
output voltage. The reversal time period for capacitors
Cy, C4, ana C¢ Occurs between time markers T, and T,.and is
given by:
20 Ty=n¥ (L;.Cp)

The utilization of a unidirectional switch such as
SCRs, GTOs or Crossatrons are important for the inversion
process, 'Such switches or switching configuration
prevents the current from ring back through the inductor

25 and allows the extraction of the inverted energy in an
efficiently and controlled fashion.

The temporal voltage history for both the even and
odd capacitors are shown in the lower left hand corner of
the figure. The current shape is again a half of a sine

30 wave where the peak current is given by;
Iimax=2 Vin {(CZ/Ll)
The operating condition for the capacitors C, and Cg are
identical.to that of Cé. During the inversion cycle the
voltage across the capacitor bank has the form given by:
35 Vbank=4:N.V;, (1-cos(w.t/T;))



- 13- where N is the nunber of sfages (three for given exanple). It

can be seen that for the circuit given a st ep-up, neglecting | osses, of
a factor of 12 is obt ai ned. The positive voltage across Cl to C6
capacitor 5 stack can then be switched to the output. From an
operational point of viewthe naxinun1 stack voltage can be several tines
the filtered output vol t age. One Tred® Wait until the inversion process is
conpl eted. However, the |v C|r it allo us to.start 10 the discharge
cycle, inYHFe rHeﬁ'%s‘E Ftpges CHHRRECHFEYScle, as soon as

t he inversempye:je i Bt caﬁaséomemiettm ﬁhsremmeiremiattheﬁh& di schar ge
w | | e p. ] nmake ~ the

char ge cyc e n‘?c% 1¥8¢£S%t}%£nsén%re&€o%p¢ée§ééﬁ$g ﬁ 1SThe i nverted
energy swi cplctamndco@h@tmsxhzaverpcsltag%ymleossrﬁiﬁ tn i¢¢ mapadaitomst

appl i calkl oL@ Sehh ChhatHe swf@c@g@l ?@guct or Lout. In addition

an inportant Free Vheellgg Di,ode IS shown in the circuit.

Thi's configurati of*Q™ &k OF @ﬁ’&Pé‘laé Qﬁ’&“é"f ]OIfCIVé‘ﬁf" &her FEXITUBLt put
transfer bytackeedbltgge daghbeuspvéraDl thfes atlte filbereppsepPpudt e out put

|nductor er u i ppedance of the
filter wggl%%%é 8€%p8$22§?05t%ﬁ&1%é%??VY&Q?%?gﬂﬁfﬁpgé?sﬁnbﬁnt of the
ener gy mnI¢Omnlete@sfeH@@GVéhtbheh@1Wﬂmp@ir¢mdbcablOW€5u$hto starhe energy
woul d rl'w%ﬁéc&lééhéfgéhéygfgs in Eﬁ@afﬁéé’fésénéf"‘éhbrﬁ vﬁ & them with

opposite polarit é ver, the tunction of Free D ode wi |
prevent th%°?@%ﬁ ?gTﬁﬁsaﬁHC%FbIa?u?ﬂ°%na%st9ﬁelﬁﬁﬁﬁﬁi?6r°Y°190FFage becones

zero. At tH50% 86k 1etaa nexh éREDieP £€aheree euélelﬁanaﬁcgérhmhl l'e the
renal ni ng ner

y output duct or L I Nj e to he out put
filter as eag% ﬁﬁsb u?hevﬁg§ﬁﬂﬁt}?c gﬁr?%ﬂ?cf a?% w?%% €only
allows a cbhplehargaecgyleuapdtcbnanslefuhqtlahsmore pempbens part of the

OULPUL 4fg | LerT NG 4%, L R TLrldh Ry Tordeih-RHe Wonlg VI i R0y €1 ace

in thellomer f
cycle. ‘This utilizes for most applications a switch SCR,

40 and an output inductor Lout. In addition an important
Free Wheeling Diode (FWD) D3 42 is shown in the circuit.
This configuration allows a complete and efficient energy

20 output transfer by selecting a high output voltage and
the appropriate output inductor and filter component.

With the output impedance of the filter lower than
the TPCS output section a significant amount of the
energy will be transferred into the output inductor.

25 Part of the energy would ring back in to the TPCS
capacitors and will recharge them with opposite polarity. -
However, the function.of the Free Wheeling Diode will
prevent the recharging and will turn on as the capacitor

' voltage becomes zero. At this point the next TPCS

30 recharge cycle can start, while the remaining energy from
the output inductor is injected into the output filter as
shown by the asymmetric current trace. The FWD not only
allows a complete energy output transfer but also
performs part of the output filtering as can be seen from

35 the output inductor current trace in the lower left hand



- 14 - cor ner. Two traces of capacitor voltage waveforns are
shown. The odd nunbered capacitors are sinply charged to positive
polarity during the T[err] and T[err] period, remain at 5 this |evel
between T[err] and T[err] and are discharged during the third part of
the T2 and T3 TPCS cycle. As shown in the | ower | eft hand corner, the
even capacitors such as C2 are chargéd-negatively during the T[err] and
T[err] period, changed from negative to positive polarity during the
Tlerr] 10 %ﬂﬂn?ferr] period, and are di scharged together with the odd

capacitors during the traces d8 Wa@ﬂ:oﬂ'h@ollt)d@egﬂavefﬁﬁﬁgsﬁré he capacitor
strlng re ns zer dur.i

becores bt A rhiBersg; SebaBirbRE e ik iy PRESLER ot 15

corner. posttlve DclsmagdewmlhgamhboEﬁaandnTI perlod _réhelﬁPﬁs has the
Capam"éytﬁissiégeiphéimﬂﬂ ITasand ea§%ealgeﬂ9 Eagaﬁf%ﬁaa ¥§rthe

el ectrical schematics and sonme se tage andocurFen m 20
for a threthirdgeapt of 5Betﬂén§P€rWatTBﬁs F¥cagedi t A§nshown jgpyvkhee| ected a

negative tQoowegallefe Pnd icorner tm&sb@@mba@acﬂat@ Suth ald gf the shown

solid state evic mould Si chan t deV| ge to a posifive to
posi tive s?gﬁ-ﬁgﬁﬁg$ PEFEELY, &gpg% the qﬁ 3t BpE 4%
transfornachangeﬁcEEGMAdega¢av@h¢o posamav@hp@aanﬂhgudurinq thleamyi ng,

i nver sigy, aﬁadTﬁthkisharghagﬁgE #E%§E§9§eﬁaﬁﬁﬁbkﬂki' EQ& Qﬁboodgh

differences Is t the'inter cess I's execute
rever sed OFGEP°1§§nﬁIquq&QSbﬁéeaﬁhaAQnﬂbfPG##Pﬁe 3FhepModdRagg di scussi ons.

I nstead of aebagal thel RRAPaITOr @tring irenddmnd |z@r&'ﬂ1ﬂr§¢'ﬁfe€h ng them It n
own e CapaCI ors

series, as,i s for the ste P, he ste
are ch&PéE&al ncgéﬁqcég"%n(?b& TEOG é&ﬂ’i ad’;r qGQmes maximum  The
char gi ng | dustiagt ethenitrverdsd dir iocygdid e &fhdwre in the upper left

15 corner.

DC to DC Step-Down Transformation

The TPCS has the capability of stép—up as well as
voltage step-down. Figure 3 shows the electrical
schematics and some selected voltage and current waveform

20 for a three stage DC to DC transformation. In addition I
have selected a negative to negative polarity
transformation. Reversing all of the shown solid state
devices would simply change the device to a positive to
positive step-down voltage inverter.

25 The step-down transformation cycle utilizes the
same three subcycles of charging, inversion, and
discharging of the TPCS capacitors. The major
differences is that the internal TPCS process is executed
in the reversed order, as will become apparent from the

30 following discussions. Instead of charging the capacitor
in parallel and discharging them in series, as is the
case for the step-up, in the step-down the capacitors are
charged in series and discharged in parallel.

The charging is started with the triggering of the



i nput switch SCRlerr] 61. Wth the utilization of the input I nductor Lin
62 the capacitor string, Cferr], Cerr], Clerr], (err], Cerr], and C6
will be charged to an el ectrical potenti al of about twi ce that of the

i nput voltage Vin. Since the 5 charging occurred in series the capacitor
polarity is pl us-m nus-plus-mnus, as is indicated above the

capacitors on the diagram VE recogﬁlk%‘That thIS IS the sane electric

state as for t e st urati.o rII befor e TPCS

di schar ge. *4B% SWnghTﬁg g 3:3}% Ur%s" ’a?'éd" y ?i Yo% ng the
swi t ches Sillectoér BBnSﬁR['ehe]caﬁacahdrSéﬂ'eng} Ce8 b, thg, teye c'l;[,err]d
Wth th t 71

Lerr] ‘?zp{*ﬂ@e%?iir%?o%@?%*‘?%%%é? S gt il potehtiailog/C "
vol t age pofbertytwicenthatidofaphei %BPBtaYél'EBgBeVHQ -ch&igee thet he sane

fashi on sanghyk-ging bbBﬁrEé&l 96 serfesttRb 8sphastbecpolaygriybad for the
st ep-up rans ornat on above. The,utili Zatgﬁa Pgﬁ;nl rectlonal
f

swit ches sH Hsa§ PrOAPUFs AP edBntiRdifs ® pack. The
vol t age pobapabytofstbn thpadmagramtteWethecﬁQnm.eetﬁa&nbumﬁfid £hehown

bel ow the ggRacLigrpy i@l sklka as POEERLNE:CADAR' LO Al yiegsured f1om

end to end, as I's i i wavetrormi he upper
ri ght handsbgrhév baﬁorecﬁgﬂlEBCShﬂSSFbaQGethe ori gi nal state of the

vol tage ¢t ep- up coﬂ{é %@éﬁ@@u&@cle is m&fﬁihéé@ wvefﬂ;earf cgpéﬁéed the
energy sw tch-ou le Is |n|t|ated trhggerln%ﬁ%ta1smnt es SCR4,

73 SCRF&!FFFheanﬁ%v séﬁe[ eFRz, &7 Mda-D1, 63
Dierr], 64watH Bberpkoﬁércs&ﬂbet&ohhefdtbehahgactbm@u| o, 71di scharge

i od d; | qut d Lout 76
8g¥:glnéstﬁgal §cﬁgfgégpéﬁ%ggs@gg 1g §m8§ ne |n ;aFu PE+P§$%ﬁ foo$[err]
The Free wnyeuenghelyeétage ppéarptysoﬁr&henpddhsapaﬂnnqpsuynﬁ t he

capaci tpg. % g changbhowa kh@ camR! %.e,h%acaaageu@n téwclg&?émﬁc' tors,

and filtering process. oon as the
Free VheelPﬁgtapédéscbﬁﬁsh%ﬁntéescrlbed for the step-up

transformation above. The utilization of unidirectional
switches such as SCRs current is prevented from flowing
back. The voltage polarity of the capacitor after the

20 inversion cycle is shown below the capacitors. At this
point the capacitor bank, measured from end to'end, is
zero as is illustrated with the waveform in the upper
right hand corner. We recognize this to be the original
state of the voltage step-up configuration.

25 With the inversion completed the energy switch-out
cycle is initiated by triggering the switches SCR,, 73
SCR;, and 74 SCRg, 75 at the time T,. The diodes D,, 63
D,, 64 and D3 65 complete the discharge circuit. The
discharge period is again selected with the value of the

30 output inductor Lout 76 defining the discharge period to
the time interval of T, to T;. The Free Wheeling diode
Dy 78 prevent the recharging of the capacitor bank,
allows the complete discharge of the TPCS capacitors, and
aids in the output filtering process.

35 As soon as the Free Wheeling diode comes in to



- 16*- play the output SCRs will start to recover and the rechar ge

cycle can be started again. As can be seen this type of step-down
inverter is through-put Iimted and al l ows both current and power

limtation. As soon as a 5 load fault is detected the output can be sinply
turned of f by stopping all triggering outputs fromthe gate

controller. At this point the TPCS DE 16 BC st ep- down inverter wll
sinply function as a DC shut-off swtch. . The voltage wavef orns
are shown PhayhthappeEPnEf 6CRe Widd &dexdr tendemoveri angr &b so given the

trigger tigeBHargef8fcibl cah bae steRtedptagainlhe aguican bewisle®h amdsout put
i nductor currentg are al.so shown _and ass that all .qf . _ the output SCRs
are trigge KBesPﬁuFf'ﬁﬁésﬁyf’y.”‘IVPr%?E is ARrowehreRt dmiged, /0dmy reduce

t he out put alllbwer boghlbureenitr amehpdwers tldggdaitign.he Asutsoen s @ schar gi ng

" . ti -t : A : Cnth
C}Mr)cui tciﬁaggtsi???ggg #gbglgggc%dgzl? tdémq he a@ﬂéﬂaet 1’3.CI ?ollygl E@ ar?d C|6ncanebe
di schar ged ofifr ¥y BFopRipg ally tFdaderdncmmtpts)ifyamitye gat@pacitors C3
and C4 arecdateiliely ! At0ediisHole &itd - TrU% Ud W Db se-Gowel

capacitors ,Jerr] and err] jisjnitiated wt he triggering Qf SCR4.
The di odes 1%’95 Tt P’&Pr?'[' E“J&’r’ré’ '%‘“‘ifr’é%fbrﬁs t“'hg’-‘—I S%i"&‘r?%%gi%%éﬁ‘-t he

di scharged capaci tTHe.voltagéowavefegmanarét shewhn indtbeepppewnlé&per ati on
25 n.t e ANl I Vs 0 rter for
positivleot ab"ggi O%\?’%\ésté g’?-sﬁ'{)lﬁglnd' neagra%]iaav]gSOS \Q%'rﬁgé}a. ié\%ggﬁeezg?{(}\c{)ﬁhﬁf '
| nspect i on fofr 83ilh ofi the SCRsh@ates. t (Bhe Mutdhwidah fand cnfitent s an

out put Wi t } hctoroRReSert Plardaf14S SHBm i Lsunke hivifed.of n fact a

30 single TPCS devi ce can conbine, all possjble or a sel ected comnbi ned
i nput and S AUERRIta SARF FHe driciggered simultgpeaigisim: il e Figure 4
shows a si rgltpud agad is TRES drivitmapredwde Wheeiddtuta fidtdxr itey or

negati Vs req%oilr%rn{etn\(: tb(i! esittar};eéeé{heg g &Et[?lﬂp 031} ttfié)&laairc}{th ﬁav)?o
capacitors at a time. By inserting two additional diodes
in the circuit at positions labeled "AY" and "B" the
capacitors Cs; and C4 can be discharged first by only
triggering SCRg The discharge of capacitors C; and C, are

20 next by triggering SCR;. The final discharge of

capacitors C; and C, is initiated with the triggering of
SCR,. The diodes at position "A" and "B" prevent the
recharging of the discharged capacitors.

Four Quadrant Step-Up and Step-Down Operation

25 In the above description I have shown DC to DC

' converter for positive to positive step-up and negative
to negative step-down. Inspection of both circuits shows
that by changing a few components an output wifh an
opposite of that of the input can be obtained. 1In fact a

30 single TPCS device can combine all possible or a selected
combined input and output polarity options.

The schematics of Figure 4 shows a single stage

TPCS that can step-up either a positive or negative
polarity to either the same or opposite polarity. As



- 17 - shown power flowing fromleft to right will function as a
st.ep-up inverter. Wth the input comng fromthe right a st ep- down
transformati on takes place. The transformation in both directions have,
with all conponents shown, full 5 four quadrant operational options. One
may i npl enent all or only part of the options. The table in Figure 4
lists the necessary conponents requi¥bd‘for a specific option wth
"X" designating the stgg up, and_"Y" the conponents. The
conponent s SRRHR RIS %P@&E&lf?%mo}eﬁﬁ Fﬂl?%%?%'%hb}cguﬁﬁE%%Flﬁﬁ Aust

i nclude al Istadptye mv@ﬂmonerwsuurrdné ihputiesogimg efir6l thdsrighti at erest

IS that the confi uratl # g Lty Lnversi Ioms

b both di retTr S H e forat B ot et p L A%El 3 fhe iR rormapiSh |
conponent . ip both dlfemtEqmmphevethELtbnalgucamponeﬁbs ahowﬁ;tﬁunm
convert eg tf’m?i- %&dféﬁf’ @agaeioﬁafpogelsﬂa beoﬂérfné( dlmglgﬂ(eﬁ? 9

conblnatlo par a I nverters r wWou used
for the posP¥iQRlY PPesief ehe °EBH9EF5|thEuF?HbethE Bégurevé haﬁtsof t he
i nput AC. Cyehé récéddasy S€6RPEnehYer Faguisedt bernsgapeaefﬂal bpelofycle with

a negative tp po e Lrans for Since_the,bi oltgge switchin
sect?onlgre ﬁ% ﬁ%ﬁlg%%ﬁ?P§ t%ﬁg§§8n?§eplu9 s lgggﬁtsgﬁp Vﬂ\?g |t; °
utilizati oncomponenbsne The compendﬂtsceehuuheduﬁorlenspeémflcherabove

Pranmi e 19 #12ofl Lhobe SbEB-uRibAAALE! TREALGE! bk obecefibl our Al on bot

functlons may be” conbi n 0 one unit I'S require e sum of the
conponent s ¢ﬂ§P@€?§HSb9nd%? theaefesdgnaked CB&HmP$rn 0§ iptereshdishree

(-into +0%hatF@ﬁetBbﬁflguﬁaemahewih.ﬁ bbmarm t 3fQePERBNaRY16WE associ ated
Free 30 v%eellng glode not

cycle. ~ Power fiqucj P?ﬁPﬁér?§g$°H§sw&%ﬂPBﬁrHggﬁgggggggépgg éndthe
out put pol asihglél eaddbthiohglandmpbheat.a sel ected option may be conbi ned
into on%éﬂ%ﬁBndeﬁ%r example, the configuration for an AC to DC
converter to either step down or step-up can be derived
by the combination of two parallel TPCS inverters. One
inverter would be used for the positive to positive
conversion during the positive half of the input AC cycle
20 and a second inverter for the negative half of cycle with
a negative to positive transformation. Since the high
voltage switching section are the more costly components,
it is prudent to maximize its utilization and combine in-
one device both functions. For the above example of an
25 AC to DC step-up transformer/rectifier configuration both
functions may be combined into one unit. This requires
the sum of the components indicated by "X" under column
one (+in to +out) and three (-in to +out). For this
example the high voltage SCR; and the associated Free
30 Wheeling diode (not shown) are shared for both halves of
the cycle.
In summary the TPCS has a h1gh degree of input and
output polarity flexibility and all or a selected option
may be combined into one TPCS module.



- 18 ¢ AC to AC Transformation This section gives an

I Llustration of a single phase ACto AC transformation device. It is
configured to use two parallel nodules with each nodul e operating in 5
an inverting node. The device, as shown in Figure 5,  allows controlled
power flow in both directions. From left to right the ACis inverted and
transforned up. The power flow can &Bso be reversed with the flow from
ri ght to left. This will result in a controlled voltage step- 10 down.

Starting npCd&@cACpTransfermati@n,ositive i nput cycle and with the power
flow fromthe |eftrhifeséetio®wgive®farG Ristr DR 6F. aa8ingEBl err] will

initiate the chargin f the upper, capaci,tor string ClL to throughthe'
di odes Df ePS]a,seDPg:r F?’ %g %ﬁ&nﬁf"é’ﬁ‘]a%l?ﬁe BYRER - nod &3 Safiantede during
t he positol wuse et payalld ednthodngd esowithe phshamedalleowertat ing capl - of f .

The posig¢i | lad i 0 l.L.ed h Lecl]on of the
L[ er Iro] c%a\ré?ll %&%{eﬁ%&&ggrﬁ{d\%.ueig%dﬁ%ﬁf?, at‘yg’?lgf‘é":’té’ ?é‘;glclﬁﬁé‘lre \r/go'l tage nearly
twi ce that adflowse comtnedies: Pewexrs filepudny bothgdirgchianss t fRaom he TPCS

cycle | 3 e3¢ @& edght RReSin@Niild GaRidrtedhahbie it ¥ Uiy C! 8phe  Under
this condition_t devi ce qRer tion is n%\?nrl'*r I dentical to that of the
above DC t PRY&Form™ SFR 2860 A% FCYEr Wi fbes TP righty) ow vy
varyi ng 25 tionfletftwol thiges will result Time acapatirodlegblvarlitage stsdppwn next
to the 44 citors after the charging cycle is conplete. Triggering
SCR[err}, err], and SCRlerr] will start the inversion cycl e changi ng
t he vol tage pol ari $Yastingpayi deseripeien Bitlcthedpesititesinput produce a

negative VJAGE fHa Sivth tHd %‘evetzh%tlong ol 8t 1GAHRAC] ﬁq{%aﬁfégi?'? Cg

upper capacitor string._ Triggering, err] wll start the n
vol t age ouﬂf-uts%lscﬁﬁ3gﬁag'?f§/cst 1 FddgH mifd ated fdeocharginnofddie as t he
vol tage of uppercappudidiors i tgnges c3SthiedyReghel WdodesPos,tbye
pol ari t¥5t g%dsg? 's.['h%ellggzer module is not active during the -9 -
positivé input cycle and its components are allbwed to
cool-off. The positive charging period is controlled by
the selection of the L, charging inductor value and will
yield a capacitor voltage nearly twice that of the
20 instantaneous input voltage, provided that the TPCS cycle
is selected to be significantly shorter than an AC cycle.
Under this condition the device operation is nearly
identical to that of the above DC transformation
configuration with the exception of a "slowly" varying
25 'input voltage.
The capacitor polarity is shown next to the
‘capacitors after the charging cycle is complete.
Triggering SCR, SCRg and SCRg will start the inversion
cycle changing the voltage polarity of capacitors CL.
30 C;,and Cg. This will produce a negative voltage of six
times that of a single capacitor across the upper
capacitor string. Triggering SCR, will start the negative
voltage output discharge c¢ycle through the inductor Lg,
- As soon as the voltage of the capacitor string changes
35 from negative to positive polarity the SCRy is being



triggered that will prevent part of the energy in the I nductor L[err] to
recharge the capacitor string to the opposite polarity. The SCR err]
acts as the previously descri bed Free Weel i ng di ode, however a sw tched
device 5 is.required for AC output operation. Wth the L5 inductor

current transferred to SCRlerr], the SCRlerr] wll recover and the next
charging cycle, with a slightly changed9 nput vol tage, can begin. The
L[err] inductor in conjunction with the output filter will deliver a
partly fiItEFéEQ%E?QOthFpH%11 prevent panheof;HRe §RREI¥pdBI ER8perati on,

Wi tth_ t hedposhah?gor Lgnwtr@?lséﬁgfrﬂuﬂaba"gmxa mg‘fﬁémomwur cycle, is
continued many tipes_per_cycle | e i n VQ e SWi ngs
negati ve. A?pgﬂﬁé ﬁopﬁﬁafﬁéyuppggen%‘a%? eacé{-esc(ﬁéléhﬁ R%%g}?%l%nd ?he | ower

TPCS nodul edescaibedaFede Wheeling didgéie, ohewevevnaoswitehedwdevioeul e wit h
t he negat,ve | apd,.t WARY cyc L S+hdept i i th

t he exceg?i%% gﬁhgﬁgggnggftgg ggﬁngtnggﬁgy§BtS #gt%hgpgiﬁa ?@a?%F?¥;ted
with the treygeenkgtespnsErreed] to2§CReRWG SCRynY1ddRrecoveghang e he
Eapatmh tors ﬁéxth&aagaéﬁi:ycw,ts bil;hea]pgh.iﬁh{:lslyaéhﬁh a8 Qﬂphlﬁg ss:herr?th ics.
or e I nyersi on err], err n err]_are used w e

out put sNPﬁgﬁﬁﬁg FaRc e er%gknéa %@éﬁéggéiiﬁ.c %P%ﬁ§&9ni¥1 He

posi tive outhet oapput Eidéevhedlilndediverha pavtdyt falteFednddct ors are
shown, s f%& %%ph polarity. One inductor coul d be elim nated.

tﬁrogg 3

The power put and output voltage regul atjon is performed with
the controlled turrThe wpercTEGSeodule soperataion Serkbh jehegpastbiveol | er

and trigger ii%u@@:?'c‘i’e R YProvdingt @ pedatiby blepaehegeties isThe
controller woul' d agai n Ssense the |§5ut and o%%put cqndi tion for the
control funcon&inyed ﬁ\%r“ﬁ’oﬁﬁ“teﬁ'epteé'g&y PoHnfitth ChReAC 1Nyt ¥oltadeys been

described f @winge aeeeeive. AY tviyf poiati ¢he Lppatdimodule Meiomls TPCS
di agnosti ¢ 35, RVe" o eile" A Y e ol b2k aREILRHR"

The operation of the lower module with the
negative input and the positive output cycle is identical
with the exception of the inverted polarity. The TPCS
charging is initiated with the triggering of SCR,y,

20 SCR;;,and SCR;; charging the capacitors C; through Cya,
with the polarity as shown on the schematics. For the
inversion SCR;;, SCRy4, and SCR)g are used with the output
switching function performed by SCR;¢. The SCR;; is the
positive output cycle Free Wheeling switch. Two output

25 inductors are shown, one for each polarity. One inductor
could be eliminated. | .

The power throughput and output voltage regulation
is performed with the controlled turn-on of the above
switches (SCRs) using a controller and triggering module,

30 not shown to simplify the schematics. The controller
would again sense the input and output condition for the
control function and perform the regulation with the
option as has been described for the above DC
transformation. In addition internal TPCS diagnostic

35 points are also monitored for fault protection.



Figure 5 shows for a conplete AC cycle the TPCS capaci tor input voltage
apd the inverted output voltage. For constant TPCS frequency the output
follows directly t he i nput waveform shape. Correction to input voltage 5
distortion can be nmade by altering within an AC cycle the TPCS
frequency. The above single phase TPCS AC to AC transformation
all ows regul ated AC vol tage t ransf-or2fatt on. Wth the appropri ated

control it can, in 10 addition, performother functions such as turning the
power on and of f, Eegﬂﬁﬁn5a§hawélf9ﬁlﬁ seaplete PEr c¥Ghe thes TRGK rol | er

for a devicg, é‘:[it.or @a&m:?eféﬁdeﬁh@rlnveﬁ%d batpRei ¢6148§6l at or .
The configuration of Figur 0 0 15 requl f £ Tl from
{ioht to [Fer aopstant ESs reaithet, Bhe rutres | Fobiebs Sirartlye

st ep- down Whé ﬁnmepwavefotmwsmapeo dedrrect ign tte nupbérvontageges
installe [ r
frequenc% §%+%€‘ %$8V§+% §%gﬁ%§%g§¥l%%Qg%ﬂ#ﬁgﬂgﬁgéﬂzénvﬁ %%gsaf?ches,
all of the TPC2rfregpeneyits are used. The Free Wheeling switch is the

only element that iﬁeo pbve sqrifgrlaet Ip%aée atpdshac Wangd or mer” out put end.
In the st ep-down node, the ug TPCS nodul e transforns the negative

i nput voIta§§aP$§ﬁ¥Fﬂ519Pgﬁ%1?ﬁ arﬁgg}?F9§ Afgvoktagfuced out put vol tage to
the left, wirhRstbemhtdon. WitHutRegapprepeiatdéd cegarbleitucant, dmcle on

the |eft f h d

oporat1 P « REELEAGRF Bt Py BBHEr FQREEERE Sin o8 HULALIBIGIE,

vol tage, w phwezpauni abd oéfn1pargocmnaecae91squmtthraaksrmapeWQOpolarlty
The inversi gy gyakeoihaR0esr a dblecBOLBALLY, OAndchhrfbniBe rdakag! ber 10

t he con |gurat|on as omn on the schemafics. This allows
energy to bankirharmenies EﬁéeFéFPr°The addi ti onal SCR[ err] and

SCR[ err] not util |@Q§l ¢&ﬁf@ﬁ@mmm§@imfmrM¢m apssformthe Free
For t he PoeFepbaskRa RBUSE: §4oU, SFEm E4GE: FAei§EtmeThis direction

of power flow will yield a voltage step-down with a step-
down ratio defined by the number of stages installed.
Additional regulation is obtained with the inverter
frequency selection. With the exception of the Free

20 Wheeling switches, all of the other components are used.
The Free Wheeling switch is the only element that is only
operational at the "transformer" output end. 1In the
step-down mode, the upper TPCS module transforms the
negative input voltage from the right to a positive and

25 reduced output voltage to the left, while the lower
module generates the negative output cycle on the left
with a positive input from the right. In this mode of
operation the capacitor strings are charged in series
with a high voltage, with capacitor terminals connected

30 with alternating polarity. The inversion cycle changes
the polarity of half of the capacitor to the
configuration as shown on the schematics. This allows
the energy to be extracted to the left. The additional

- SCRg and SCR;g, not utilized in the step-up
35 transformation, perform the Free Wheeling switch function



filtéring sections on both the input ends, not shown, assure a snooth

I-nput and out put power Iine. The above single phase AC to AC TPCS
5 transformati on nodul e can be used as a building bl ock for a

bi -directional polyphase regul ated voltage transformation systemw th an
effective 180 degree shift I n phase angl e. AC to DC
Transformati on/ Il nversion 10 Stadle-of -the-art generation of high

vol tage DC froman AC input requires an_ AC transfaormation foll owed by

a rectifi &8t Shespegitpyreand 5ePAbdVRORYSY St ERSPECiyelyy| | Thse an AC
transf or Mgy 1&krdhigd sec@duaBC¥nt Both kel @hputhenad,t age smpmip and a
rectification step at %g hlgh voltaﬁe This is _an.efficient process,

however aSEXFEoA EMPPe FOPYE. aPg, BRERBY Y BO¥RFNilRSe har moni cs

generated by the Tnepah¢weisimgxscphase AQ emqmciﬂacs power factor

corr ect § 0n5 e G e InoBIROMEN KBVELSa as B AWM WNRNTARYOI T are
generated this way for |ong I stance power_ transm ssion. For
lower wei ghiiatd resiienedd Padyphege segulated SAM@IL converter may be used
by first neglsporiaitita Aystem GARYERN BF Fle iRe i didiyddedgnsy AC,

perform ng the AC transformation with a significantly reduced
transf or me® Sen@M8Y%al Iy rectifying the high frequency stepped-up AC
power to produce DC. The transformati on process at high frequency

Si gnificap%éI %d %’&@%r{%ﬂa}&%}@&'@er‘ﬁi&m’ ~ however, at the expense of

reduced efTl1ciency. ion thi's process further penalizes the
ef fi ci @@cy 30 fur$hareaeftrhrevarpugeneratieniafi highavedtagenDver a 50

KV out put .from an AC idﬂhiﬁ%d\ﬁ%éﬂéﬁ'i@sw%dﬁﬁﬁx t#91 Pwédput
directly and requires no transformer_at al]. .In addjtion no har noni cs

are gener Re® HGFiHeatdes shfRer sifgyer distribution systems
- 22 - tyiaeasyy ae tdre 28C Hrandf e Stachad i frdqieridy to

perform the voltage step-up and a rectification step at

15 high voltage. This is an efficient process, however
harmonic filters are required to eliminate harmonics
generated by the rectification process. In addition
power factor corrections are required. DC power levels
in excess of one megavolt are generated this way for long

20 distance power transmission. _

For lower weight and compacted application the

Schwarz converter may be used by first rectifying the AC,
converting the DC to high frequency AC, performing the AC
transformation with a significantly reduced transformer,

25 and finally rectifying the high frequency stépped—up AC
power to produce DC. The transformation process at high
frequency significantly reduces the transformer weight,
however, at the expense of reduced efficiency. In
addition this process further penalizes the efficiency

30 further as the output voltage is increased much over a 50
KV output.

In contrast my TPCS approach uses the AC input

directly and requires no transformer at all. In addition
no harmonics are generated with the TPCS conversion



pract’i cal purposes unity. By elimnating the transfornmner and har noni c
filters the TPCS AC to DC conversi on not only can conpete with the
comercial efficiency at the 5 sanme voltage and power |evel, but also is
nore economn c and nuch smaller in size. The DC out put can be
obt ai ned using either two TPCS nodul es as descri bed above. One nodul e
woul d transformthe positive and th&2 second one the negative AC 10 i nput

cycle to high voltag DC. A second option_ is shown in Figure 6 that
conbi nes PceshcRNdnthenAGndPRBEUPEWer fagtop igrfRriatlpositive to

pOSItlvetapﬁa@?g@?Iépufp?sespﬁﬁhtyve ﬁynﬁliﬂﬁﬁaﬁﬂﬂghﬁ§e:Eﬁa?ﬁﬁ??ﬁeihiS
conponent s i sted.in Mms_ 0 e table in
Figﬁre 4. %B%b?%?%%n%ﬁeffgﬁﬁggl?éagegﬁ%u%&fﬁﬂc onQMERESLONSAGEi ng the high

vol tage oueply ¢amcebupeteawdthi thenagmmerappl i efifichencpcabi the and .
econom gl S R&8 r e I «3W t chi ng
section S§ﬁg gﬁgﬁtg ohhdcﬁgﬁaﬁ Qévége & e?}%g %f %agﬁiggéﬁghig

For the po§P@ 9(§E9Eﬂ§rséﬂ[§ﬁﬁf SCR[err], SCR[err].SCR err] SCR[err],
aﬂd SCRerr] are teait Ctmtt;ﬂﬁt rudx} PBee dBt%lﬁB@SIjﬁj_a{ggitfllg-_her ?gfd e. This
charges t t he.pol.ar sho el o e capacitors.
For the pg§F§$ 8#%;5% Eﬁcasscrl Fﬁgaé?xﬁg Re PP UIQCE?E}é and SCR[err]
starts thetranefermnth25p¢ButlwelhndethétseuondcapectherneghﬁibéyAeS i's

shown qry 1%{\2/9“8{;3%@6906;21@@& YBitadlepelVes Staloih! by xis{adégﬂwout put

vol t age of r e2BHAR B process
and "n" ar &nt Fégutaber that comkinest beshi funetienpaint oneswednge. Tri ggeri ng

t he SCR19 36 pefforﬁsttﬁbepbastevhpub gasielﬁéraﬁahnEBStQUépEB i nduct or
L[err]. The c aci tors CLerr%Bang rr] are part of | nput and

out put fllPE?F vefupghipas, @Fyth?hﬁum ° rE@eVﬁﬁﬁp?ﬁantFode Derr],
prevents thistedatnt bhebfidkst awdl thgedf colummsngEnghaegableeiand al | ows

efflCI%ﬂ§ §§ggygpg& SESﬁEXnaﬁgnﬁhgrloghsoggé L ¥§p%gC§¥P€§£gﬁgognd

the AC |npﬁhaVbDGaEbeshﬂﬁgsveégageveu put functions makes in many
applications technical and economical sense since it
shares the two high voltage output switching section
components of SCR;9 and Free Wheeling Diode D¢y, e

20 For the positive AC cycle SCR;, SCR,, SCR3, . SCR,
SCR;, and SCRg are turned on to initiate the TPCS charging
cycle. This charges the capacitors with the polarity as
shown below the capacitors. For the positive input cycle
triggering SCR,, SCRg, and SCRy starts the inversion.

25 This will result in a capacitor polarity as is shown on
top of each capacitor. The inversion will yield an
output voltage of 2nvin, where the "2" comes from the
resonant charging process and "n" are the number of
capacitors in the capacitor string. Triggering the SCR,q

30 will initiate the output cycle through the output
inductor Lg, The capacitors C;, and C_,, are part of the
input and output filtering section respectively. The
Free Wheeling Diode Dy, prevents the capacitor bank
voltage from swinging negative and allows efficient

35 output energy transfer. The positive TPCS operation is

As



controll er and triggering nodul e (not shown) switches over to the

SCRlerr], SCRlerr], SCRerr],.SCRerr], SCRlerr], and SCRlerr] for 5 the

charging cycle leaving the capacitors with the polarity as shown in the
circles. To produce a positive out put voltage the SCRerr], SCR err],
and SCR[err] are used to i nvert the other set of capacitors. The

di scharge cycle Is identical to tha23of the positive input cycle 10
operation and again uses SCR err] and Free Weeling di ode Derr].

The i nput ﬁﬁﬂeégﬁﬁuﬂscépﬂgnﬁsl§h&sl§D§EnCYﬁbe i® positive) in Figure 6 and

consists for an AGd nine ZQO’Ci @ voltEyy skiing sch‘{ég%%lvéﬁdl{@ a high

frequency out Ellte g produce a step g; voltage with a shape
that is ©R8 FP PYeAPAC FlﬁgeFHEH BPdélFuKP° §%°WE%tFWF Fhesgo reduce
t he i nput biee tbpphe Bar, 8 #(BCR,; f 0 aMd SCR,; for

t ransf or, e St rq d t 0"t he. out put .
As mﬁth!geﬁégu%gégbgﬁge g%ﬁg 5§55§g$§grg§§a§§F§§ cgﬁﬁg ﬁﬂﬁtlon phagepu
dlstortlonppéhﬁstY agl sbowni uw N@#n@ﬁt@éegeneTatpn9¢usenaepdsutmgethe | ow

vol tage paphtphtt Y81tasdt th@est‘kﬁlé' fs@g volahag8cks £2E use t{;ﬁ“ the -
filtered oytput v Itagg and n f ¥ N be F%n erre i s applies
al so for tABVEpESth bex: 8 °5n°% B3CeET But TBeadF§§§éFgae§Y§ée si nce

t he TPC3st ddentdranat iton thatt @fC&hebpostiltevéeﬂnpﬁtbeyclearbltrarl l'y high

ith ty t ff N b
ooy il FRBRL a8 WA BRAT. scrct 4 e ARG TS 2 e
TPCS AC 300&9 DC inverter. Cne approach to eI|n1nate I nput
har noni st 12l dy h i t
and SCR{err]. %efuﬁct?oﬁnﬁ'%@ﬁ EEREHE 44 loun e r o1

capaci tor BEaRe)f iphFigame Bonggeansisss ﬁQW'aByA951n§u§rFNﬁéeth§ conplete

capaci tor hamy EQQSC%Q@QEEQFSU&ﬂdg a high frequency output filter
stara out wth afgynze OSIte?BO arity, t han the

24 - ro volt
“nput HF ¢ #4331 rodics & & wES ol aake v1BR O hebe: Ehakk iso bo
char ged r epeardyl idemtillcalhdosdhadgef a full wave rectifier. To

reduce the input line ripple for a TPCS single phase AC
to DC transformer/rectifier standard filtering has to be
added to the output. As with a regular filtered full

20 wave rectifying configuration phase distortion takes
place with harmonics generation, since during the low
voltage part of the input the rectified voltagé is lower
than the filtered output voltage and no energy can be
transferred. This applies also for the TPCS

25 rectification process but to a lesser degree, since the
TPCS transformation ratio can be selected to be
arbitrarily high without major impact on the system
efficiency. Such harmoni¢s can be completely eliminated
with the single as well as with a multiple phase TPCS AC

30 to DC inverter.

One approach to eliminate input harmonics is to
add to the Figure 6 circuit inductor ILg +SCR,; and SCR,,,
The function of these components is to invert the
capacitor bank if the bank voltage is too low. By

35 inverting the complete capacitor bank the capacitors will



is sufficiently high to allow a full discharge into the 5 DC output grid.
The charging process is perforned in such a rate to extract the correct
energy and charge from the AC i nput cycle to prevent harnonics
generation. The process for the positive input cycle is as follows. If
after the charging the capacitor volta e Is too low, the 10 foll ow ng
switches are being triggered; SCR erf]; SCR[err] SCR[err], SCR err],

SCR err], rr The current will be f ow ng , through the i nduct or
L6, until t%ea’gg?&% "Jo‘rt MR gRioltags, &HRPe“ﬂiﬁ F9¥3X1%%e i nduct or
val ue can behageltdst dohput tvm:](migem zahild scopErtdiorowi A taenddﬂet}bélnk

i nversion i I;p%tlﬁc V. vGale is n|t|ated
as describ %ﬂ%ove | nce%gnq%%np'?%ﬁtde\?glx{ e%tteglﬁ'regiaﬂq%/]g t%e p%?%\ s on
the capaci t¥¥ Sufficipmidvbighda pdidp a tuld ailmczj‘kme/oima@ethé'hl s
process samdeoutiRfdlfadd. AL HardiTRs priddsd e Wl %ﬁ’ﬁné& dﬂgff' ciently

hi gh. 20 For _the negati,ve c cIe th sarre rocedure can use
sel ecting tFHFRE S e &Q ¢ ; qGF hengyyand chargesfrom of the

swi t ches usthe fxg Jtrtmt/a:yicﬂws to paqwatu‘ Armoliec sl fed Rt ik ftpwer sion

rocess fal col
P 25 - ﬂfocess“[ﬂﬂ{:zﬁ Cul® lﬁre quanar@!ﬁ <itjjle[ H'és R t‘?‘blr]em(ﬁlar gﬂﬁg
process | etaﬁ@%mhﬂmlﬁméhmmwtmg@qkaqaarm toul lowf heheéniti al
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polarity is on the capacitors, the bank will be charged
to a higher voltage. This process can be repeated
several times until the voltage is sufficiently high.

20 For the negative cycle the same procedure can be used by
selecting the correct switches. The Table in the figure
lists all of the switches used for the various
operations. The described bank inversion process falls
under "INPUT INVERSION" column.
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repeated to yield after "n" cycles a capacitor voltage of Vlerr] =2 n
V[err] and energy of E[err] = n[err]2 E[err]. The use of this cycle

i nversion in conjunction with the appropriated i nterval s between

- charging cycle allows the | oading of 20 the AC input such that no harnonics
are generated and the effective load for the AC grid appears to be
resistive. A nodi fi ed chal ¢ approach can be used with a

pol yphase AC grid that .does not require.the fyll bank . . inyersion between
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repeated to yield after "n" cycles a capacitor voltage of
Ven = 2 n V; and energy of E;, = n? E;. The use of this
cycle inversion in conjunction with the appropriated
intervals between charging cycle allows the loading of
20 the AC input such that no harmonics are generated and the
effective load for the AC grid appears to be resistive.
A modified charge approach can be used with a
polyphase AC grid that does not require the full bank
inversion between charge cycle. By charging sequentially
25 from different phases with opposite polarity the bank
inversion and some switches can be eliminated with an
increase of the logic complexity. This will be further
covered in a later section.

Polyphase AC to DC Transformation/Inversion

30 The single phase AC to DC conversion configuration
described in the previous section can be used as a
building block. However most high power converters use a
polyphase input such as the output of a generating plant.
The single phase TPCS step~-up transformer/rectifier



section will describe a second nethod that utilizes the vol t age i nput
froma plurality of phase. This architecture and node of operation can
be al so adopt ed for reactive power generators, harnonic filters and can
20 correct the power in an unbal anced |ine. Figure 7 shows the
schematic diagramof a three phase AC to DC converter. The converter
nodul e cont ai ns the conponents as-skéwr in Figure 6 with tw additional
i nput sections connected to the electrical point "A" as 25 labeled in
Figure 6. Wodhlehdnpudi siectdon descaidred, cancbeomedifdedetioc@ldaw accept

the input fipaEeal lfrw %re thaind &@Fﬁ%s@nd R sbaldaitfieakas ifye and
negative AC %é& e out put w | a cqn antn%Gp st epped- up
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descrbeg (87T el S0 deliecg e el ihe g off e Yo g vavetorm
sectlon will describe a second method that utilizes the
voltage input from a plurality of phase. This
architecture and mode of operation can be also adopted
for reactive power generators, harmonic filters and can
20 correct the power in an unbalanced line.

Figure 7 shows the schematic diagram of a three
phase AC to DC converter. The converter module contains
the components as shown in Figure 6 with two additional
input sections connected to the electrical point "A" as

25 labeled in Figure 6. With the additional two input
sections the device can accept the input from all three
grid phases and for both the positive and negative AC
cycle. The output will be a constant and stepped-up
voltage DC with constant power. The other important

30 feature is that controlled energy can be extracted from
all three phases at any voltage specifically at the low
voltage part of the cycle thereby eliminating the
formation of harmonics on the AC input lines and ripple
on DC line. .

35 The charging cycle of phase 1 is controlled by



phasé¢ 2 can charge the capacitors to the required voltage A and a single
charge operation is used. The problemis t hat phase 3 has an absol ute
|ine voltage of less than 20 A/2. By triggering SCR err] the capacitors

w || be charged negative to a value 2 V[err], and will extract an energy
of E3 = 2 V[err] (assuming unit capacitance for sinplicity). Wth t he
capaci tor bank being negative we next—t27gger the SCR[err] for a
positive charge cycle of phase, 1. This will 25 charge the capacitor bank to
V[err] = 2 §GRer Apd- SQReor3)d isj assunpd, £p have; thacyattase the charge
voltage is wafdfdrii hef Vf(t) AéA cosmle) poi Phasde ipsﬁdpseraiﬁérrs an
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positive  phase 2 can charge the capacitors to the required voltage
A and a single charge operation is used. The problem is
that phase 3 has an absolute line voltage of less than
20 A/2. By triggering SCR,3 the capacitors will be charged
negative to a value 2 V3 and will extract an energy of Ej
= 2 V32 (assuming unit capacitance for simplicity). With
the capacitor bank being negative we next trigger the
SCR, for a positive charge cycle of phase 1. This will
25 charge the capacitor bank to V3; = 2 (V; - V3). Since V,
is negative, the charge voltage is larger then "A". At
this point the TPCS performs an inversion followed by an
extraction cycle.
The total energy extracted transferred is E. = 2
30 (V; - V3)2. The energy extracted from phase 1 is Ej; ; = 2
V,.(V; - 2 V3) The two step charging process increases
the energy extraction.
The two step charging process can be reversed by
first charging with phase 1 followed by phase 3. It can
35 be shown that the total energy transfer is the same,



and the two step charging schene is being used between phase 3 and the
negative phase 2. This process continues 20 until phase 3 reaches a val ue
of /2 at the electrical 60 degree point. At this point the rolls

bet ween phase 3 and 1 are exchanged and the process continues.

The controller nonitors the input and out put vol tage and controls the
switch triggering sequence and 25 the 28 me peri ods between chargi ng.
Several TPCS nodul es may be used to increase the power throughput and
reduce haweNeghthecgneney extraeted euhupfchbase. 1ShaeEgs, it e 2
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At the 30 degree point phase 3 becomes positive

and the two step charging scheme is being used between
phase 3 and the negative phase 2. This process continues
20 until phase 3 reaches a value of A/2 at the electrical 60
degree point. At this point the rolls between phase 3
and 1 are exchanged and the process continues.
The controller monitors the input and output
voltage and controls the switch triggering sequence and
25 the time periods between charging. Several TPCS modules
may be used to increase the power throughput and reduce
the high frequency filtering requirements. Some of the
inductors, input and output filters may be shared.
In summary the TPCS polyphase AC to DC converter
30 can be configured to allow constant power throughput thus
eliminating all harmonic filtering requirements on the AC
as well as major ripple filtering on the DC side. 1In
addition a unity power factor is maintained, since the
current and voltage is maintained to be in phase.



20 Mddul ated (VFM inverter. The TPCS and its control system can
rreconstruct an unlimted famly of out put wavefornms. One of the

wavef orms can be the desired AC output with the desired voltage,
frequency and phase. For an AC waveformreconstruction the TPCS
system 25 can be fully charged fromthe DC line but with conti nuously
varying charging intervals during the28C- output cycle. The interva
spacing will -be inversely , .proportional to the square of the

i nst ant anRRsEDAPUEONVeLBLPRge requirement. As the AC power requirenent

changes 30 the chaned nedoiveirédon ERendaighy&oldtlageMdd ddha power
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but with \BRTERRRSARBE FaBePE Ry TOrmed @t T0e FPAsCE §alPRE| e out put
anpl i t ude ¢istantéewChtranshissihenglimetqgrtapetheuend bE€i agD@r ppweti onal to

the 35 LN neo t ' .
5070 SELSEinubEoh BVBREAT PO INE DR BoVEL B9F BEILLRGEEEE o 0
of oper at i balaneedr thegebépswruisinle) codsaelCnouEPut Wikhis of Variable

Frequency #bhdcdati 2BhaiAgPbet tHe pc LRphtol TNEVLWEEht 8an be Figure 8

shows a nodule.to.reco sbrag% oge phgse of a Rolyphaae Agtllne froma DC

"nput. ThePERRLPSRY mafehed topie RBRsne fERRRERFYy BPY, PPYEAREHPEh DC

filter theoexishéngegréd ohar yong spethficaputputr regniremendnsi sti ng of
th St d CJ baRk 4 s I i

i ough % hh B cRRCoL opyetatph Becthal HlerBE uune’ FITITRE Yool 10

through the'in ] : ~ the reconstruction
of a positagein upifpymlyyand the Fapversten Widilcpreoveidr ar hprmeolcerr] and

SCRlerr] srabevHitdqgellde paRdc Legal¥LLAARE BAtpLtlY BRkODe Pfer after
the positiye cycle inversion are showy bg %he uEE%%egi and | Qquer set of
S

signs respa8t FHEPPeATROWR; &9l Ehgeregpiredspgnyo evRd ¥Witkautors shows
the inverteHe regap@enedits ofolcbageyperansEyrherst, hharmealiicy € iACewec! .
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is used as a Free ThecTP0f Bwerter ois a power converter in which
the normal direction of power flow is from a high voltage
DC source to an AC load. Its typical operation control
modes can be classified as a Variable output Frequency
20 Modulated (VFM) inverter. The TPCS and its control
system can reconstruct an unlimited family of output
waveforms. One of the waveforms can be the desired AC
output with the desired voltage, frequency and phase.
For an AC waveform reconstruction the TPCS system
25 can be fully charged from the DC line but with
continuously varying charging intervals during the AC
output cycle. The interval spacing will be inversely
proportional to the square of the instantaneous output
voltage requirement. As the AC power requirement changes
30 the charging intervals change inversely with the power
demand. The TPCS inverter could also be operated as a
constant frequency but with Variable Amplitude (VAC).
This requires a variable output amplitude control with
the energy output per pulse being proportional to the
35 square of the instantaneous output voltage reguirements.



prevent the recharging of the capacitor bank. This al l ows the maxi num
power throughput at the top of the cycle by discharging all of the
capacitors simul taneously. During the |ower part of the AC cycle 25 the
capacitors can be discharged at a slower rate by usi ng a sequenti al

di scharge. The electrical circuit shown all ows such a node by first
triggering SCR err] and SCR13 to drstharge C[err] and Clerr]. Triggering
SCRlerr] and SCRerr] - next, while SCRerr] and,SCRlerr] are still
conduct i ng, Eafh | aRRr 2¢Rhas el seAyrptages cand cAispdvenspgpsandTheerr] .
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capacitors voltage polarity for the negative AC cycle.
The positive output cycle discharge is initiated by
triggering SCRg, SCRy, SCR;g and SCR;;, SCR;;, SCR,;3;. As

20 before the SCR,y5 is used as a Free Wheeling Switch to
.prevent the recharging of the capacitor bank. This
allows the maximum power throughput at the top of the
cycle by discharging all of the capacitors
simultaneously. During the lower part of the AC cycle

25 the capacitors can be discharged at a slower rate by
using a sequential discharge. The electrical circuit
shown allows such a mode by first triggering SCR;, and
SCR,3; to discharge C; and C,. Triggering SCRy and SCR,,
next, while SCR,,; and SCR,; are still conducting, will

30 allow the discharge of capacitors C; and C,. The diode D3
is added to prevent the capacitors C, and C, to be
recharged. Finally the set of C; and Cg4 C, are
discharged, with D, being used as a blocking diode to
prevent the recharging of C; and C,. This mode of

35 charging and discharging allows a smoother output for the




anpl itude and phase. Vari abl e Frequency Converter W have
seen that the TPCS can extract constant 25 power from a pol yphase AC grid
or a DC line. This power can be used to reconstruct an AC pol yphase AC
grid with regul ated output as has been covered above. The
reconstruction of the ACgrid is not restricted to the I nput frequency.
This allows the use of the TPCS AC t® 3D AC transfornmati on systemas a

direct link between two [ ndegendent grids, operati %WI th a different
frequency loweprveltagecpant phathe AC cycle angywikdr iy @ mesuged o AC

TPCS syst eﬁl&ﬂ“f?@quencgoﬁiiﬁbkiﬁgt PelL9eEMENR . Valrhab i shidRaitiyge out put
for the 35_regu| at h
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efficiency sim to that of a,st,an£r AC transformer. No upper

frequency schematdcaddstri Qlgh adddidgdmumher &F fFClem R | Thiewn

converter. flop ddiriitgn no harnonic or phase distortions are introduced
on to tf& | nput gr+g'reconstruct a full polyphase output several of
such modules are required with each one being
appropriately controlled. If balanced harmonics are
generated by the load the TPCS master controller can
control the output to neutralize these harmonics. The
20 output becomes simply the superposition of several
frequencies with each frequency being controlled in
amplitude and phase.
Variable Frequency Converter
We have seen that the TPCS can extract constant
25 power from a polyphase AC grid or a DC line. This power
can be used to reconstruct an AC polyphase AC grid with
regulated output as has been covered above. The
reconstruction of the AC grid is not restricted to the
input frequency. This allows the use of the TPCS AC to
30 AC transformation system as a direct link between two
independent grids, operating with a different frequency
or a different phase.
Furthermore the AC to AC TPCS system can be
controlled to produce a variable frequency output for the
35 regulation of high power linear induction motors. Since



Regul at ed VAR Gener at or TPCS nodul es can be configured as a fast

r.esponse 25 phase angle correction systemfor both | eading and | aggi ng
VAR, As described in the AC to DC power transformati on a TPCS nodul e can
extract power or charges froma low voltage line and injects it into
anot her |ine havi ng either polarity and al so higher instantaneous 30
voltage. Wth the fast TPCS operatingiﬁhaTacteristics such a VAR
generator can respond on the tinme scal e of fractlon of an AC cycle.
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phase V4R ﬁ&@éﬁf%égtggéstl ng capacitor banks may be used in

conjunction w [es to control the desired flow of reactive

energy. By either The Us® i9fg & (TR BE€ Hn&C st@pP UR KANVRFIAKICIRD t he

line the QSérﬂgédCBétﬁeeﬁvargenefaeoﬁoanaetnecysher geigoni gaigeneration
can be 10 co et el erforned, as for all of t he

descri bed’ op %9éfgbﬁang?¥hbﬂPr?g?cB%ec OHET 9F 34 of the switching
el enents. dhectrbmechanicad| tabitbhyusiahcagtbentoyatabnonfothehe TPCS

dul ad f d d 15
Coml ol Qeneﬁatgeg LERMhOY LaqhiRe8 €62k §xs{os£nfas @ghh boniegduced 15
contr ol caﬁlbb thep@?#érneanwﬁﬁﬁtlﬁéébeﬁﬂéﬁtngﬁﬁl@pr&§6rVRRr§oﬁﬁPolIers

Reduction gé gheémERgted, SEQh%@ethQQQPCQ”EGttéaﬂcbéonve%%@Q”EthE%d if the
ener gy storage cag gltor banks are. 20 s ared g gegn th si ngl e phase
VAR gener aBbf icientgy,conygrt, aB&I&FEEﬁ gFRgt SufinGe f1 ow and

outfl ow of genaechtve enepQy aifdahgacregaencyr eot matth the frequency
15 of the power grid.

In summary the TPCS AC to AC converter can be
controlled to produce a variable frequency with
simultaneous amplitude control with an efficiency similar
to that of a standard AC transformer. No upper frequency

20 output restriction does exist such as for the cyclone
converter. In addition no harmonic or phase distortions
are introduced on to the input grid.

Regulated VAR Generator .

TPCS modules can be configured as a fast response

- 25 phase angle correction system for both leading and
lagging VAR. As described in the AC to DC power
transformation a TPCS module can extract power or charges
from a low voltage line and injects it into another line
having either polarity and also higher instantaneous
30 voltage. With the fast TPCS operating characteristics

such a VAR generator can respond on the time scale of a
fraction of an AC cycle. '
If prbperly controlled the phase angle correction is
performed without generating either harmonics or phase



energ} storage bank is zero at all instances of the AC cycle it becones
obvi ous that such a shared bank can be 25 significantly reduced. In fact

t he capacitor bank and its charging and di scharging steps can be

conpl etely elimnated with the reactive current extracted from one

line and with the direct reinjected into another |ine. The sinplified
schematic in Figure 9 illustrates such38s-30 system The
illustration shows a controlled TPCS VAR generator for a three phase
grid wth gigsgritdon.ThiFer badange qalyphase exdds wyapdR @anerdtor grids

having  Lah#eGurdEidns das‘esphﬂﬁﬁsfe{dirﬂéwm%fabé o UnelyyEHssary to
have a neutral Since TP VAR gener a

- 34 - PAB&UPEs ac &Y IRPIIRIY. redudEene S masts
Figure 9 sbpma&ﬁiaCSyrsw:ﬂsa WiHdwebair), tfea Isi\ugle whaskgarzand hi gh vol t age

sect | ons, CRNISEHRT 0 it e Gapa AT Bllicd P BTl G THT S Syt em

archltec ureis a can opera e A BT ated VAR
gener at or Qﬂajmms’#ﬁh tRRCS madnlesida seniaralsdhe despireshdf lpw

extracti onggr r@a&qtvé)réneigy VA%;ﬁeéﬂ}?éz‘ Qsactradalﬂ?j Yerldie dryy 3 V%é age end

of the TPCS wil | use arnmonji cs filtering functions the front
end i s mi RFy i % g’fa‘ﬂ‘nér‘}fgp &he ddine Fhe Gammecty GhRLgR| A¥RT hi gh
vol t age endh@boﬁdﬁﬂ&h&er@c]rea,l Hemiomits generationlkeanVAf@ gener at or

Frow it SERBIEEELY dtibilcen. ; (L B R R o % L9l 15,
par anet er . thei gmqnlm&m&mmmnpmwmmmmed commutzak don r eadi | y
proven ”at@%“ﬂﬂéxgdﬁbchlng el mertSS UM gk gﬂgﬁl ator is connected
as shown i n ure %r ee phase grid w t]h reac ive | oad. The
vol t age an&q“é‘é’@ﬁ ‘I:tﬁqré’rﬂt%néﬁ‘él%ﬂ\% e t'ﬂ?é:Szmcrdsﬂema@i equati ons.
V1=Vm cos( &ilghificantly to the dVérdID SN trel {81174), reduced

15 complexity, and equipment cost.

For a polyphase grid the TPCS VAR control can be
performed with independent single phase VAR controllers.
Reduction of the energy storage requirement can be
accomplished if the energy storage capacitor banks are

20 shared between the TPCS single phase VAR generators.
Since for a balanced grid the sum of the inflow and
outflow of reactive energy and reactive current into the
energy storage bank is zero at all instances of the AC
cycle it becomes obvious that such a shared bank can be

25 significantly reduced. In fact the capacitor bank and
its charging and discharging steps can be completely
eliminated with the reactive current extracted from one
line and with the direct reinjected into another line.
The simplified schematic in Figure 9 illustrates such as

30 systemn. |

The illustration shows a controlled TPCS VAR
generator for a three phase grid with a neutral. This
architecture is equally applicable for grids having
larger numbers of phases. Furthermore, it is not

35 necessary to have a neutral since TPCS VAR generator



V2=Vm cos(w*t + 2[err]/3) Ir2=lro cos(wt + [err]/6) V3=Vm
cos(wt + 4[err]/3) Ir3=lro cos(wt + 5[err]/6) Figure 10
shows the power voltage, reactive current, and 25 reactive power flow of

all three phases. The operation wi || be denonstrated for a phase angle
of wt = [err]/12 or 15 degr ees. Fromthe traces it can be
seen that energy needs to be extracBdd-fromthe grid when the shown
reactive 30 power is negatjve. \W start out by triggering SCR4 to char ge
t he capaci wesnHase S2ifatugh aanRectetc between phages enar gi ng peri od

i s again control | eHigyréhe snbwe a TREStHEILIEUGith. bbih &hHe Shys the
resul t - of . . -.35 - oper ati on.
“Colum 1 dé}éﬁé:r?gteegr\dhglg&ervé’tllt(ﬂgeans(qulﬁnss comeeted ko atd 1Ggg,eeco'l um 2
lists the @hases ofwithehgower gmildimm Thiiss sylseemidrchitd@Stuecapasi aor bank
vol t age | t | val gt Vm 5 colum 4
5 JuHdMId FRANIR Bt BB G o LAl ALY VAR

gives the final capacitor voltage, "C e normalized charged
transfer tSaNeFafiexrs@ndghprmonige | filteg.umBodh ende earrbe usedsferred to

the pgase for @@ geﬁeaicfmdﬁl@rerwigm‘wtiwﬁ barde ofiik 08&nbPaion VO! t-agg
Vm 1 From,t | r.sty.operatipn see that r was extracte
from phase TR G %I‘We ‘%’a?hﬁ?o%se%aﬁﬁ%\g&e[ %Pcréatﬁ'egﬁ l?%e‘@ﬁ?t agBoBf the
phase. The hpogionins filiteriolg fundidaimtpe thrartf eendolsmmaingiycat es t hat
a positiyye | | 'égggﬁa fingls ¥0 f.the first 15
operati oﬁ Blescec?crrgs&rf%‘%ﬁi)i%a calapam gfr]:'‘.)v-l;ho_ﬁ:tl'laég.(Iy11 o#d/t%’té&géhgegﬁﬁﬁ operation.
The. second Wpdase end £amithetanengy reinjepfddmg SCR5 in oder to inject a

negative charge anghe vERe§EHekBtBrPBaAErd11dhechhnali thdRagid tage and
charge tra iier i S .given bé; 20 Vi = 2 \jph - Vin du1a err]Q=2C
(Vinm - v She reppriye Pttt At Feantd YonRswer (Blow. [SeRfEoiling
Vin[err] - afftfhenr Jond 2ill control automatically the other
15 parameter. This will become apparent from the example
and can-be readily proven mathematically.
Assuming that a VAR generator is connected as
shown in Figure 9 to a three phase grid with a reactive
- load. The voltage and reactive currents are given by the

20 following equations.

V1=Vm cos(w*t) Irl=Iro cos(w*t - w/2)
V2=Vm cos(w*t + 2mw/3) Ir2=Iro cos(w*t + mw/6)
V3=Vm cos(w*t + 4n/3) Ir3=Iro cos(w*t + 5w/6)

Figure 10 shows the power voltage, reactive current, and
25 reactive power flow of all three phases. The operation
will be demonstrated for a phase angle of wkt = n/12 or
15 degrees.
From the traces it can be seen that energy needs
to be extracted from the grid when the shown reactive
30 power is negative. We start out by triggering SCR4 to
charge the capacitor from phase 2 through the inductor
L2. The charging period is again controlled by the value
of the inductor. Table I shows the result of the



and s positive as expected. Operation 3 is an other recharged cycle
fromphase 3. W note an increase in 25 energy transfer fromthat of the
first operation as a result of the initial capacitor voltage.

Qperation 4 is a second charge transfer to phase 3. This will |eave the
bank at a final positive voltage of significant anplitude to inject
charge and energy into 30 phase 1. #hi3®s will |eave the capacitor bank ready
for anot her recharge from phase 2. The above sequence of

cycl es extwwa;tmr gyediumn 1 destigmatesyihe opesation tand bbshksphase 1

and 3. @Hﬂﬂase imAOWRd e dasid 211 fdies %weé&&tﬁmf sepechesd.

Col umm 35 ows the total charge transfers, and can
- 36 - colurn i 3 kS V1S b le TRES FFQH?é:%%ri&m&a‘f°¥Bﬁ%?r enent s by
mul tiplyi ngosree] § AL ey ecHa miphiimdly pHseapBiadatanplitude vajerval . The

time interval was, sel ect t 0. ymat.ch the charge inject| rgquirement of
phase 2. ai%m’bp%r%‘feo%e‘f sfelrrb%Jt coart'%c%a Tantt c%ﬁ%bc§+§/8?ﬂegcharge

i nj ection bﬂst\gethephmsnaﬂlmzd FThagedntandfers tdhethe phasgsej vandner gy
extractionesh %6&5119&0& Qetﬁ&ré«?erg){m&%&aeobehsogﬁaged to the

theoretlc col um 5. tenpt Is made to tr t he energy

10 transfeﬁOEmﬂlaiez?@ 0 Fhe Snergy (FRY ckhe hankichr¥9sdtke @ energy cones
out aut ome{bteide. vﬂable 2 shows also t he net charge and energy transfer
for all_three p a% e zero. The ut atlon bal ances for

the  Xkception é"&‘uﬂeflla'ﬁil °8ﬁ§ra O YEhESHa HH Mgy will be
used i n t hextoatbed nfropepldasen? and that théThadbewaslohargedhts poi nt

050 SHIELE £h8! 961 caqd e UREIBAEL OPOHAL B (0L nImuRRORE! 0N O 7.

and 8, WS an i seque operat
capaci t or baakchergag'@rmsfehecwmg %M%@g@%othﬁ-t? pesitdvehar ge

i nj ection bﬁ&?eﬁ@aﬁ ﬁeméfhiﬁdﬁesal r ephgi fbﬁél avoltsgapbet eh\éolftﬁ&%
reversal _internal externally with the

the TP
Addi ] ob oPPERBE 1°X|h%%?@f’%ntE%c}?bﬂléﬁng?E?‘ngméfVgi 38 Of Ehfes SCRI3

and second operation. The second operation is initiated by
| triggering SCR5 in oder to inject a negative charge and
energy into phase 3. The final capacitor wvoltage and
charge transfer is given by; '
20 V£ = 2 Vph - Vin AQ = C ( Vin - Vf )
The energy injected into phase 3 is:
AE = C ( vin? - V£2 )/2
and is positive as expected. Operation 3 is an other
recharged cycle from phase 3. We note an increase in
25 energy transfer from that of the first operation as a
result of the initial capacitor voltage. _
Operation 4 is a second charge transfer to phase
3. This will leave the bank at a final positive voltage
of significant amplitude to inject charge and energy into
30 phase 1. This will leave the capacitor bank ready for
another recharge from phase 2. |
The above sequence of cycles extracts energy from
phase 2 and transfers it to both phase 1 and 3. Table II
shows the result of the 5 operations described. Column
35 2 shows the total charge transfers3and can be



SCR14. After the nunber 6 recharge cycle the capacitor 25 bank is left with
a- negative voltage. By triggering SCR14 the bank polarity was inverted
before the charge i njection operation involving phase 1 could be

per f or med. The control operation appears at first

conplicated, however the logic can be relatively easily 30 fornul ated and
can be readily inplenented using noder@6é - control technology. A controller
woul d detect the reactive current and cogg re it with the preprogranmed

r equi r emenfuanrkd tptdyedyc Fospages, ¥ithn theuthepreticad) segnd rememdast ¢ he

magni t ude bf mhatYARydewethlel Readtifvedeured@it! by @g@p@?@&bgqum%pld keep
track of tg reactive-

current ro&P&i%PFFEUFidn SRe kdmen inkeryado vas S&ﬁﬁcgépe' te madeha series
of operati thel cheggendagecitdon rbqsﬁremenkoomEQhashezrethmed reactive
current s ofeehkliby 1an sdotldy 1 b%llgmppﬁog&%f&hgo Blo 2l At Chaces

The descrlb d VAR reqgul ation can be
i f a neutr&nJpstion wegn Phase Thandoger atqodmlmleéwsmsadﬂlld i onal sets

of swit chege@Btive! BRcrgieextealitidh o tﬂ?ﬁé@%ﬂi%eof' Rhaddine@n the 10

conpl exi ty_and co nent ount |s i ncreased, however, sone sys em

advant agesP ﬁﬁ ga to jthe thegreticsdd vedae daveral of
such nodul eelnnya 5e ojer atta:émpt iis mﬁd el tialck s:tm& Speci fically
deS|gn f d | operatin en ted 15
phases 10 | BEans e EIAce K Er e B g e e i R e d o e sect i on

did- onIy useergy FP@SSfP@ﬁta@ﬁema§l§addwaC|ﬂ@ble 2 BhoMacalbm'thenple VAR

correcti onpbechi vgh@ag@egbgp ReALIQN nd a
sinmpl e Capgﬁléiﬁ ggﬁ 20 be use Fﬁapfgﬂgoace %%Elgh ron? %%E %?1&&

oper ati on & FEEQ- nthGhF?mPHFaFHQNVRRF@Qﬁ@ﬁa|QﬁTqMﬂ can be
ext ended texbbptd.bltnelbfomareatrle@ﬁddﬁ&crelnlé@djy Aint Rhe barﬁdoecixfmc.,atlon W t hout

e oha>, ERrD 9113 B0 4048 3P tne 'roiTbuihg opabBilEH.>e S N9te O
The operation to this point involved simple charge

and discharge operation. Table 1, operation 6, 7, and 8,
shows an important sequence of operation when the TPCS
capacitor bank voltage has the wrong voltage polarity for

20 charge injection into phase 1. This requires either a
complete voltage reversal internally of the TPCS or can
be performed externally with the addition of the
inversion section conéisting of L7 and switches SCR13 and
SCR14. After the number 6 recharge cycle the capacitor

25 bank is left with a negative voltage. By triggering
SCR14 the bank polarity was inverted before the charge
injection operation involving phase 1 could be performed.

The control operation appears at first

complicated, however the logic can be relatively easily

30 formulated and can be readily implemented using modern
control technology. A controller would detect the
reactive current and compare it with the Preprogrammed
requirement. The frequency of operation would be
selected to meet the magnitude of the VAR generating

35 requirement. Computations would keep track of the



25 oﬁtput or output of other. waveforns. The input may be froman AC grid

ar froma DC source. The limtation is I n the output voltage range only.
Wt hout the TPCS an out put of the sane or reduced voltage |evel is nost
practi cal . 30 Inductive Energy Storage The basic TPCS all ows a
conpl ete el ectri cal di sconnection between the input and the output.

Thi s reliable high voltage "Opem &y Switch" function is the m ssi ng
i ngredient for practical inductive energ

- 38 - reaqk iy current f1°VE§¥§$E¢ER%EP%S°%a§%esﬁhﬁﬂe PRAGEE; ve energy
storage r%a@élé&l@hfi-@maveeﬂms %3l aﬁi@nax seqﬁeﬂeeélﬁﬁatly | ower in
capital c The | | eneptati on 5 of % e TPCS as ogﬁning or di sconnect
switch aII tt?ﬁ? d?%ﬁ? ? FRPr R ERToh BF Eﬂfﬁe i nducti ve energy

storage sydistribution andFstayewitihis EPGS nppefabilosahematic for a TPCS

nagnet|g<ﬁgﬁ£@éé%gﬁgge assenbly 60 that allows the 10 controlled buil d-up
of a large current and inductive energy in an inductor 61 froma power

source. Wth two Theydafsrd brdCY AR agoad atrien: naty ik Roti Hedkrtect i vel y
o ol e e e e e R L L8b e (™ rhe Tree
wheel i ng Eﬁ?&?soPﬁFﬂé6°n rﬁﬂ?lge ?déf [ Pﬁg gg ﬁgdﬁwégFgan PBcti ng
energy intthe loweri tdmminal of the ModuYéth Eneaddibdbhdthp to the desired
V200 40 TR et BUSARNTRCRNSR AT SRR BB ey B e
At this p0$n$tGMeadP@Bta99ﬁn@QYehethe@bghedhe Flns@ﬁyerﬂF % to the

i nduct or rﬁH&SfEEBéd%ﬁHE' Ee@@éa@l fheﬁgsdmoduqaaaﬁ.hyobebaa%ralt@daddI tion

this bank wll becone etelé i sol ated, fromthé inquCtor as soon as
t he SCR[erFP parallel w1th some modules specifically designed for

ener gy.

dedicated operation and operating between dedicated

15 phases.

The operation described in this VAR generator

section did only use the TPCS front end as a capacitor.
In fact for simple VAR correction the TPCS voltage step-
up operation is not required and a simple capacitor can

20 be used in its place. This front end mode of operation
can be used not only for the VAR generation but can be
extended to the other operation described in this
specification. Without the TPCS step-up or step-down use
I can still synthesize single or polyphase AC output, DC

25 output or output of other waveforms. The input may be
from an AC grid or from a DC source. The limitation is
in the output voltage range only. Without the TPCS an
output of the same or reduced voltage level is most
practical.

30 Inductive Energy Storage
The basic TPCS allows a complete electrical
disconnection between the input and the output. This
reliable high voltage "Opening Switch" function is the
missing ingredient for practical inductive energy



25 is reverse biased. If the output interface circuit is properly

desi gned, the output can be stopped with a new charge injection fromthe
TPCS chargi ng nodul e into the i nductor as long as the TPCS

I nst ant aneously injected current is larger than the output current. This
will 30 back-bias the output SCR err] assenbly and turn it off. At this
poi nt the new i nductor charging cycle 3% started. A filtering network 65
may be added for comnponent protection. The systemis
controlledsﬁyrggFe trigger 35 controller. It receives the external

oper at i onal As many studles have shown, inductilife -energy equi rements,
I n and out %t condi tions ggﬁegerates.tgg g&ntch tr g er signals.

Rel i abilit PﬁﬁQStrS?“%ﬁss €SS Welgite )P ?Fatgngt k failure in a
st andard isugnuéncﬁnbiycbnvertén waplitelt bestcalbe amplementaipmase to
phase 5 O0bediheChrpbE hLngn Iuné\ 8k Ttk 8E0RREBRNENL £EA! bYABWEN tne 3 TPCS

|nverter or converter w.l cau he same catastrop es and
requires nﬂ@ﬁcFé§§lp#BP&GWPBHat1°§n8ff§BFP éPe&P@Hﬁtéﬁﬂlﬁﬁéﬁgy In the basic
TPCS 10 opegktairh a givkitem.a relative small capacitor is being char ged

f i M I I t t ack
CWIT ot cause a MAREE e € AR F herals e o TR o
readily. Mhhbnet1seeaeabyTB€8ragéuhssempéyasbnghah pddakiselthiehe defective
15 ”DdUI& < re htpo1h34 Bl daBB B?e IEQEgQ'BQrEQ?E aﬁah15ﬁG% operati onal

wi th on uctlon he™maXi mum epalrs can then
be schedul ehergy tmean 1a§pp§9r| étlearpmrre power sourceTheW@Mr dm™oon of the

basi ¢ TPCS v %ore ‘I‘i’t%em%%'l%sZQh%t %B&rg':.n% cahabg! @:@Ef‘e'&%l%‘l%c' tors,
i nverting the TPCS cagﬁgltqr chai n, and “di scharg the |nverted chaln

A step CONHIRUCHS.y & 9§ﬂ§&°BePoF§th¥hﬁ§}ﬂnﬁé (SCRewdi &Bed. |f
a fai I ure icanl¢lecaised arddikfeulagectbe icarrentnieimet Q‘.dxdl@mﬂﬁft current

Ymslo: at eggv f{ﬁg g&%ﬂa%lét pte%i%é.t h%h%utf%léte' wﬁ%e&q%; %Q:i!{'tist I%%rs escf em can be
off every time the TPCS module is injecting energy into
the inductor.

With energy build up to the desired value the TPCS
charging system is stopped and the'output switch (SCR
20 63 is turned on to extract the magnetically stored

energy. At this point the TPCS, connected through the
SCR;, 64 to the inductor represents a small and discharged

capacitor bank. In addition this bank will become

out)

completely isolated from the inductor as soon as the SCR;,

25 is reverse biased. If the output interface circuit is
properly designed, the output can be stopped with a new
charge injection from the TPCS charging module into the
inductor as long as the TPCS instantaneously injected
current is larger than the output current. This will

30 back-bias the output SCR_,, assembly and turn it off. At
this point the new inductor charging cycle is started. A
filtering network 65 may be added for component
protection.

The system is controlled by gate trigger
35 controller. It receives the external operational



wi t hbut the use of high power air blast switchgear. This Is especially
beneficial on the DC side, since DC faults are much nore difficult to
clear. In fact TPCS AC to AC transformation unit, AC to DC converter
~and DC to AC 30 inverter can be each used as an effective high power and
hi gh voltage interrupter. In addition the basic operation of any
descri bed TPCS devi ce has a maxi num-pd®er t hr oughput and can not be
over| oaded. The TPCS can, be used as an, effective power or current
limting degwiemgnts, in ang (iR GRdikians.ornd apnanatrsl theh
respect gwitch trigger -signals. - 40 - to a preferred

enbodi nent, nodi fjgcations theret.q wl e apparent to those skilled in
the art. TR P,tlf pa%‘bo‘bﬁ tg’fe t'ﬂr#ézéjnvent ion is to be determined by
reference to tha elodiids sthitehstatkofiaifure in a st&hdardadnmgriteyenti on:

- 4l - 5 or convert?r will either .caugé‘iimdirect AC ph]aﬁe Ad Eﬁ&i@éé’rﬁ?” ess
power conversion system conpri sing: a plfuralit capacitors

" connect ed 9t &irees; DG line shortchdy Fimilan qampenaifediaddure stind
plurality pfppcs CORAEE £ &F Sor SEbvEEEW i Wil Liddt i davd@ i Gsde plurality

o o SR oL B SO Lo et et oL RIE e
capacit or sared Samlit ptleatingy efuipment. In the basic TPCS

10 operation either a relative small capacitor is being
charged from a line or discharged into a line. A short
of a solid state stack will not cause a major inrush
current and can be cleared much more readily. With
several TPCS modules operating in parallel the defective

15 module can be isolated and the remaining units can remain
operational with only a reduction of the maximum power
throughput. Repairs can then be scheduled for the
appropriated time.

The operation of the basic TPCS are in three basic

20 steps, i.e. charging the capacitors, inverting the TPCS
capacitor chain, and discharging the inverted chain. A
step is typically completed before the next is being
initiated. If a failure is detected and the sequence is
interrupted no short current will flow from the input to

25 the output. At that point the system can be isolated
without the use of high power air blast switchgear. This
is especially beneficial on the DC side, since DC faults
are much more difficult to clear. In fact TPCS AC to AC
transformation unit, AC to DC converter, and DC to AC

30 inverter can be each used as an effective high power and
high voltage interrupter. In addition the basic operation
of any described TPCS device has a maximum power
throughput and can not be overloaded. The TPCS can be
used as an effective power or current limiting device.

35 Although the invention is described with respect



capacitors, said polarity inverting circuit including a plurality of

i mductor circuits, each of which can be switchably coupled to a
correspondi ng di fferent one of the sel ected capacitors to forma
resonant circuit which 15 aids in inverting the polarity of a stored charge
in that capacitor; and a discharging circuit for extracting

power from the plurality of capacitaos-at a transforned voltage.

2. The transformerl ess power conversion systemof 20 claim 1l further

conpri si ng t® empnefemiad gnbasiimend],| moglifidadte ayperthematafwilie har gi ng

circult, thpddidit 1t thodd i e dr hd!lAANA G LS tengi d. cont rol
i shi I Ich the c

circuit establishing a chargi ng phase In . ar gi ng circuit
charges t h&SHRSF Af horinvgndianls te, hendatemmined dnaxeferanaeh said
inverting do dlid dlainmweridheollgual arity of said sel ected capacitors,
and a digcharge pgise in_which thetdisgharge circuit extracts power from
the plurdlity of cEpatftBr8S BY Inventionis ™ Tho tansfornerless power
conversion systemof 30 claim2 wherein the control circuit causes the

i nversion phase and the di scharge phase to overlap in tine.

4. The transfornerl ess power conversion system of ,

-42 - claim2 wherein a cycle of operation includes a charge phase,
an inversion phase and an extraction phase, and wherein said control
circuit causes said power conversion systemto go through many cycl es of
operation per second. 5 5. The transfornerl ess power conversion
system of claim1 wherein said inverting circuit conprises a




plurality of unidirectional switching devices for electrically coupling

each of said inductor circuits to Its correspondi ng one of said
plurality of capacitors 10 6. - The transforterl-ess—power
conversion systemof .- claimb5 wherein each of at |east sone of said

plurality of unidirectional swi tching devices | ﬂmu"ﬂu

7. The transfornerl ess power converstrofilsystem of Mﬂ" '3 J‘I each
of at |east sone of said plurality 15 of unidirécti donaf swi tthisng~devi ces
is an SCR : 8. The transE3aiBE| ess power conversion system of

claim5 wherein each of @taneRsimePISsdipspdr Wnvatsion sydtem
uni di recti onal SMAtChlng devices is a Crossatron. 9. The

t r ansf or mePPEREIFIREF conversion systemof 20 claim5 wherein each of at
| east sone of saidapbluxality ofo¢apamrkmnsthnn¢csmdttnlﬂgrdes;ces is a

gate turp-off AgViys §#é£ﬂé?c1ﬁ9%$erconnect : f f&fﬁf?ﬁ%eéf power

conver si on systen1 ein eac sone bf said 25
plurality clpasdfers: @ﬁ@éuﬁh?q%%ﬂgﬂﬁéiqﬂﬁtlﬁb&@ﬂ@ﬂg the pluralityi1. The

transfor ”eUfe%%%ﬁ@ﬁ'bx%o'f‘f%ﬁns'aoﬂro?)t%tg@“sourc@f te a Pridetesagined he |
i nductor in each of at |east sone said inductor circuits is an air
core inductvolitage; - 43 - 12.

The transfornerlesa @bmemltoﬂuerSnwertyagehhe polaritynot thet dharge
Conprlsiagéigyég] r%&ﬁ%@%&d”&ﬂ%é itors of said plurality of
capacitors, said polarity inverting circuit including a
plurality of inductor circuits, each of which can be
switchably coupled to a corresponding different one of
the selected capacitors to form a resonant circuit which
15 aids in inverting the polarity of a stored charge in that
capacitbr; and
a discharging circuit for extracting power from
the plurality of capacitors at a transformed voltage.

2. The transformerless power conversion system of

20 claim 1 further comprising a control circuit controlling
the operation of the charging circuit, the inverting
circuit and the discharging circuit, said control circuit
establishing a charging phase in which the charging
circuit charges the plurality of capacitors, an inversion

25 phase in which said inverting circuit to invert the
polarity of said selected capacitors, and a discharge
phase in which the discharge circuit extracts power from
the plurality of capacitors.

3. The transformerless power conversion system of
30 claim 2 wherein the control circuit causes the inversion

phase and the discharge phase to overlap in time.

4. The transformerless power conversion system of



filter through which the extracted power passes. —"13. The
transfornerl ess power conversion system5 of~ Traimil mherelﬁngach I nduct or

circuit is connected across its correspond, ‘WT“M conpri ses an
inductor in series with a unidirectional swt mﬁm 4. The
transfornerl ess power conversion system of elafmt further conprising a
hi gh frequency input 10 filter betwsem2 he voltage source and the charging
circuit. 15. The transfornmerl ess power conversion system of

claim 1l whelaim 2hehehaini agcycleuef cperaesonhinclugesral charge capacitors
during a chRLgbNdaRNeRGet018n IpndRL! 288 LRyt adbO0h biHhEE, ! BRaVE Ue_Of

t he I ns aheous vol tage tage source. 16. The
transforneWhegslpoﬁEidCGﬂvéFgloﬁ1§9B%En?aUS%$ said pPevererenNersdodhar gi ng

circuit cogpetafstdngo thﬁéughOﬁaﬂplggcléscsﬂnsgéﬂéthansgéregethh the
vol tage 20 Sour ce. e transformerl| ess power conversion

system of claim1 wherein the charging circuit conprises an I nduct or
and a urg directiorgal Ihd dirarts fdrmerd et pestead convierssion esystéh ofie

vol tage sogéggP 1 %é?rmhn sa1&8 nvl?ﬁaﬁé ?LQﬁ rESﬁﬁrEQ@Sr?ﬁgnvers'on

system e uni I ona char gi ng
circuit eIpéuradatyyOéouplésr?ﬁ§lpﬁ§&c§Ult§hln9edeVl§ﬁ§rgpﬁg circuit to

sai d pl uralhkkteficad®Pceblpiihg BAER of 8ai@SPRaletorh@idcRdty QM t.
its corresponding one of said plurality of capacitors

10 6. The transformerless power conversion system of
claim 5 wherein each of at least some of said plurality
of unidirectional switching devices is a thyristor.

7. The transformerless power conversion system of
claim 5 wherein each of at least some of said plurality
15 of unidirectional switching devices is an SCR.

8. The transformerless power conversion system of
claim 5 wherein each of at least some of said plurality
of unidirectional switching devices is a Crossatron.

9. The transformerless power conversion system of
20 claim 5 wherein each of at least some of said plurality
of unidirectional switching devices is a gate turn-off
device (GTO).

10. The transformerless power conversion system
of claim 1 wherein each of at least some of said
25 plurality of inductor circuits includes an inductor.

11. The transformerless power conversion system
of claim 10 wherein the inductor in each of at least some
of said inductor circuits is an air core inductor.



-44 2 19. The transformerl ess power conversion system of
claim 17 wherein the control circuit causes the — uni-direecti-onal—sw tch of
said charging circuit to electrically couple the cha%i HE circuit

i nductor to said 5 plurality of capacitors and t&}ﬂ Hm MH decoupl e
said charging circuit inductor fromsaid plural;ik rs when a

presel ected period of tine has el apseda3 - wherein the electrlcal coupl i ng
of said charging circuit i nductor with said plurality of capacitors
forms a 10 resonanm2ci rche tthansfigraer kessapowepeconvevsidnssyshen, and

wherein thegp e r i Qﬁﬂ%ﬁ:

20. The trgﬁsft':g%%nr ﬁeggr%glv?e&f% %{?\}falrm gnsasggigg{mfye?qol}e C‘T%gl m 19 wherein the
control ci £dditercihyenabhwhich: fdeyiarfractad PANe RAREESand t hen decoupl e
sai d charging inductor to said plurallty of capacitors nany ti mes per

second. 3 LT tra sfornﬁ g wer conversion system of
claim1 wherein tht3tha ﬁ?ngrﬁP? grret §F§e§° SFaC28VBrarar eySHeE™
capaci t 05 s ofo cilladim tthevheadedm tdassh dinduwtor cheowidd seremmexhatect ed

capacitors a?rtqggq c rresportdhinq %7? adfdeL AR q'réﬂa%ver t spﬂﬁer conver si on

system claim erern rting circuit polarity

of every oumﬁuQﬁﬂi(ﬁn5&ﬁﬁi%§lwkﬂht%/QﬂlQE¥Q§ﬁkRﬂQ¥N%W¥#Phhat t he
polarities of the charged series °~ connected capaC|tors are the sane.

- 23. The transfornerless gomer co versign system gaim1 wherein the

cl
magni tude of the ttinsf ORfelransygrrgyders P&W&ErcPHXﬁrFHQHVEVF§§@ of the

vol tage sowfcelaimd@ further Zbmpriiwirg anHbyhef Fapsemoyeinmover si on
systen11° filter between the voltage source and the charging

circuit.

15. The transformerless power conversion system
of claifn 1 wherein the charging circuit charges the
plurality of capacitors during a charging phase to a

15 voltage that is about twice the value of the
instantaneous voltage of the voltage source.

16. The transformerless power conversion system
of claim 1 wherein the charging circuit comprises an
inductor which is connected in series with the voltage

20 source.

17. The transformerless power conversion system
of claim 1 wherein the charging circuit comprises an
inductor and a unidirectional switch which are connected
in series with the voltage source.

25 18. The transformerless power conversion systen
of claim 17 wherein the unidirectional switch of the
charging circuit electrically couples the inductor of the
charging circuit to said plurality of capacitors to form
a resonance charging circuit.



-45-" of claim 23 wherein the nunber of said plurali ty/ef///capam tors
ks N and the magnitude of the transfornmed volLaQE’ls 2N ti the

vol tage of the vol tage source. 25. The s power
conversion system5 of claim1l wherein said plur W ors
conpri ses N capacitor stages each of which |n t wd* of sald

plurality of capacitors connected inr swyi-es and: has a first and second

term nal and a charging term nal electrically coupled to the point at
whi ch the two 10 t8pacTher transfbameriaege prwerocrayvess iongaylstem and

wherel N syidl SRAgl g Mldrd GIE"dsive Pl Gt GPPECdRles tigEa0CS (NTough

said charging term nals. e trans orner ess power
conver si ortEidiizagtiongl (ﬁ"b’i‘?ﬁ@?f/\/rﬁ#’é rFIL%H‘%FQ‘Jla?bF‘H'gl'él'F‘éw t includes a

35 SWi tfhié!%d"ﬂiéiﬂﬁai @c%jt&ﬁiélﬂ&%whaﬂjlmt qr@lﬁ@léliﬁau@ﬂ@lr tof@%ﬁ?&‘d .
ermnals e i d capacitor point durin e
char gi ng cﬁ aldﬂ'o\épﬁlcﬁﬁ aft g%‘ég then s&sequelzgfm%ﬂ% ?H‘%ﬁ%forme?l ess
power conwerisd mha;;@iand?ﬁ'@htlmdnaﬁommm rsabd hpbhrabitly pofiral ity of

| nduct or - ol LGS dite dy?%'}%ﬁ%%&'lé&{é’é Spdifod |68 1L A fggg?%gchafg' ng

t er m nal correspon erent o
28. The t réereheih %ﬁlmc%mmmﬂ%tm@wmrg n¥neBcWhtrein Nis

greater thafaeor with sa:l.d p1t219a11Tt5e f AESHAE ESEESBoPRY¥EL conversion
system of claim 1, where he series connected, CS gltors have a
h@

first 8 mesAnanpt o‘Fﬂar‘“e‘hﬂtal?ﬁlvhn%eﬁoﬂ%s?’é?‘ﬁ??la‘?eﬁp #eRenrdend and t he
di schar gi rendiwlvet¢irl €isé rpreséYeSted opet bod tof t biméi 18t aBsdtsegand

termnal s égcgggg.series

20. The transformerless power conversion system
of claim 19 wherein the control circuit causes the
15 charging circuit to couple and then decouple said
charging inductor to said plurality of capacitors many
times per second.

21. The transformerless power conversion system
of claim 1 wherein the charging circuit charges said
20 plurality of capacitors so that the polarities of the
charged series connected capacitors alternate.

22. The transformerless power conversion system
of claim 21 wherein the inverting circuit inverts the
polarity of every other one of said plurality of

25 capacitors so that the polarities of the charged series
connected capacitors are the same.

23. The transformerless power conversion systen
of claim 1 wherein the magnitude of the transformed

voltage is larger than the voltage of the voltage source.

30 24. The transformerless power conversion system



- 46" - connected capacitors to produce the transformed voltage.
30. The transfornerl ess power conversion system of """" ctalm_ 1 wherein the

charging circuit charges said plurality of se zpnected capacitors

so that the 5 polarities of the charged series c tors are
all the sane. 31. The transfornerless’ p J¢ n system
of claim30 wherein the inverting citcggt-inverts the bola of every

ot her one of said plurality of 10 capacitors so that the polarltles of the
char ged Seéfe&lalmCBBawhéQéinathérﬁﬁlhBer of said plurid2ityhes

of ‘The treFRPBRAERES Lol 4P ool HeeThute (o Ve HhaRAEORRE o1 1 age

sour ce. ¢5ltage is 3H. timke thenvddtagel efsthewoltageesourgesyst em of

claim 32 wherein the nunber of said plurality of capacitors is N and the
magni t ude of the transforned volta eis 2/Ntinmes the voltage of the
vol tage source. 25. The trapsfogpe ROMEET |GONVERHEIN R Htemi on

system 2) gk ehaim 1 wherelin saiid ghafsmay%fcaa a@'i%b&%sc&% ises
plurality of ca acgtors in ser t ranst,qr nerl ess

power convBr SRBACS SFeﬁFageSf98F§|ﬁflwﬂhﬁpe%ﬂcéﬁgas HPaPFt? capaci tors
conpri ses pluNadapgcpﬁocasﬁag&sreachnnécﬁbdchnlaetmdssanﬂohab @ai d

first and second terminal and a charging terminal
electrically coupled to the point at which the two

10 capacitors in that stage are connected together, and
wherein said charging circuit charges said N capacitor
stages through said charging terminals.

26. The transformerless power conversion system
of clain 25 wherein said charging circuit includes a
15 switching means for electrically coupling the first and
second terminals of each of said capacitor stages to a
common point during the charging of said capacitor
stages.

27. The transformerless power conversion system
20 of claim 26 wherein each of said plurality of inductor
circuits is connected across the first terminal and
charging terminal of a corresponding different one of
said capacitor stages.

28. The transformerless power conversion system
25 of claim 25 wherein N is greater than one.

29. The transformerless power conversion system
of claim 1 wherein the series connected capacitors have a
first terminal at one end and a second terminal at the
other end and the discharging circuit electrically
30 couples to the first and second terminals of said series



25 plurality of capacitors connected in series and has a first and
second term nal and a discharging term nal “efrectricalty —coupted to the

poi nt at which the two capacitors in that st ect ed together,
and wher ei n said di schargi ng charging circui mgm’@gﬂﬁﬂﬂw I,
-47- fromsaid N capacitor stages through s

term nal s. 36. The transtoééerl ess power conversion system

of claim 35 wherein each of said plurality of inductor 5 circuits is
connect ed eonnesteflecapacitprsntaapragucenthe tyansfargedgvedtageal of a
correspondi ng di fferent one of said N capacitor stages So as to invert
the polarity of one of the two capacitors in that stag

37. The transforr‘ré’r(?'essm}ﬁ)v%‘?am IS \RASH ﬁ?’b‘felff’f’af?rl‘n SYSFPein the
di scharge eir elaimCanphegeinakhe cnatrgdhgl eduetiot anereumsduﬁect i onal

h wh h f i h
SutLCh i gheuBlosor, sREE: LOBMREEPLbaLi L' s6oRRa g 1o the
t r ansf orsrepbéasipdeer ofother chargedssemies obnoegted3caphsrigiorst lagre

di schar ge Siﬁc%hg furiher conprises a unidirectional device preventing
t he out put uctor fromreversing the polarity of the plurality of
capaci tors during the discharge phase. 39. The transfornerl ess

power conversi on sysfemMprd ©fansforhdr VEeE Phowarti cbrveELB6H Pstemcui t
wher ej Qf;ald .control, circguit . nonitors

f | oad
Sai d 1 oad 8RdCIBAR s TREIIARE ORVBEiRg EHEFDL, LVeRYR HHE t e
i nverting polanriityawd ewerq|$¢Mamgnmg of said plurality of

10 capacitors so that the polarities of the charged series
capacitors alternate.

32. The transformerless power conversion system
of claim 1 wherein the magnitude of the transformed
voltage is less than the voltage of the voltage source.

15 33. The transformerless power conversion system
of claim 32 wherein the number of said plurality of
capacitors is N and the magnitude of the transformed
voltage is 2/N times the voltage of the voltage source.

34. The transformerless power conversion system
20 of claim 1 wherein said charging circuit charges said
plurality of capacitors in series.

35. The transformerless power conversion systen

of claim 1 wherein said plurality of capacitors comprises
N capacitor stages each of which includes two of said

25 plurality of capacitors connected in series and has a
first and second terminal and a discharging terminal
electrically coupled to the point at which the two
capacitors in that stage are connected together, and _
wherein said discharging charging circuit extracts power



circuit to produce a regulated output to said | oad. 25 40.

transfornerl ess power conversion system

The

of clairmt-wherein _said contro

circuit operates said chargi ng, inverting an charging circuits to
produce a predet er mi ned out put current pul se m ,”imm” 41. The
transfornerl ess power conversion system ’"ﬂ

- 48 - of claim4 wherein said condyol circuit operates $sattd

charging, inverting and discharging circuits to produce a sequence of
out put curfeoh palideNsbapasitbrvatyges threunghi sadd. distharging 42. The
transfornE£ ngﬁger conversi on system of claim4 wherein said voltage
source is age source and said control circuit operates said
char gi ng, inverting and discharging circuits to synthesize an AC

vol tage output. 3, The tfﬁhsfdﬂﬁéﬁ1é§§ﬁ§3ﬁ5¥|é§ﬁVéE§@%nC§9¥€éﬁ'0”

system

of claiml furt Gi.rcuit .that fil

er, i sin ter
the. transf BEnEdad® 23g¥ EeﬁPoﬁgEé ef gﬂﬂﬂupaura9&F¥é§5 ¥ sai
control i egpcuitsclisdesnmeatedf acrossnthiet firsg tleemimajutandlthrge and

e el o 2RtERAkE e’ Bahilh" o8P’ BhEReRBLAATHEY Hilerkle S G

S 10 regu ate e ou

ters
d

44. The

t r ansf or reshéds Npocapacdsorestrgrsspot am to éﬁvéral#b&QPﬂd@ﬂhéW’@dﬁpr|S|ng a
filter cirgiet o Fh@he twlo hh@hglgggsAgnvQh&@ggtgggput to produce a fi

AC 20 out put vo

10

15

20

25

tage, wherein said control circuit includes

37. The transformerless power conversion system
of claim 1 wherein the discharge circuit comprises an
output inductor and a unidirectional switch which couples
power from the plurality of capacitors into the output
inductor during the discharge phase.

38. The transformerless power conversion system
of claim 37 wherein the discharge circuit further
comprises a unidirectional device preventing the output
inductor from reversing the polarity of the plurality of
capacitors during the discharge phase.

39. The transformerless power conversion system
of claim 1 wherein said discharging circuit transfers
power to a load and wherein said control circuit monitors
said load and controls the operation of the charging
circuit, the inverting circuit and the discharging
circuit to produce a regulated output to said load.

40. The transformerless power conversion system
of claim 1 wherein said control circuit operates said
charging, inverting and discharging circuits to produce a
predetermined output current pulse shape.

41. The transformerless power conversion system

| tered



means for nmonitoring the filtered AC output voltage and wherein said
control circuit operates said charging, | averting and_di scharging
circuits to regulate the filtered AC out put voltage. - 25 45,
The transfornerl ess power conversion systenn.l"ﬂ’ ﬂu&’ in said
vol tage source is an AC signal source of alf ' mm" J'Tand wherein
said control circuit oper at es sai-d 48har gi ng, invettithg @anc di schargi ng
circuits to synthesize an AC out put signal having a 30 frequency f[err]
that is diéf exkanim {4 orherein rsajdranntifodr idircuit operates said

49 - s 46s r g : S§ of

harqlnn%,hgx?s?&etiﬁérﬁf &ﬁérﬁf@o :ﬁ@e VE‘cEA iPONYEE StONpEYGhER a

claim45 ﬁ%ere requency flerr] C si gnal .source varies
over tinme SERMSRRS £hH PREPYHL LHRRE MWYSe shapes fk Y@rBimgut signal is
fixed. Samplitudel/. The transfornerless power conversion system of
claim46 wherein flerr] is 60 Hz. 48. The transfornerl ess power
conversi on system of claim1 wherein said charging circuit conprises a
plurality of chardge.tr Zhef &ransforneyleashpovwenreconyvens ipn Gystidmer ent
phase of | ' fgg& | di schapgi P31 £LLGUI t

conpri Ses%ﬁg{:%ég:[@?f?xﬁ%gﬁgﬁééd n@? nj ep%ia%ﬁnf:ﬁ:er cﬁ?tgggcﬂg%g%ﬁ%ct ed to a
di fferent pPaE@eANnd sajd ﬁ%ﬁ€¥%%a%%?9R}Exﬁﬁﬁr§$%§ saddyprEgANGai d control
circuit operdbeeingi &nddl disthivgDig ChiF@iei td absf eyntResifeUAhSARNd sai d
plurality of .gcharge jnjgction circuits to extract power from one phase
of said nuY?}gﬂ%§e°B%ﬂé * line and inject the extracted power into

anot her phase of said nulti phase power |ine.

10 43. The transformerless power conversion systenm
of claim 1 further comprising a filter circuit that
filters the transformed voltage to produce an output
voltage, wherein said control circuit includes means for
monitoring the output voltage and wherein said control

15 circuit operates said charging, inverting and discharging
circuits to regulate the output voltage.

44. The transformerless power conversion systenm
of claim 42 further comprising a filter circuit that
filters the AC voltage output to produce a filtered AC

20 output voltage, wherein said control circuit includes
means for monitoring the filtered AC output voltage and
wherein said control circuit operates said charging,
inverting and discharging circuits to regulate the
filtered AC output voltage.

. 25 45. The transformerless power conversion system
of claim 4 wherein said voltage source is an AC signal
source of a frequency f, and wherein said control circuit
operates said charging, inverting and discharging
circuits to synthesize an AC output signal having a

30 frequency f, that is different from the frequency f,.



49. The transfornerl ess power conversion system 20_of claim48 wherein
sai d.control circuit selects the ot her phase into whi-ch_the extracted
power is injected so as to alter the phase anglﬁ”

t he AC-signal into
whi ch the extracted power is injected. . JIIIM -
transfornerl ess power conversion system 25 of claim4%¢ A“gp Ising a
separate energy storage devi ce coanggted to said di schari"i4d. cuit for

tenporarily storing the extracted power. 51. An electrica
charge transfer amsgaratllse floransformesless ipayeschaarevdrsioneystase t o

anot her Phagg?lféaﬂ()g%ggg -&ha%ﬁgpggggugheg gardy! fhednfCssbfidl Naving a

- 50 - , sal rat us cbnpri sing:

capaci t i veseubsggag¥ariegypver time and HhSFGFHIgR9 éregngng¥ndocPfcuits each
of which ighe AEObuEpUR! ERgnaldiikf gl .phase of said nultiphase AC 5 power
line to said capacitive storage circuit and to t hereby transfer charge
fromthat phase to the storage circuit, each of said plurality of
charging circuits 47. i mhedinansf ormelr I ess | power Svonedrsihon asystemict or,

wherein eag@ Q agﬁiQsCQﬁEQEQ% %irggikg when coupled to 10 said capacitive
a .

storage circul or s correspénding resonant circuit having a resonant
frequency of 1/T[err], where i is an index identifying the charging
circuit and whefeel N tHe tE&hsFoPher Bés | S&fer NdonVELEidn system a.

plural £y 9k, BESE' A" RefkSth i el ko e o101,
nul ti phaseppoapality bifnehardie drianfery dircadtsceache domractaidd teapaci tive
oL o 20Ey TGl kOB, WA A ER ddg AR ST L
and discharging circuit comprises a plurality of charge
' injection circuits each connected to a different phase of
the multiphase AC power line and wherein said control
circuit‘operaﬁes said plurality of charge transfer
15 circuits and said plurality of charge injection circuits
to extract power from one phase of said multiphase power
line and inject the extracted power into another phase of
said multiphase power line.

49. The transformerless power conversion system
20 of claim 48 wherein said control circuit selects the
other phase into which the extracted power is injected so
as to alter the phase angle of the AC signal into which
the extracted power is injected.

50. The transformerless power conversion system
25 of claim 4 further comprising a separate energy storage
device connected to said discharging circuit for
temporarily storing the extracted power.

51. An electrical charge transfer apparatus for
transferring charge from one phase to another phase of a
30 multiphase power line carrying a AC signal having a



a control circuit operating the unidirectional swi tches of said
plurality of charging circuits to produce a sequence of resonant
chargi ng cycl es that transfer charge fron1one—ﬁhase—t0 sai d capacitive

storage 25 unit and operating the unidirectional
plurality of injecting circuits to transfer chargﬂm |ﬁ acitive
storage unit to another phase. - 50 - rge

transfer apparatus of clai m 51 wherein said control CIrCUIt operates the
30 uni di reperaed ofWiTxehesadfl appdrptusatomprdsingar gi ng circuits to

transfer charge thtggpQépefbélggofé QUéirC j¢ hrough a sequence of resonant
chargi ng cycl es each havi ng a fion of about T[err]/2 seconds.

- 51 - &3P urmél'éree#r?bargéwargerwhﬁ%feacbpgﬁrmughois claim

‘51 wherei n fpai ¢cuiplrialg tay qiff fevai 'iﬂha@é Q:lf' tsalan%ultﬁﬁia%eow ality of
|nject|n§ circuits share ca%fonent y t he i nduct or. of one of said

char gi ng” c PR Fine £9, 88 t@ﬂm"& Y398, GESItdiang &% of said
i nj ecting dhexelys transfer chards}.frbmwe tﬂiaﬂ:ctphafsal uzha:r@e sitoiagfee

appar at us jrcuid alégéll d’!‘gaei I%Ilfit%y ? s ar eEr %rlq:s t he

uni di recti gnal smntches of sal ciits and said
plurality JMGINGENG fy W Q%tlt@al swidiedy @nde @é‘rgwmrone phase to

anot her sowierein emhlcﬁﬁ/%apﬂw&ma&@:ir@ &rﬂ&qtﬂsowéh dRple & d 0 Whi ch
t he fger s . transferr he electrlcal charge

transfe GRS Lé’ecls}r?ﬁ% &M ﬁrﬂ‘sc@nﬁ%reﬁm]tn‘bperat es the
uni di rect i oreslormnitt chigswift devingg u alddonanit Ereigienty ofcivmyi,ts and said

plurality Qfdyd %.Ct NG el Sidéhtifying the charging circuit and
wherein the T; are all less than T,g;
a plurality of injecting circuits each of which is

15 for coupling said capacitive storage circuit to a
different one of said phases of said multiphase power
line and to thereby inject charge from said capacitive
storage circuit intoc the phase to which it is coupled,
each of said injection circuits comprising an inductor

20 and a unidirectional switch; and

a control circuit operating the unidirectional
switches of said plurality of charging circuits to
produce a sequence of resonant charging cycles that
transfer charge from one phase to said capacitive storage

25 unit and operating the unidirectional switches of said
plurality of injecting circuits to transfer charge from
the capacitive storage unit to another phase.

52. The electrical charge transfer apparatus of
claim 51 wherein said control circuit operates the
30 unidirectional switches of said plurality of charging
circuits to transfer charge to the capacitive circuit
through a sequence of resonant charging cycles each
having a duration of about T;/2 seconds.



transfer energy fromone phase to another so_as to achi eve harnonic
correction in the phase to which the 20 energy is transferred—

56. The el ectrical charge transfer apparatus ' erein said
control circuit operates the uni directi onamumumﬁyﬂzﬂgm plurality
of charging circuits and said plurality of injectingacl s to 25
transfer energy fromone phase to anoPher so as to achi eve waveform

di stortion correctjon. ., _.57. The electrical charge transfer
appar at us of 23 ai A SARSEFIChecharag i thans ?5r%58a5?€86i9%c0nprises
t he transfcyainr [5as wheredn eaddepdiuraldyyt e ehaelgdng bircuddits and 58.
The el ectr] h f.er, r at f,

T150%L ot o, Y, B iRV v ot share, compnents,

capaci t or whereby the indwgtorhefeclonet oifc siaichshgaainshstigrcwidpmiris us of

clai m 58 vhyfivhes infduRitdralds W QoreRapdnddng ond lox add said plurality

of injecting, circuits all, share a conmmobn iI'nduct or whereby that shared
i nduct or SEVIREEING EFculitspquct or of each said charging circuits and the
i nduct or of each of said injecting circuits. 60. The

ceri 5 corbi nat {ofttor T SLPRBGECHRAhPETe ARk T ey HpbHRRERRBE Cnal’
swi tch in clajrl WwHengirh ssdid] asapasilt icigotidr spenatresiitheind wherein
sai d cont ngl; £if&d forRRe’Rfde Al bf Wltla Widia18%y Y¥lcharging
10 circuits and said plurality of injecting circuits to
transfer energy from one phase to another so as to
achieve phase angle correction in the phase to which the

energy is transferred.

$5. The electrical charge transfer apparatus of
15 claim 51 wherein said control circuit operates the
unidirectional switches of said plurality of charging
circuits and said plurality of injecting circuits to
transfer energy from one phase to another so as to
achieve harmonic correction in the phase to which the
20 energy is trénsferred.

56. The electrical charge tfansfer apparatus of
claim 51 wherein said control circuit operates the
unidirectional switches of said plurality of charging
circuits and said plurality of injecting circuits to

25 transfer energy from one phase to another so as to
achieve waveform distortion correction.

57. The electrical charge transfer apparatus of
claim 51 wherein the capacitive storage circuit comprises

the transformerless power conversion system of claim 1.

30 58. The electrical charge transfer apparatus of



switch to reverse polarity of charge stored in said 15 capacitive storage
eircuit. 61. A nmethod of converting power from a voltagé
source, the nethod conprising: char gi ng rles
connect ed capacitors fromthe voltage source; Oﬁm“n ﬂ"“l m g the
polarity of the charge stored in sel ected capaC|tora L Sal urm

of capacitors; el ectricaltyZoupling to said pIurallty of
capacitors to_produce a transforned voltage; extracting power
fromthe pFlaimi B} wherabncthersapaciive sStorags Fiwenibl iage: and
repeating &8paaliese; mentioned sequence of steps many tines per second.

59. The electrical charge transfer apparatus of
claim 58 wherein said plurality of charging circuits and
5 said plurality of injecting circuits all share a common
inductor whereby that shared inductor serves as the
inductor of each said charging circuits and the inductor
of each of said injecting circuits.

60. The electrical charge transfer apparatus of
10 claim 58 further-comprising a series combination of an
input inductor and an input unidirectional switch in
parallel with said capacitive storage circuit and whereih
said control circuit operates said input unidirectional
switch to reverse polarity of charge stored in said
15 capacitive storage circuit.

61. A method of converting power from a voltage
source, the method comprising:
charging a plurality of series connected
capacitors from the voltage source;
20 inverting the polarity of the charge stored in
selected capacitors of said plurality of capacitors;
electrically coupling to said plurality of
capacitors to produce a transformed voltage;
extracting power from the plurality of capacitors
25 at the transformed voltage- and

repeating the afore-mentioned sequence of steps
many times per second.



