| 5 CHARGE TRANSFER APPARATUS AND METHOD THEREFORE BACKGROUND COF THE

| NVENTION Field of the Invention:. The present invention relates generally to
the field of electric power conversion, and, nore particularly, to a
charge-transfer appar at us and nethod for 10 alternatlng current to
alternating-current (AC-to-AC) power conversion, alternating- current to
direct-current (AC-to-DC) rectification, DCto-AC inversion, DC-DC power
~conversion, and volt-anpere-reactive (VAR) control. Although the invention is
subject to a wide range of applications, it is especially suited for use in
power distribution and transm ssion systens in electric utility, industrial,
commercial, and 15 nmarine applications. Description of the Related Art:
Standard AC-to-DC rectification apparatus using non-linear devices, for
exanpl e, . diode or thyristor bridges, causes harnonics and reactive power on a
t hree- phase AC power supply providing electrical power to the apparatus. The
har noni cs 20 and reactive power are caused by the uneven | oading of the input
phases. That is, «current is drawn fromthe phase when the input AC phase
voltage is greater than the output DC voltage, and no current is drawn from
a phase when thé input SBARGEERANSFERABPARATES ANDMETHOD THERBFORE Vol t age.
Wth the proliferation of variabl e-speed notor drives and back-up power 25

sources, which typical | BACKGROUNDOFAGH povNtioen DC-to- AC conversion to
obtain the desired AC notor voltage and frequency, further distortion of the

waveform of the AC powpfidutRR!IveRdnSeS:- As the waveform of the power supply,
such as, the electric utility -2- grldagenerator on a marine vessel

deteriorates, malfunctiQps can .occur to e nt epend on a cI ean"
‘source of power for proggrprﬁ‘ﬁgtrlg‘feﬂ ’elﬂ\te‘?\g'é‘a‘gﬂﬁté’r%‘f%ﬁl PO%ELr a power

conver si on appar at wegvessital, andjmbrepalrticularly, to a charge-transfer apparatus and method for
- 10 alternating-current to alternating-current (AC-to-AC) power conversion, alternating-
current to direct-current (AC-to-DC) rectification, DC-to-AC inversion, DC-DC
power conversion, and volt-ampere-reactive (VAR) @ntrol. Although the invention is
subject to a wide range of applications, it is especially suited for use in power
distributior and transmission systems in electric utility, industrial, commercial, and
15  marine applications.

Description of the Related Art: |

Standard AC-to-DC rectification apparatus using non-linear devices, for
example, diode or thyristor bridges, causes harmonics and reactive power on a three-
phase AC power supply providing electrical power to the apparatus. The harmonics

20  and reactive power are caused by the uneven loading of the input phases. That is,
current is drawn from the phase when the input AC phase voltage is greater than the
output DC voltage, and no current is drawn from a phase when the input AC phase
voltage is less than the output DC voltage.

With the proliferation of variable-speed motor drives and back-up power
25  sources, which typically require an AC-to-DC then DC-to-AC conversion to obtain the
desired AC motor voltage and frequency, further distortion of the waveform of the AC
power supply arises. As the waveform of the power supply, such as, the electric utility



t herefore, that reduces distortion of the waveform of the AC power supply. 5
BRI EF SUMVARY OF THE | NVENTI ON The present invention, which tends to address
this need, resides in a resonant charge-transfer apparatus (RCTA), and
differential and sequential resonant charge- interchange (DSCl) nethod
therefore. The RCTA and DSClI met hod descri be®2herein provides advant ages
over known power - c ent 2 geriemtoraym@amagine vessel, defesivrajes, madfiiowioos dap ogdus taosquipoentof  t he

wavef orm of the AC&E%%§?pptﬁxegr.la§ggﬁg ofh 5 f{arr}h%?f?ge}%ﬁnRCTA reduces this

probl em by drawing c ro phases ase power supply in
proportion to the ratio,of e of the input phases. This  yields

urrent
har moni c-free power, dr&fge %&TWWPE?PW“F‘E’BPGP?%%“Wt

~introduce reacti vepefse, thittreddcbetifhéniPRvEhe WERRIN of i AT pédtesuplye, because
the RCTA can be bi-directional, it can inject harnonic, free current at the

fundanmental freguency i | hﬁgnﬁw‘gﬁf supply as well as

synt hesi ze a si ﬁusoi dal ﬁféﬁé%ﬁ%ﬁ?@rm Wi esired frequency and phase.
In general terms, the RCTA operates in. t cycles. Fjrst,, a . desired charge is
drawn from each phase oTh%fWV%W%Wﬁ%ﬂ%MHWﬂg?d? 4Py ce.
TR L iy e e s sy P vy oog- L N
out put of the A, rou ny.c es of_operatio second, .. the

can extract char gd*§FhenES ﬁ%ﬁ@%‘?mgg‘ﬁ?’?oéeaﬁﬁpﬁﬁa‘éa&ﬁ@r%ﬁgﬁdg%qm t he
O:‘Jt pﬁt of the RCTAprdvmegmmtaggatg_vamm b@tderfﬂdhmﬁon\/@]?ﬂﬁﬁﬁ ﬁmhifh&gg:c?sr ansf ﬁrs
of charges may or nmy not oVi a pet er transfer to qt romthe

i nput term nal 19w Fﬁé’%’%ﬂwﬁﬁg’@ﬁﬁ‘ﬁt@%@@g& %‘“?f@p"% ntrol | ed power
fl ow can occur froman input termnal to an output termnal; or the repeated

‘charge interchange can BroREEA redyersitlis peoblepdydrawies ghaveetrogt all phasseofsamdt-
supply. -3- The pomam&&&&&&%%mm@&rﬁmtmetihpwpm. Agisor DC.

The produced outpu vef orm can be either multi-phase AC hayving a desired

vol tage and frequeitidy besmontc-frRe\POWEY, dreps PPVercat yaitynoyer fagtopanddoes Bol arity.

Conversion can. be figRifuce reactive power into the AC power supply.

15 Furthermore, because the RCTA can be bi-directional, it can inject harmonic-
" free current at the fundamental frequency into the multi-phase AC power supply as
well as synthesize a sinusoidal current waveform with a desired frequency and phase.

In general terms, the RCTA operates in two cycles. First, a desired charge is
drawn from each phase of a power supply to charge an energy storage device.

20  Second, the charge on the energy storage device is discharged through the output of
the RCTA. Through many cycles of operation per second, the RCTA can extract
charge from the power source and inject the charge through the output of the RCTA
to construct a desired output waveform.

These transfers of charges may or may not provide a net energy transfer to or
25  from the input terminal. With repeated charge interchanges, a net and controlied
power flow can occur from an input terminal to an output terminal; or the repeated
charge interchange can provide controﬂed reactive power of an AC power supply.



ACto ACor DC, and DCto AC or DC. 5 For power flow control, the charge

I nt erchange occurs, in nost appli.cations, by a charge interchange between

t he power source and the charge storage device followed by a charge

i nt erchange between the charge storage device and the output. However, a
direct power flow between the input termi nal and the output termnal can be
acconpl i shed. 10 By controlling the charge in erchange process, current can

be drawn from or inje to i f averag

| owpass filter, yield ﬁ‘gg‘f‘f"’ga’l’ﬁ\?@]@ %ﬁg‘gﬁlﬁf"}”’é’ °8ﬁ?‘i’ Wg#éd%t age of
this invention is tpeduced output wavefdrinzaan b githep dulti-phbtyAC Sdving e dedivad vol@pesmat € i n

a self or natural rmde Thu It .does require.openjn 15

swi tches, such as, {He %ﬁ%‘g@ewﬁgna%’ae Vojtage | w ﬁggrgg?vsmﬂ?lcﬁb

i nsul at ed-gate bi pl arA€CoaB€| sxidGtaokCgabDE. t ur n- of f devi ces. Oonsequent ly, a
circuit to control the opening of switches is not required. The invention

can use conventisonal thyps sdwf Aow Wit thodhgrg Q%&cﬂaﬂgéb%%ur&%maé%%ﬁhm%?%%gars

Unl i ke many conventional _power electronic circuits power ectr
conponent s uti | i zed SABE Hiterpiangeistween the POMeRsonrce and % Fharsestomsa deviesd not be

devel oped. Al so, tfamﬁ?xbs&g’em\eﬁaﬁgh%ezweam&ha\l@&&Qg%deaééaagme%&tl?ﬂ

current rating, and one o the | owest forward vol drops o power

el ectroni c swi tch. Heweser, gdigsctrawves flay betyveprthe ingut @9@9@ aﬂdatheoqtnéxwmslwae and
are avail abl e with peatddafplished.vol t age and high- current ratings. Thus, the
RCTA can be scaled up with present technol ogy for high- 25 power and

hi gh-vol t age applicatio @ lcatlo f h A _and DSCI
met hod. For exgl%pl e, ﬁg Efglbﬂing cgm@pﬂe[ e%eprﬁéa %?%apk&&@bvﬁ Pt & with
power transfer occ qutiﬁlgmom temuml, anf,gf avepagediivith aloov-paselfilser oridBipragtickily ripplec an
al so be utilized a% @Ruf b DC -4- rectifier, DCto-AC inverter, DC-to-DC
converter, nulti-port converter, harnonic conpensator, VAR conpensator, and

' electronlc t ransf or mer,
" An advantage of this invention is that it can utilize high-power thyristors that

operate in a self or natural commutation mode. Thus, it does not require opening
15 switches, such as, the pulse-width modulator (PWM) inverters using insulated-gate
bipolar transistors or gate turn-off devices. Consequently, a circuit to control the

opening of switches is not required,

The invention can use conventional thyristors, which have been in use for about
30 years. Unlike many conventional power electronic circuits, the power electric
20  components utilized in the present invention are availsble and need not be developed.
Also, these devices have the highest voltage rating, highest current rating, and one of
the lowest forward voltage draps of any power electronic switch. These devices also
have low losses, are inexpensive, and are available with both high-voltage and high-
current ratings. Thus, the RCTA can be scaled up with present technology for high-
25 power and high-voltage applications.

There are many applications for the RCTA and DSCI method. For example,
the RCTA can be utilized in an AC-to-AC converter with power transfer occurring
without the typical intermediate DC link. It can also be utilized as an AC-to-DC



A feature of the RCTAis the harnonic-free conversion of nulti-phase AC
power to either nulti-phase AC or DC. This is achieved by extracting charge
fromall 5 of the phases in proportion to ratio of the current of the input
phases by differentially charging the charge storage device fromtwo input
phases, followed by the replacenent of one_gf the two phases by a third

phase (referred tq, . %}&ﬁ@%\jﬁﬁ& ﬁEQO-]ﬁ?gﬂé&e} %ult{-goﬁ?aﬁlo ter, Hz.ren(:jonlicn terval s

char ge-i nt er change D§rCI Performng the charding at con

| oads the mul ti - pheespemiatosoVAR compensatgrpang elegironictragsformesd power | evel at any
part of the AC cycle. Loading the nulti-phase AC power supply uniformy

mai ntai ns a bal anced ansifeamunséfalid REDASTthe FhbeHiOeccodnt«rsidn cfehuiiphagd A0, current

can be drawn fromthe inpyt that . is i ase wWth the input, voltage, thus
the i nput power ha%ovﬁr%gﬂﬂ?H@Rﬁﬂh@ﬁ%ﬁf&Tﬂ%ﬁﬁhﬁWﬁ%?@aﬁﬁmﬁf o dhent
for phase-angl & cosfitRepHasEsSn PropdHibh GAHRRCHIRY darredt of IR ipiptased by bifGreRRal 15

This technique is not restricted to a.three-phase AC power system but nay be

- extended to any TSNS thechassesiorage devier rasm e et Phases Blowsddyibe gi ng, the

AC-t 0- AC conver t er repladenteit i tas b2 e tAEphatid b W thirki pRAE Gefededidths PRASEntialihd

Further, the AC-to-AC cgnverter can transfer ergy fromthe AC power supply
to an AC term nal oAt é?%“#’r’%eq'ﬂ'éﬁg@“gﬁﬁasﬁﬂise det ermi ned by another AC

power source, such as, a generator. The injected charge can be in phase with

the voltage of the andterfermipgrhp ghpsgingdgouirolledintervalsdpads the anllti-pi@spaGaowery |
the injected ar -3 f%@p‘& f h 4 f ase
with-the vol tagd; o%ﬁglgg&%gg%g? E%‘rger,& poaﬁ{b‘@&ﬁg‘ggg‘g ﬁfghﬁ%’%@ﬁéﬂ% \?/g;r;'
transfer contai ns A€gowenwpplyueiformipimaintainsokalanéed opdeaustagipoper. nitreugbont r ol | ed

.power transfer fro 9‘"%8‘ Larraft )

di fferent phase, V%QPQQ'S"’S,% a .W?requ%ﬁge.Jr%?g%%gﬁﬁﬁﬁggﬁ%%%%tﬁgg@g
converter is.the covessHiusthopmt pewerhans unitypewer fegtem Fhiselipisaigen syst ens of
di fferent volt age%ﬂ&k&nmf'm&ezﬁ?y&&%oﬁﬂop@m&p%@w dt She'input Bf Y RETA t hat

may experience voltage, phase, ~frequency Instability. For exanple,
: 15  This technique is not restricted to a three-phase AC power system, but may be

extended to any multi-phase system.

Through controlled discharging, the AC-to-AC converter can synthesize the
output frequency and phase,

20 Further, the AC-to-AC converter can transfer energy from the AC power
supply to an AC terminal that has its ﬁ‘equéy and phase determined by another AC
power source, such as, a generator. The injected charge can be in phase with the

voltage of the another AC power source to transfer real AC power. Or, the injected
charge can contain a fraction of charge that is out of phase with the voltage of the

25  another AC power source, such that the power transfer contains reactive power. This
mode of operation permits controlled power transfer from one AC power source to
another AC power that have different phase, voitage, and frequency.

An application of the AC-to-AC converter is the controlled operation of power
transfer between systems of different voltages. This permits controlled power flow to



the AC-to-AC converter may be used on the electric utility grid as a gateway
controller to control the desired power flow. The gateway controller can
contro the power flow through an AC transmission line and linmt the power
floww thin the thermal limt of 5 the transm ssion |ines. The gateway
controller can also be used to transfer power from one regional AC power
systemto an adjoi ning AC power system This.xould replace the utilization

of DC |ink between atsheedrant may edpéridned voltage) phale iadfrequbry Metibilitg N Fobddmplehe
Canadi an regional grigds. [ another | i catjon, the.gateway controller can
control the power g‘?"o&ﬁﬁ%”{q "H%\T‘Fbm?ﬂgéo'f & 'ﬁ?%ﬁﬁﬂ“‘c“@‘%&ﬁ&?gﬁ?ﬁw@f‘°gt’?{éﬁi onal
fAC grid. An](c)t hﬁr app ol thededied pbiveer Aow! Thé\Gat&wdy\coiitialier daf conddY the ipotvereflow
requency of the

C pawer, supply to.a different oufput.frequency.. This
feature has many aéﬁl‘.’ﬁéhﬁ%ag?&%“ﬁ‘@“B‘Eﬁ’fﬁ_“%?@ﬂ?@’eﬁé‘g”%ﬁ‘%%%éh@b‘éﬁd ot or
drives. The AC t0- Afe @2iaMBEbEnes Ahe gdieRaytontrolier caDiMoiRlusdde wimkdr pg@ver from
frequency, phase, real power, and reactive power to 15 the notor Bn@?

f&¥3€€can be

conti nuous basis oWw8f “"&“g'ﬁ’e%q:i’?‘éﬁ SYSHY1R an adipinine Y(ePoRter fystemc This o

control l ed for bi- dhd@fiiatiA DOUAR betive@ithe Editer "Wistern, R TeRas, fie Mexicantand! | ed
for dynam c braki g%éor full faqur-quadrant operation. |In another

application, wth adian regional @AdS. o or ner i nserted into either the charge
or discharge cycle, the RCTA can be an electronic transforner with output 20

vol tage regul ation, freduanether aplication, thergitepan sentiobsrcamtontralghopoweriflow to The
i nput and out gyt %BQ& SibIhRSontnsQbiifrf a ITforal AQkGg Phase transformer
In

provi des a greater ut-to-output voltage ratiro Change over a | arge range
than the previously desqrihed - 1.0- r.converter. -Th i ngl e- se
transformer can be useds\“SB's aé’@-% Eono‘é%e{)%%@ﬂé&nm%egeﬁ 'ﬁﬁ%"tver\tlgﬁet aea%."%gnge
Furlt he_r, thg si ngl e&Cphm sbppynefagiiffepent owtputlfiequeney "fhirsfez_b:ttuz;tihm'»riul,tiylappjiiv;htsitmm,ic c
i sol ation between . - Pt . i e rapnsfor ner
is located in the %Fgﬁ@fbg%“ﬁg'%?ﬂg{é% |Sgﬁ£§&€§ev§g@%&%%A€g%§? ecr%,Q t he
magneti c core si ze dysamibaly corgthl the ctoltdgerfteqeemgy, phisgped pbwéCardreartivopover ta s
energi zed all t!Ige b Botol SER Q@ﬂiﬁ_.ﬁ‘éus gz];s_istor\}gra specified range. Since the AC-to-AC converter

can be controlled for bi-directional power flow, the motor can be also controlled for

dynamic braking for full four-quadrant operation.

In another application, with a-si.ngle-phas;e transformer inserted into either the
charge or dischérge cycle, the RCTA can be an electronic transformer with output
20 voltage regulation, frequency change, and phase control capabilities. The input and
output may be either DC or AC.

The single-phase transformer provides a greater input-to-output voltage ratio
change over a large range than the previously described AC-to-AC power converter.
The single-phase transformer can be used to step-up or step-down the input voltage.
25  Further, the single-phase transformer can be used to obtain full galvanic isolation
between the input and output. Because the single-phase transformer is located in the
high frequency section of the electronic converter, the magnetic core sizé can be
reduced.

Further, a typical AC transformer is energized all the time independent of the
30 - load factor, significantly reducing the efficiency at low and average loads. Inthe



30 |l oad factor, significantly reducing the efficiency at | ow and average

| oads. In the -6- present invention, the efficiency is relatively constant
because the core of the transformer is only energized when throughput power
is required. The transformer nmay be part of the charging circuit, inserted
between the input switches and the charge storage device, or part of the

di scharge circuit, inserted 5 between the chafge storage device and the

out put switches. | rFEEERRIFIUD, the siisigne ipielateely ¢anstaritbermose thesare ofthe he RCTA to

be utilized as a rw,ﬁ&@@jﬁg@g&%gﬂr@aﬁmmﬁm%@? AC power supply
t e

for a facility needs to be stepped down in voltage, ectronic

transfornmer not only pe vol.t ransf.or mation, opt put vol.t age.
regul ation, and VAR neu':rg1 g%go | %nn,laybblf% glglc’g%leg]ﬁ%n%%mf’ﬁé”%e ‘fef'gbr?i’ e
circuit breaker, elswitcheatundithe thnegesesragefdeviceyec hanofahe discharie bigmia) inseAgdt her

application for sthe electropnic transfornmer, is as an.interface between an AC
power source an tﬁ@g’fﬁ"&‘ic ?Bﬁ@%%hemﬁamgqtéw@mup from the generator

voltage to the transm ssion voltage. Because the generator does not have to
operate at the AC gri dinsemien of 3 snplephaye trapsfiorndn pepmita therRGTAosa bsiutilited as s

obt ai ned. For exa b . I Vi o]l . W wer
gener ator , o an nch i fechmP Glfforkll W RAC oty bl 8% i nflds RO

signi ficantly hi gheteppedzomngn veltage, like girswenic transfdmserowp puly petformpthe voltage t he wi nd
and hydroel ectric RRWEEmRNEN bulol (M8 I8R8LRALO i‘SAI(l trtaﬁ%% at a
constant frequency. Still _g%]_hglp | rrpl_%r_re%?a{t %’olr?g 0 ?‘%‘e‘e g%??%%llsg%%%gorner
is an AG-t o- DC 1§t epslectreniqigiigit Srsakargriiminating the nved (T mevhanical svalchgeancesses, and
an AC-to-DC step-up of the output of an AC generator to DC for direct DC
transm ssion. Using theAbDSGkr dpplicatidmfioethe electAftid teanE¥orme vis af itdrfatd adedan t he

W th i mm DG odipRTe st TS B8 - oy o e P e st
devi ce i s resonant |vplt&s tolihedtapsmyssibnivoltaget Becabie theigemetatdr doesi noahave koloprate at
preferred enbodi menf, 5@ ol b6 Ger MRS T iRk Greattt BRInNiir) & BRRleh CFor'eRangl the
15  power source may be a turbine, a wind power generator, or an hydroelectric power
plant. It is well known that a significantly higher fraction of the power can be captured
for both the wind and hydroelectric power plant if the generator is not forced to
operate at a constant frequency. '

Still other implementations of the electronic transformer is an AC-to-DC step-
20 down configuration for DC industrial processes, and an AC-to-DC step-up of the
output of an AC generator to DC for direct DC transmission. '

Using the DSCI technique for AC-to-DC power rectification, the power
| throughput can be fully regulated to yield a highly regulated output with minimum DC
- output-voltage ripple. The energy in the charge storage device is resonantly
25 discharged into the DC output terminal,

Ina prefeﬁed embodiment, a three-phase AC power supply is applied to the
input termina! of the RCTA and a DC output that is positive, negative, or bi-polar is
outputted. Unlike standard bridge rectification technique, no transformer isolation is



input termnal of the RCTA and a DC output that is positive, negative, or
bi -potar is outputted. Unlike standard bridge rectification technique, no
transforner isolation is -7- required for a grounded system In addition,
several rectification nodules may be operated in parallel with full

i ndi vi dual power throughput control. A featue of the .AC-to-DC rectifier is
that the out put po‘lewﬂieg yorcegroupded yysiem: dnjaddisipny severpl spcjicaon modulesgay bange Wi t h

nearly instantaneoyzaadia phehiet &ﬁﬂﬁﬁ%@dtwd&ﬂ‘ﬁdﬁcﬂ-g@hﬁn%&&@ar d rectification

process, where the out put voltage is |mte to a maxi num vaI ue depending on
the AC-i nput voltage, t hi t t can b fi cant ly
boosted, only being | i ft f "tt*"n%("3 f‘%’ﬁ“ﬁ 8°‘é‘8¥‘|1’9 b -
conponents. The bmsilae@gatbwblwgyrangmﬂtﬁﬁeaﬂpatsuanﬁﬁouwwﬁt [ Ionﬂi&e uf,-.t andard
vol t ages can be_us m_nating transforners W@g constant out put

can be maint ai med %‘\‘f’é‘ﬁrd\ﬁmcﬁmﬁ@9°§F5§n‘f"?°1"'c‘§ﬁf’“tat’to"8 g51S Y8F ce.
The droop can be egdpbdlingish mhsc%pﬁevoza‘ge Jor thiY Giventioh tue\befpuecaﬁrbsh@ﬁmmyperl od

of tinme. Several npdes ., of,volt Qns ossi,bl e for exa but

‘not limted to, tHEFHIHW iﬂ’ﬁdlﬁgﬁ% eﬁf" %?‘E'Vcﬁbﬁﬂde?ﬁ R SOPRP er{t}:‘iy ng

or decreasing the bobst dﬁpﬂiﬂﬂim@eﬂhﬂf@ﬁmﬂmﬂom}mﬁﬁﬁk&ﬁgﬁaﬁmk@s mrbeasael ect ed

time interval. b. Remduah Itae re ul ati on of he chat e%torqg devi ce,
aman eyen &t

typical Iy control | SEgam 2 APt W éarbtt“? ar %rage
device. c. Contaols:giﬁdahmc&wfghmpmrgyumé Tﬁe&lr@dparagbeaﬂwtragheddmofa
during the chargin 0 .d. ntrol..of the discharge energy of the
charge storage dev%&é°raﬂ?|aﬁé°l?9ﬁgof@gﬁgpﬁfng cycle. An inportant feature of
all regulation options is that the majority of the regulation does not

require opening sw t chelsveramadss phvolipgrarsulztionyare aefsibly. BF exeaiple but agijlimid ng”
operation. 25 The BGhesaRwidt S0 be utilized in a DC-to-AC inverter by
reversing the AC-to-

a Pulsed density modulation, by incréasing or decreasing the
15  number of charge and discharge cycles per a selected time interval.

b. Residual voltage regulation of the charge storage device,
typically controlled as part of the discharge cycle of the charge storage device.

c. Control of the charging energy of the charge storage device'
during the charging cycle.

20 d. Control of the discharge energy of the charge storage device
- during the discharging cycle.

An important feature of all regulation options is that the majority of the
regulation does not require opening switches and falls under the category of “soft

switching” operation.

25 The RCTA can also be utilized in a DC-to-AC inverter by reversing the AC-to-
DC operation. The DC-to-AC inverter retains all the benefits that have been given
above for the AC-to-DC converter. '



DC operation. The DC-to-AC inverter retains all the benefits that have been
gi ven above for the AC-to-DC converter. -8- The DC-to-AC inverter can

synt hesi ze an AC power source with a controlled voltage anplitude, constant
or variable frequency, and sel ected phase angle. O, energy can be
transferred fromthe DC _power source to an A€8terninal that has its
frequency and phase det é&ﬁi%ﬂ"ﬁ?“&’ﬁ”ﬁeﬂpmmmﬁ@emwﬁwumﬁﬁtbaA@ﬁqﬂmrter

can 5 si mul t aneous|y)ed gnylgﬁudeogonﬁﬁ}h)érQgﬁbmﬁe&ue&?y\ﬁ,ﬁw&ﬁédl’bhmgﬂn%f!jG,Ct ed

current being in phase wth the voltage, but al 50 generate Si t aneously
reactive power wi t FFoeTRE caiube wasstorres For phe ReapRvieq sayrceite gy Rderminal e hesitst age
wave form. One apméqﬁéicygﬁd%%ﬁédétéiﬁﬁﬁdﬁﬁ 0¢ p&Fer Qurtd) ernd Wtl-1olRE GPertth can

AC-to-DC rectification and to-AC jnversion is energy storage in a

battery. Ener gy Scarsipatasepuslydelivet 83 oply she real goveer, witlpie ingrgier qereathaing/ie phase
avai | ability on an Ghiewt vbkagdutlalstleRSimBhRbSH RREUOYoweR Yith Hollgl Lo the

AC grid when power is required. Another applicatifon is for use with variable
speed motors. The D@herdwges%#@s'asmﬁ%mimwﬁomth the real and reactive
power dermand of the notor. The AC- to-DC operation would be applicable during

the controll ed dynam c IDneakplivgtion that tdkaeadi/intags o the dnal deldesudniOug-dDhe real
~power to the DC pover..source,~Fhe RCTA can. be used to connect. nore than two
feiiln 3o DL NC el e Sorpilo 3SR (Eip ot W £ o

power term nals to'f storage de
All of these pdits axtgetézbfrom dhef AQ inpetiuriog AG\pewisi availabilitytanain alectpio giid, afd thwy and

the ports can be c | ;}Ei%qg 0 f rmtting transfer of electric
charge or energy f%w;ny f e portt%gh%%C%wRotag}av%%f)%ﬁe#nt egrated into
such a multi-port inverter canﬁpﬁe a transforper, This, would permt the

connection of power t er APRES2RPcAtion jsdoryise yith yaziablp sresd mptoge The PG-9-AC The
nul ti-port invert eropeRtodcdndugdy bethiiRredd hndrestfild fower dddidint 6Athe Gidtor. THOACHPUL

AC power buses may he used.to vid dundant power source, O _a simlar

e a.r
three 25 port confi'BtHGPREEHIORIYP °(?BH‘I?§H% the cgn gemaychyreakiog yathithes ¢t o
yield an unintigrr uplepd Elip@ing thereid Poiver to the DC power source.

The RCTA can be used to connect more than two power terminals to the |
charge storage device to form a multi-port inverter. All of these ports may be
configured to have bi-directional power flow and the ports can be combinations of AC

20  or DC, permitting transfer of electric charge or energy from any of the ports to any
other port. Integrated into such a multi-port inverter can be a transformer. This
would permit the connection of power terminals that are at different voltage levels.
The multi-port inverter has a Jarge number of practical applications. Two input AC
power buses may be used to provide a redundant power source. Or a similar three-

25 port configuration can be combined with a charge storage device to yield an

uninterruptable power supply.

" The RCTA can be utilized as a static volt-ampere-reactive (VAR) controller,
harmonic compensator, voltage regulator, or flicker controller.



The RCTA can be utilized as a static volt-anpere-reactive (VAR) controller,
har noni ¢ conpensator, voltage regulator, or flicker controller. -9- Oher
features and advant ages of the present i nvention will be-set forth in part in
the description whi.ch follows and acconpanying draw ngs, and in part becone
apparent to those skilled in the art upon exami nation of the follow ng
detailed description taken in conjunction wd-h the acconpanyi ng draw ngs, or
~may be | earned 5 by prd@thecfeatofes iiedpmagesnif therpraet inventioft lndl babetfotthpgmetof t he

present invention Wil t ?@m%y S, af:

instrumentalities g‘% %‘ftﬁgH ongOIpar atcﬁﬂng) o1 nte Q 9 meﬁe appended
clains. BRIEF: DESOFPPI’IPFUQ memdmmm@?ﬁx@mmmsf the ftélowtgrdméftd schemati c
of a power convert E W!f [ ower

fl ow capability; & ogt;l{eﬁﬂ:% X"‘gpwg%ﬁé‘gé’ pac%ﬁig%m%régér %Rg%ﬂn\/\é\aef orm
of the power c®nvey prect;ces:lﬁdmnrqsmt krlvéatiod., Thpadmtagesgafaﬁe puiesentyinvienjntmagbel out put

bavet ormof e ctnyish B Sl pR et @8 bl T LB R poner

factor and suppl yi pgjnted butrieletappend@ioalms. and vol t age boost; FIG 4 is an
electrical schematic of the basic architecture of a DC-to-DC converter with

bi -di rectional power f|pREFEPERECRIPTION BF BHEDRAWENGSK di agram of a nulti-port
converter with AC and DC i nputs and AC and DC outputs; 20 FIG 6 is an

el ectrical schematic of pNQiNereeiadiniie cga p %%rﬁ%ﬁfrtzﬁ@nc ‘éﬁ.ﬁ;g
si mul t aneous i nput and out put operation, I's an el ectrical mati c of
a dynam c VAR ¢@rrpen@mdypcuom<aowsrﬂosvcapagﬂ@3ph of a typical charge interchange
wavef orm of the dynam c VAR conpensator, shown in FIG 7, with two cycl es of
‘operation; 25 FIG 9 |sFIanzed£gtpih|ﬁaltypmr&mbimﬂﬁnﬁw&hmmmwo\v&ansfor mer
that conbi nes

converter, shown in FIG. 1, operating at unity input and output power factor;

FIG. 3 is a graph of another typical charge interchange waveform of the
converter, shown in FIG. 1, operating at unity input power factor and supplying

15 - reactive power and voltage boost;

FIG. 4 is an electrical schematic of the basic architecture of a DC-to-DC
converter with bi-directional power flow capability;

FIG. 5 is block diagram of a multi-port converter with AC Vand DC inputs and
AC and DC outputs;

20 FIG. 6 is an electrical schematic of another embodiment of a power converter
with simuitaneous input and output operation,;

FIG. 7 is an electrical schematic of a dynamic VAR compensator,

FIG. 8 is a graph of a typical charge interchange waveform of the dynamic
VAR compensator, shown in FIG. 7, with two cycles of operation;

25 FIG. 9 is an electrical schematic of an electronic transformer that combines
frequency control with voltage transformation;



frequency control with voltage transformation; -10- FIG 10 is an electrical
schematic of electronic transfornmer with sinultaneous input and out put
operation; FIG | 1 is an electrical schematic of power converter ‘using three
capacitors; FIG 12 is a graph of the capacitor voltages and charge currents
for the power 5 converter using three capacitlér-s, shown in FIG 11, for a

t ypi cal chargi ng pr oces$FIGFI0Gs anl gectricabschgmagif obflecyonie traisformer vath siptultaheouy ol t age

and current inputs . .converter shown in FIG 11; FIG 14 is a
graph of the out put%f’%@é@p@&gg&%@\’/er al AC cycles of the power converter

shown in FIG "11; 10 FI 15 shows the capacijor voltages and charge currents
for the power converte %’(Wﬁ’%?‘%“é’aﬁﬁg 3G PLPOWSH BRAMETES, BEPAINIOF FRPALYNIS, o

typi cal charging process with a residual voltage in the capacitors; FIG 16
is an electrical schenatflG. ¥ is s graph ofthotdpatitoevdkegssmed thargde currentvfor thepowerer t er
with three capacitors; : .S S . el L perating
curves of the rgal tﬁgg%rge?uﬁ@lvbreééaﬂga%og%g%%ﬁngl;G.,fi %’egé%%léﬁgpﬁgiﬁﬁgogggphase
angle for the power converter with three capacitors sho in FIG, 11 and

16: FIG 18 is a graph &fCalkise zpph phyewsraicysles obthevalags snd sHrsRdnRyts for the

reactive power 20 gdvgwc@ns,eﬁe,fsmihgmqf;;the resi dual voltage phase angle for
the power converter with three capacitors shown in FIGs. 11 and 16; FIG 19

is a graph of a set of appt ri i cury f LR e eIVl fl ow
control given the react {%@ée;' %‘\%\é 3@851&?%‘%{ ivgﬁagggé?rﬁg‘;efagg% Jggwer d% ow_efamgl e
for the power convemvetersiawn it Fgdlcapacitors shown in FIGs. 11 and 16; -11-
FIG 20 is a graph of a set of parametric operating curves for the output

power 10 FIG. 15 shows the capacitor voltages and charge currents for the power
converter with three capacitors, shown in FIG. 11, for a typical charging process with

a residual voltage in the capacitors;

FIG. 16 is an electrical schematic of still another embodiment of a power

converter with three capacitors;
15

FIG. 17 is a graph of a set of parametric operating curves of the real power
flow as a function of the residual voltage phase angle for the power converter with

three capacitors shown in FIGs. 11 and 16;

FIG. 18 is a graph of 2 set of parametric operating curves of the reactive power
20 flow as a function of the residual voltage phase angle for the power converter with
three capacitors shown in FIGs. 11 and 16;

~ FIG. 19 is a graph of a set of parametric operating curves for the input power
flow control given the reactive power as a function of the real power flow angle for the
power converter with three capacitors shown in FIGs. 11 and 16;



flow control given the reactive power as a function of the real power flow
angle for the power converter with three capacitors shown in FIGS. 11 and
16; FIG 21 is an-el-ectrical schematic of the basic architecture of a power
converter output section wth the addition of commutation inductors to
reduce the current rate of change of the cdrrutati on switches. DESCRI PTI ON
OF THE PREFERRED ENVBCODFNENPds 2 graphngt-atset ofGafemersic oftating chuyes far th€ontputigowd0 Fl G

| illustrates an o Lol TSR o ifer QUPRAIRATE AR Rt Rluwek 6w afficlAr §IPI OYeEd

as an AC-to-AC power converter [ requency changer ctronal
power flow capabi IFowpr copnerter@ithshregapapiters shownid FlGs: 1bsdnd$i i fi es the basic
structure and operation of the RCTA and RSDI nethod and will be described

first- There are sever #GEITHOsH dRkrics! sefientalie of 6T VasieAELhinSfire RS fdbr cdivirtet he
basi ¢ 15 structure and operation of each is the same or simlar. The AC-to-AC

converter can Be dURYE fGion with the pdditiqnpt corpmmation inductors 19 SeAuCE Hig currabragrof 5

transforner. This ihdde oftHebRabftibd Mchdr mer | osses and the cost, volume, and
wei ght requirenents of a transforner. Cbviously, a transforner can be used if

a specific apparatus i bRl ?ﬁgﬁﬁ%@iﬁbeﬁlﬁ magrke a different
I nput vol tage. 20 AC-th))-SE conver?gr conprises a ?Rr ee- phase i nput term nal

11 for receiving a three-phase ower supply, a three-phase | ow pass .
i nput filter 10, an ingut S f%h“cog%“gelr}e%ﬂv%'? an input inductive section 22,
a charge storage device 25, an output inductive section 26, an output switch
section 30, a three-ph#&se | 6iffYass output filter 40, and a three-phase
output termnal 12 for supplying an output voltage. 25 input filter 10

reduces the curaent ripple FIG. 4 ihagiteginzleetricatl sciemaficiofidne embadireent bfthé er i ng of
thi gh frequencies r es both the filter capacitor. and.inductor val ues.
Input filter 10 cONers SBEIOTRfap BEorAG owe Fpyenss it freqisney changer and 5y &
Cri3d/1, CHi2/1, alidctidnaldiodver flovacapabilite’ The ACdelACoweo nbivetterakemplifiesAhe Y
configuration could;be U36d, 85 pemon of the RCTA ard RSDI method and will be described

first. There are several embodiments of the RCTA and DSCI method, but the basic

15  structure and operation of each is the same or similar. '

The AC-to-AC converter can be directly connected to the AC grid without the
use of a transformgr. This will elimingte transformer losses and the cost, volmﬁe, and
weight requirements of a transformer. Obviously, a transformer can be used if a
specific apparatus is designed and constructed to require a different input voitage.

20 AC-to-AC converter 5 comprises a three-phase input terminal 11 for receiving
a three-phase AC power supply, a three-phase low-pass input filter 10, an input switch
section 20, an input inductive section 22, a charge storage device 25, an output _
inductive section 26, an output switch section 30, a three-phase low-pass output ﬁltér
40, and a three-phase output terminal 12 f'ox_' supplying an output voltage.

25 Input ﬁl;er 10 reduces the current rippie to a negligible value. Further, the '
filtering of high frequencies reduces both the filter capacitor and inductor values.
Input filter 10 comprises inductors Lfil, Lfi2, and Lfi3 and capacitors Cfi3/1, Cfi2/1,
and Cfi2/3 in an “L-C” or “delta” configuration. A “Y” configuration could be used as



well. Wth a switching frequency around 2000 Hz, a cut-off frequency of about
600 Hz is selected for the I ow pass input filter. Input switch section 20
controls the chargi.-ng of charge storage device 25 from the phases of the

t hr ee- phase power supply. Input switch section 20 conprises six 5 input
switches (Silp, Siln, Si2p, Sign, Si3p, and S§3n), two switches of opposite

polarity for each '%ﬂ“t\af‘ﬁb@ﬁﬁtchﬂ; ﬁe%ﬁgymmtzm@mm@qmafawwdoo

thyristors. Input I NduCti ve sec is one part of a resonant charge
circuit formed wit FHzisseiestedforthg fpwv-prsying fHter. | nput inductive section 22
includes two coupled inductors Lai and W Lai is coupled in series between

the three positive Inpuun;ﬁmt\ilﬁqu(oﬁabmnﬁo&h&ﬂ@g&ﬁ&a&ﬁp}aﬁm@ﬁrm
storage devi ce 25; Lag i oupl ed in ser tive

i nput switches (Sil ﬂ};ﬁﬁ"*gﬁé‘ﬁf PO SHa: ré@p E%WC%Sg&ag\zléce %g%ﬂ y one
char gi ng i nduct oy qalgmlgﬁta&eglsuﬂ)mm Sig, S2pnSiep, rayd Sﬂmwmtshns\nﬁowbm char ge
st orage device 25 stores_the char frqm.t he i ases arges the
stored charge to oRYAREY fogFafhinput g’?s ﬁ’ "P‘ﬁuésvg% mﬁgkrglge%%&gtorage
device 25 includes a capacitor Co coupled in serjes vvlth i nduct.or s “'b and

W Qutput inductive sectlppm imigetive sestign %}st“anwfraéE%H%{'ﬁFhaéﬁeﬁﬁﬁ?%ﬂn it ¢

formed wi th charge,gfar ef&%m&g aépmmh&%sécawmhmesawmmemdmmudes
two coupled induct Sl and Only one di scharging, i nduct or

used, but, for symmlradeaQOL%m%P@ds'hWﬁSbmﬁF@W?‘?f smﬁ%ﬂdafe?@bmnms

the di scharge o cagac andQhrb's %év?c'azg%am 526k nﬁﬁme&tﬁmmt put
sw tches (Soap, i%ol §5§"5ng 2n o?,tgmgand So3n \ sﬂv:atchea 23 posite
‘ﬁg’ﬁ‘ na

polarity for each o&tqsmpgmawut Spaehes (iphitSIZnand 26 &CP8R

thyristors. 25 Lb lg] oﬁebﬂﬁy%m&c&ﬁraﬁ&@a,wmr@hﬁme@,ﬁﬁcoarragmdev' ce 25 and
the three p05|t|ve out put switches (Sol p, So2p, and So3p); and Lag is

coupled in series betwe gt BEmRE ERedM@gati ve
out put switches (So In, e@ofﬁﬁ—ﬁég@rﬁ%@%@%%\%% & nﬁd%
discharges the stored charge to output terminal 12. In this embodiment, charge

15  storage device 25 includes a capacitor Co coupled in series with inductors Lal and
La2.

Output inductive section 26 is one part of a resonant discharge circuit formed
with charge storage device 25. Qutput inductive section 26 includes two coupled
inductors Lb] and Lb2. Only one discharging inductor can be used, but, for symmetsy,

20  two are shown.

Output switch section 30 controls the discharge of capacitor Co. Output
switch section 20 comprises six output switches (Solp, Soln, So2p, So2n, So3p, and
So3n), two switches of opposite polarity for each output phase. The cutput switches

can be conventional thyristors.

25 Lb1 is coupled in series between charge storage device 25 and the three
positive output switches (Solp, So2p, and So3p); and La2 is coupled in series between
~ charge storage device 25 and the three negative output switches (Soln, So2n, and
So3n). | '



] -13- Qutput filter 40 snoothes out any ripple, yielding.a nearly
har moni c-free, three.phase AC output. Qutput filter 40 conprises inductors
Lfol, Lfo2, and Lfo3 and capacitors Cfa3/1, Cfa2/1, Cfa2/3, Cfb3/1, Dfb2/1,
and Cfb2/3 coupled in an "G L-C" or "Pi" coﬁfi guration. If a "Pi" input

|

filter configuration h chosen, the ciXcuit . h rf.ect
symmetry. b. DSCl Oper Zﬁ@ﬁﬂ%’ Ciii] ﬁtshf }r%u?%nyﬂ%’gfé r?l%% éIp\?eghs);i %agﬁ%{ng%ﬂ?%gﬁﬁso
operation and sel fphaged@ batpud NOuthiAilter4d, comprésesimbvrveraliot,difol, hebiip3 fugk unity

The i nput and out pFCRRACE b (g 2R G TRAL e hlfed Pyl Rgh.08 10

V,sin(w.t) (la) \Ver=PFsonfigurstidnr 1£3)“P{ilput filkér onfigivaanrhadvpeen chaden, theFjrafitic) Vol
= Vsin(w) (2a). V.23,V si o= 2:r/ 3) (2b) V.3=V,.sin(w,.,t + 2ir /
3) (2c) where \? i‘gg@%gévﬁz’laeﬁéé%ﬁ’fl%ase voltage; w, is frequency of the AC

power supply; V,i, Va, and Va are the input phase voltages of input phases
1, 2, and, 3, 20 respedtively; VDSCEOp#ighioBeak phase output voltage; w,,, is
frequency of the output voltage; and V,i, V,,, and V,0 are the output phase

vol t ages of out put phasksdeimon@tratathe principiesbetémictb¢ DFEN operafiotand selfredramitationous

i nput phase vol t aggs, ar [ ")z |V - I . two of
the three i nput ph iaét g‘-"%ﬁ]@%ﬁ@%ﬁ?ﬁ%‘%?{ggg’%é?ﬁde%n%uéﬁov%f%r-w%n r!gnd 25

~W= | V'- Vai, whedescribed in thabllewogn be phase 1, 2, or 3 . -14-

10 The input and output phase voltages can be defined as follows:
Va = Vesin(wd) (la)
Va= V.,sin(m; -27/3) (1b)
Va=Vsin(og + 2x/3) {1c)
15 - | Vs = Vousin(ind) 22)
| Vi = Vasit(@ad - 277/ 3) (2b)
Vi = Vousit{ @t + 222/ 3) (2¢c)

where }, is the peak input phase voltage; o, is frequency of the AC power
supply; V1, Va, and ¥ are the input phase voltages of input phases 1, 2, and, 3,
20 respectively; V., is the peak phase output voltage; w.. is frequency of the output
voltage; and V,,, ¥, and ¥; are the output phase voltages of output phases 1, 2, and,
3, respectively.

The instantaneous input phase voltages are ordered as, |V, 2 |V, 2 | Val,
and two of the three input phase-to-phase voltages are defined as, ¥, = | V;~ ¥, and
25 Vy=|Vy— Val, wherei, j, and & can be phase 1, 2, or 3 .



To charge the capacitor Co and obtain self-conmmutation of the thyristors, at
t'" =t'o, the thyristors corresponding to the highest and | owest
absol ut e-val ue phase voltages, that is, the input phases "i" and "k", are
triggered. Thus, the differential voltage Vb is applied across the capacitor
Co with the inductors Lal and Lag in series. Vb is applied until the

3.

thyristor associated w th ddl e a soI $#m hase h t is
the input phase "j", |s& FFﬁS%%%&H%ﬁ“q' éPﬁﬁ‘E% n?%@% ?ﬁ& caga0|tor
voltage for t'o < t—tusthtthynamcémmmtlggoﬁmh@estzmtlowésoabsnlatemmphasal

‘conveni ence), |111(t . = w. t f 0wherns, .= Vb(- - 3b) rvo
11 LG, (4a) z="37- Co}tass pa] %HF‘&@? et SBETE; o [W_gé?\‘/?b4 us, e ‘ﬁg”‘?“%ai " the
thyristor of phase vojtagelIs,:éxpp@gamdsmecapanmecbvhﬂhehaindui:mrﬂmnaadmmlsemge of
Va across the capacjtor

thyristor associat &g P “VH@H&R géﬂﬂ§ggﬁéf§g§ hgﬁo§g2%¥ﬁﬁwgggogftghe

self 20 conmmutate Qfgltag eAEhahs tEeﬁlplﬁphéﬁ@ejn lgbggerad)acﬂdtqr Co is fully charged to
the differential voltage of Vc(t z), the charging current becones zero and

(he chargl g procezs 1 RgRl oot PRI 2 LTS iy >
0) 5 10 15 (5) VA )zero fof fanthemjtisalicomyssienes), coS(r (f -t’ij+ )1 (6)

L(1") = Lsin{w.!") (3a)

10 ' VA1) = Vs(1 - cos(wst ) (3b)
where,

w, =1/ JIC., © (4a)

=JL/C, (4b)

1,=V,12 (4c)

15 | L=Lal+La2. = (4d)

At t' =t'), the thyristor of phase “j” is triggered to connect the differential
voltage of ¥ across the capacitor 25. Further, applying Vj; to the opposite end of the

thyristor associated with the “k” phase causes the “k”-phase thyristor to self-
20  commutate off.

At t' =t', when the capacitor Co is fully charged to the differential voltage of
V(t%), the charging current becomes zero and the charging process is completed. The

voltage and current between t'; > t>this given by equations (5) and (6).



where, 1. _[1,1 Z2 +(V' _V, )2 ]1"2 1 Z (7) O=sin-'[I,ZI(12 +(V.-V,)2)1121
(8) t'Zz=t", +(n- 00V, =Kt, li =1#1) (99 VN2) =VP,) +
l.Z(cos(O+ 1). (10) The charges drawn from phases "1" and "j" are given by,
Q W sin (t 2 (wt ~) +(V, - V-1 ))2)112 (11 a) a = Cvc(t',) . (lib) 20
To draw harnonic-free power fromthe input,_]tsh_e ratio of the charge drawn :
from each input phase nust be equal tqg,the rat)po of the absolute val of the
i nput phase currents. Because Q = -Igl()q?"?n%t,'lf)'ﬁgsl s selected suc#g} hat
the ratio of the -16- charge drawn fromthe two phases "j" and "k" is the
sane ratio as the absolute value of the input phase "j" and "k" currents. It
follows that the correct charge is also drawmn fromthe input phase "i" For
unity input power factor, the cupr@nk 1@ty Zkcol tds@alr L8)H& i nput({gphase
voltage 5 ratio. It follows that,(g$ Tb@U: :Z%(o;(?fn sg?él yqe-!??]ht) .2(~p2(d.e5
.(Wv,(e NI10 (12) Sol Viﬁ equation (12), there is one unique value for the
time of t't for every VPt phase angle (colt). The values of t'r can be
calculated and stored in a table and read out by a controller that triggers
the thyristors &t the appropriaté.tlin® ®dGo*dY hg/€o the input phase @ngle.
is For unity output power factor, the discharge operation is the inverse of

t he

¢=sin"[LZ /(I'Z° +(V, - Vi))"] ®)
2=+ (n-¢)o . B=VAr) h=1)®
10
Vt,)=V.(1,))+1,Z(cos($)+1). (10)
The charges drawn from phases “k” and “J” are given by,
15 Q,=Cl¥, sin’ (@) + (¥, - V.¢¢, )'1” (11a)
O =CV(r,). (11b)
20 To draw harmonic-free power from the input, the ratio of the charge drawn

from each input phase must be equal to the ratio of the absolute vale of the input
phase currents. Because Q; = - (Qj +Qy), t' is selet_:ted such that the ratio of the



charge operation descri bed above. That is, the output thyristors
corresponding to the two highest absol ute-val ue out put voltages are first
triggered, and then the thyristor corresponding to the | owest absol ute-val ue
output voltage is triggered so that the ratio of the charge injected into
the output phases is equal to the ration of tjge output phase 20 currents. c.

Exanpl es of the %&p%c 15 the twdHinbdés HO “kF%%@%.g@ﬁfo%gﬁ%égﬂﬁ% value

above-descri bed charge e operati'on wi'll now be scribed wt
particul ar exanpl e ofisherigput phasp§” angd-“KCcyreetsr Icfolirmes thas thesdorrem chargeris @so drawn n

this exanple,. pow%‘agll' ?y\@ g%“-,uni ty power factor, thus the input phase
voltage ratios are %ag% Gt he i nput phase current ratios. For ready
under standi ng, the gRy RRASSoweY AicRARE curfedl 86 i ABRichNG theiRpilt pRABSRltage
currents, will be used t'o describe the switching. -17- An input phase angle

of 80 electricals degliedsfallows#iabct ed. For a 480 volt (V), 60 Hertz (Hz),
t hr ee- phase AC input, the phase voltages are V;r = 386 V, Vn = -252 V, and

V,3 = -134 V. (See equations la-1c.) 5 The charging process is started at t'
=t'0o by triggering Si 1 pR(epe="1ny (L,,s*f?&——lwﬁ%ﬂmm (e hi ghest

absol ut e-val ue phase voltage) and Si 3n The t'ﬁ;(/"l”isf(b“ “Corresponding to the

| onest absol ut efdval ue phase vol tage). Thus, the phase-to-phase voltage of Vb
= 520 V is applied acr ossivingequaupn{l2yfithdreid oot aiquelvaliie fonche\lime i ¢, fonevenal

vol tage on capacitar i.5.0.V ( e iQn_ 3 h r.gi Current
I ci through 10 the ‘E%ﬁﬁ%ﬂs% ﬁgl%gmé’?'te‘gb eovg'td'gga% éc%lil%%ga] \;\a’/aq"\&/j%& %{lg sgog%v\%a?%leﬁﬁ 2
(see equation 3 a).reddut by R Ybntrolérake? tiggend ile&Ryrisiord atite dppRpaaEtma ocbiding to
charging current Ici, and the input phase 3 <current 131 Is the opposite of |
1 i for the first (hsPPYPBEKE B farge cycle. At t'=t'r, the thyristor Sign
(the thyristor corresponding to the nedium absolute phase voltage) is
triggered. The iSnput ph&erumtywutputpsevepfactop e dischargk oprrativg ds th&inBirserpfithe

; b ;]; ‘eC g mutate i T Qhfrge SNctidnHelthibRl Bive Mhatill AhddtSt RiyRGER o PR 0 kP Ut
_ two highest absolute-value output voltages are first triggered, and then the thyristor
corresponding to the lowest absolute-value output voltage is triggered so that the ratio
of the charge injected into the output phases is equal to the ration of the output phase
20  currents. '

c. Exampies of the DCSI] Operation

1. Unity Power Factor Operation

The above-described charge cycle operation will now be described with a
particular example using the AC-to-AC power converter shown in FIG. 1. In this
example, power is drawn at unity power factor, thus the input phase voltage ratios are

25  equal to the input phase current ratios. For ready understanding, the input phase
voltages, rather than the input phase currents, will be used to describe the switching.



For the second part of the charge cycle, the differential -i nput voltage is Va
= 638 V. Because charging current Ici through the inductors and the voltage
across the capacitor:Vc cannot change instantaneously, lci and Vc do not

change when the 20 thyristor Sign is triggered. The charge transfer continues
and concl udes when the capacitor Co reaches l#axi num vol tage and the charging
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the ratio of the charge drawn from phases 2 and 3 is drrectly -18-
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connect ed acr oss the out ut B‘Fﬂ di scharge current |co
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15 Si3nto self-co:nmutate if off. This terminates the charging process from the input
phasc 3.

For the second part of the charge cycle, the differential input voltage is V=

638 V. Because charging current Ici through the inductors and the voitage across the
capacitor Vc cannot change instantaneously, Ici and Vc do not change when the
20  thyristor SiZn is triggered. The charge transfer continues and concludes when the |
| capacitor Co reaches maximum voltage and the charging current through the capacitor
becomes zero. The conducting thyristors Silp and Si2n self-commutate off at this

point.

Using equation (12), and with Co = 200 uF and Lal+La2 = 50 uH, the
25  thyristor Si2n triggers at t'y = 136 psec and turns off at t'; = 334 psec. Asshownin
FIG. 2, the current drawn from the positive input phase 1 is the sum of the two
negative input phases 3 and 2 and opposite in polarity. The triggering time t'; was
 selected such that the ratio of the charge drawn from phases 2 and 3 is directly



thyristor So | p is triggered to connect the positive end of the capacitor Co
to | onwest absol ute-val ue phase voltage, that is, phase-1. Because the

vol tage on output phase | is |less than the voltage on output phase 2, the
thyristor So2p self-commutates off and the discharging continues on out put
phases | and 3. For the ratio of the chargesgQ injected into phases 2 and 1
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slightly fromt’ 1¢oﬂ13&e.gs@555tt§bdutput phaked gx@ac. Wth an out put vol tage
governed by equation (2a) through (20) and the out put

15 The discharge current Ico begins as a sine wave and is altered at t's as the

:3

thyristor Solp is triggered to connect the positive end of the capacitor Co to lowest
absolute-value phase voltage, that is, phase 1. Because the voltage on output phase 1
is less than the voltage on output phase 2, the thyristor So2p self-commutates off and
the discharging continues on output phases 1 and 3. For the ratio of the charges

20 injected into phases 2 and 1 to be directly proportional to the output phase voltages of
ocutput phases 2 and 1, t'y = 579 jisec in this example.

When the v‘oltage on Co decays to zero at ts, a freewheeling switch Swo 29 is
turned on to prevent the inverse recharging of Co. The residual energy stored in the
output inductors Lbl and Lb2 is thus applied across the output phases 3 and 1.

25  Furthermore, when the current through the output inducter becomes zero, the
thyristors Solp, So3n, and Swo self-commutate and the next charge cycle commences.

2. Reactive Power Injection and Output Voltage Boost



current | eading the output voltage by 30 electrical degrees (n/6), the output
phase current requirenent is as follows: 20 1,1 =1 (m + fz/ _ -68.34A

(13a) la=1,,,,sin(wvat - 2w 3 + w6) - 196.96A (13b) 1@ =1 ,,ain(tnp,t +
2rd3 + w 6) = 1-128.56A (13c) -20- The phase currents are ordered as I102l >

|18l > I101ll. Because gutput phase. 2 has thd®hi ghest absol ute val ue current
requirenents and is pos?’fH‘;é‘,m"f‘ﬁmpﬁgﬁe°§BEWY'FH’I?§PM$FHP$)FSEIFF§“§HPP%
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This control | ed>r eSFERIEMERINAY D areer Hiap theiappt Yaltags reqirementy Yiichreanisehar ge, wi l |

boost the ‘input eréglggﬁor(t@ﬁf&fcgﬁgedtaqrh%ﬁgriv@gaéehe power throughput. 10 Still
another difference is that the maxi num voltage on Co is increased to 1294 V
from 1194 V, the difference defined by the negative starting val ue of the
residual capacitor voltage. This results in an increase of the throughput

energy by about 18% ratin t a constant converter frequency, the power
t hr oughput is increasec?}gﬁ"ﬁﬁ@'%“g%ﬁ?gp %%&f&?@vwweﬁ@mﬁﬂgﬁg‘%%smpmg
reactive power, théntheinpitiexinpié afE refeende foFTENE. Bécause ik RBME Fhabd/voktddd thitbsa
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Thyristor So2p is tchirggewiltbedised 13 descabéthe &wiftBingBecause thyristor So3n has the
20 nore negative voltage value, it is also triggered at t"'3. At t', =.578

‘gsec So In is triggeredyndbiseitd SBcdssis SEhHch E5RY SBimnle. Bedadst Enid | t hat
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power components are drawn. However, an initial residual capacitor voltage provides

the voltage boost. Because the residual capacitor voltage is —100 V and not zero, the
15  triggering of the thyristor Si2n is shifted slightly from t’y = 136 psec to t', = 134 jisec.

‘With an output voltage governed by equation (2a) through (2¢), and the output
current leading the output voltage by 30 electrical degrees (7/6), the output phase

'current requirement is as follows:
It = IopSin{@ind + 7/6) = 68344 (13a)
20

Loz = LySin(@d - 2173 + 7/6) = 196.964 (13b)

Loz = Insinfa g + 273 + w/6) = 1-128.564 (13¢)



from out put phases | and 3 is . equal to the ratio of the output currents on
phases | and 3. Because the voltage on output phase 1 (68 V) is greater than
the voltage on output phase 3 (-368 V), thyristor So3n self commtates off.
25 At is = 704 psec, the capacitor Co is recgrged to -100 V. Because this is
the selected residual for. the 1€ swtch 29
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the residual volt agfiput enegyyshetetite Merebdipthé povee throughpun) a | ower vol tage power
source to a higher voltage termnal. This boost node operation can, -in

principle, pernjg a ste@nﬂlen&ﬁerm*e.z. ;s%ﬁ@%wﬁﬂ&ﬁbo]ﬁg@oﬂﬁq;h&&se&tﬁelz

transformation ratio will be Iimted gthe thyristor "and capacitor vo?tage

ratings. However, RfpeidP4 Yothediffeesn negrhy dhefnggatiye partng valpeef thoresidugk can be

operated with a 15 aﬁmwm@mrm{naﬁm&&ﬁ@ﬂéﬁehgnﬁﬁfme@%ﬁmt Pk, power
wi t hout stressing the electrical conmponents. The power converter can al so
operate with a posi@preiing aks epgstant W@feﬁmeﬂ‘ﬂ/ dhe gower theonghputigiacreased byjthe

t hroughput per cycl@mapdiopperate the power converter at a frequency
sufficient to limt the harnonic |evel during |ower throughput power denand.

15 In addition to supplying reactive power, the output voltage requirement is
increased by 10% to a phase-to-phase output of 528 V rms. Thus, power can be
transferred from a lower voltage grid to higher voltage grid, in this case from 480 V to
528 V.

Thyristor So2p is triggered at t'; = 360 psec. Because thyristor So3n has the
20  more negative voltage value, it is also triggered at t's. Att'y=578 usec Solnis
triggered. This time is selected because it is the time that the ratio of the charge drawn
from output phases 1 and 3 is equai to the ratio of the output currents on phases I and
3. Because the voltage on output phase 1 (68 V) is greater than the voltage on output
phase 3 (-368 V), thyristor So3n self commutates off.

25 At t's = 704 psec, the capécitor Co is recharged to <100 V. Because this is the
| selected residual voltage for the next charge, a freewheeling switch 29 Swo is triggered
" to clamp the capacitor voltage and prevent further recharging of the capacitor. For
negative residual voltage operation an addition diode between Co and Swo has to be
added_to prevent Co from recharging through Swo.



20 Thirdly, real and reactive output power requirenments are fully
controllable. For the sane output voltage phase angle, the injected out put
current may be conpletely in phase with the output voltage, fully |eading or
| aggi ng the output voltage by 90 electrical degrees, or be any angle in

bet ween. However, as the phase angl e increases so nust the m ni mum residual
voltage. Finally, as th ase,angl.e gl fferenék- becones 25 a full 90
degrees, the residual “W"H%“ ¥R Sy és teggreeds b rosidug] prergyn theslischagee but

opposite in polari tmdmtmé.bnendw tRRFEaY tHeSoulpat. ngletﬁre@m&{grcggmtmegzégcond
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- capacitor Co is chasgelidgast disohalgy cycluald férfith Yhe nédi @har, Ex&&tﬂwﬁnﬁﬂﬁ% ght
toleft, 30 the capacjtor, Co is charged negatlvel - The swtc

be used in charging gongitigh ayip the Pé?’&??ﬁ@%ﬂﬂﬁy,mﬂmﬂﬂéﬁﬂgpeﬂréﬂoﬂ ow from

left to right, while Swir is used with opening swtches with power flow from
right to left. 5 d. Gene@%dﬁoteﬁih@édlalVMgﬂasmmMpMum Mﬂqﬂaﬂmgeacould

general i zed net hod Iy chi.ng. can. | oped t hat
provi des sel f- corrrruftggt ?g% %ﬁéc\?\ng?gﬁo& w&éﬁ”wrhﬁgmfé‘ﬁ“?ﬁ f%% he
charging cycle for lategi V@ﬁmmmmatﬁhmgaﬂgb@hmmscytbhimtherbb)de&mggm t he

i nput thyristor (i),6Ridgsponding to the input phase current 10 having the
hi ghest absol ute value and (ii) of the sane poI arity as the input phase
current havi ng he hi ghest sol te val ue, the two renaining |nput
phases, trigger he inp ?%EY 8%“?’?‘5"1°f)‘ﬁ5€f§!dP§VPIFPSE)§P§BY§3}”’F(SW nput

thyristor triggeredfrbm aléved vblitdd Gowd)sodrdd to o hi vd?@?@t‘éﬂnﬁ&] PIRS Bddst ModeS
“positive, correspondrtﬁagl to the out put phase h%ﬁ\%{ren he | ess posrtlvoe vol t age

15 val ue, or (b) i fOREFEOBSHbE RAACIRls: ReFpif ?“FE’“HBE;‘Q? 0 apigyed slscstiegy theo t he
out put phase havi ngarstoemitRagatvagnbe u@teacﬂyt@myfwdrusd capcitBF YIS ralifl®, Ot her
i nput thyristor of ﬁhe two renainin fohasescug
owever, a pOWer conwv gned or a particular voltage can be operated with a
15 drooping input power source and deliver rated output power without stressing the
electrical components. The power converter can also operate with a positive residual
voltage. This will reduce the energy throughput per cycle and operate the power
converter at a frequency sufficient to limit the harmonic level during lower throughput

power demand.

20 , Thirdly, real and reactive cutput power requirements are fully controllable. For
- the same output voltage phase angle, the injected output current may be completely in
phase with the output voltage, fully leading or lagging the output voltage by 90
electrical degrees, or be any angle in between. However, as the phase angle increases
so must the minimum residual voitage. Finaily, as the phase angle difference becomes
25  afull 90 degrees, the residual voltage will be the same as the initial voitage but

opposite in polarity since no net energy is being transferred.

With a second freewheeling switch 21 Swor, the power converter can operate
as a bi~directional power converter. When power flows from left to right, the
capacitor Co is charged positively. Conversely, when power fiows from right to left,

30  the capacitor Co is charged negatively, |



that is opposite in polarity to the input thyristor triggered in step | (ti)

at a tinme such that the ratio of the charge drawn fromthe two remaining

i nput phases is equal to the 20 ratio of the input currents of the two

remai ni ng i nput phases. The generalized nethod of the discharging cycle for a
gi ven output phase angle is as follows: 1) Trigger the output thyristor (i)

corresponding to the output phase current heai-ng the hi ghest absol ute val ue

and (ii) of the same poITg‘F FWitchSavi riag bouged int charging Rpesasion withepenitgiviun gwitdhes

hi gh bsol L h
i ghest absol ute vahupwesfoWhroldien ¢ E,%é@%%%ﬁmwﬁf%%%%@e} e

out put thyristor (i opposite in polarity to the outp r1ggered
in step | and (ii) femframrighidoleBoposite polarity is positive. corresponding

to the output phase having the nore -23- positive voltage value, or (b) if
the opposite polarity is negative, corresponding to the output phase having
the nore negative voltage value. 3) Trigger the other output thyristor of the
two renmai ni ng out put phdses Genefalized Oeratios opposite in polarity to the output
thyristor triggered in step 1 (ii) at a time such that the ratio of the

charge injected into therdnhe aiveieRinifesOd fedeialiel ASMSd bSchAge fltercHafigd M8 rati o
of the output currents.of the.t r ining o ut phases. 4). Trigger the
freewheel i ng swi tcﬁw\'ﬁst&'l‘?"taﬁ °8$§@M@WB‘P&§@?§} “8?‘*‘26&"&];5’11 rm ned
residual voltage. XgtnerdliZed methbd bxhié tHargiig chbie fr@ bivef RPutiBadélangle £QE follswan

~ AC-to-DC rectifier. The output in FIG 1 can be controlled such that the

vol tage and currents fogryt ; ?ﬁ.ﬁg . | t each
other, but opposite in E))m ;,iur)irt é%grl&gitgﬁ%f(gl@ or ]gdr’?q’gé?opﬁtgmgﬁgishg&ang e of 60
el ectric degredd, thadngihe bigheshhbsolute valyeand)tig ofthesaye polarity(is &g input phas®?2 = 0.0

V, and V1= -0.87 V.wnﬁ%@mg%%a&lhte@gti nued operation at this output
out put, )

phase angl e produces a ecause positive charge is injected into
the first output phase, ;io CHAEIE | & i S GipRe habes rikes the input thysistor (i)
opposite in polarity to the input thyristor triggered in step 1 and (ii) (a) if the opposite
polarity is positive, corresponding to the output phase having the less positive voltage
15  value, or (b) if the opposite polarity is negative, corresponding to the output phase
having the less negative voltage value. |

3) Trigger the other input thyristor of the two remaining input phases (i)
that is opposite in polarity to the input thyristor triggered in step 1 (ii) at a time such
that the ratio of the charge drawn from the two remaining input phases is equal to the

20  ratio of the input currents of the two remaining input phases.

The generalized method of the discharging cycle for a given output phase angle
is as follows: )

1) Trigger the output thyristor (i) corresponding to the output phase
current having the highest absolute value and (ii) of the same polarity as the output
25  phase current having the highest absolute value. '

2) _ Of the two remaining output phases, trigger the output thyristor (i)
opposite in polarity to the output thyristor triggered in step 1 and (ii) (a) if the
opposite polarity is positive, corresponding to the output phase having the more



20 second out put phase, and negati.ve charge into the third. output phase.
Because no energy or charge is béing injected into the second phase, it can
be neglected and the output is in a two-termnal configuration. It .
follows-that the voltage between output phase | and output phase 3, can be
mai nt ai ned at a constant voltage and therefores.represents a DC power source.

25 Because there is pmsitigamiagécalmampmlﬁ%p&%y&ﬂ@iﬂyﬁhé‘ga{iﬂpbﬂmﬁbﬂﬁﬂg‘fy‘}ﬂé1
either the positiveof%;ut Eggglgve erm nal can _be referenced to ground, such
that we can have a -24- g05| T ROt IERAIVS YtBRe Y3Ger source. Not groundi ng
any of the two termnals will vyield a conpletely floating DC power source.
The DC discharging process is a subset of the AC discharging process and

conprises, for the above exanple, triggering the thyristors So 1 p and So3n
at the start 5 of the di S¢har Jeggey deethePsutpachyrigtor dfitiee 160 Peiding outyar pRB&HES

its selected residu .the freewheeli .SwWit.ch Swo is triggered as
for the AC out out oggrtlg%{?go&ﬁg ei%p‘ﬁﬂt’”o ?%“@‘{tﬂ’g“?%réﬁﬁeﬁﬁﬁﬁﬂﬁ? ! i”ﬁié‘ THPACi t or
Co and transfer of tsheh thatstheltatib ofthe ciygesitient@tintoitie tvo erilling utghlb paSdsequal

i nductors Lbl and Lﬁzéﬁ"q’ﬁ‘pgﬂ%éﬁm‘ hgﬂiesr | and 3, .As the output current
becomes zero, all thPee thyti's guggxg s of ds;two remarping GutpyE - back 10 bi ased

and self-comutate off. The remaining swtches Sol n, So2p, So2n, and So3p are
not used and can be renoved fromthe circuit of Fig. 1. For bi-directional
operation, the two thyristors So In and So3p are required. The typical

maxi mum DC out put vol t agd)i s %ihigaet the Gikevifecling @witdhGviien ie-capsgitor vbitage réaghiac

(RVB) i nput vol t,age W operation. Wth boost node operation,
180° athelftina R3S THRE:

t he out put voltage Fesi dual voltage control. Furthernore,
t he out put phase can be changed from one di scharge cycle to the next by 180
electrical degrees, yielding a full DC polarity reversal. This harnonic-free

rectifier has a unity power factor. If power is drawn from
0. AC-to-DC Rectifier

The RCTA can be utilized as an AC-to-DC rectifier. The output in FIG. 1 can
be controlled such that the voltage and currents for two of the output phases are
15  equivalent to each other, but opposite in polarity.

For example, for an output phase angle of 60 electric degrees, the output phase

voltages are Vo1 = +0.87 Vo, V,; =0.0 V, and V3 = -0.87 V. (See equations 2.)
Continued operation at this output phase angle produces a DC output, because
positive charge is injected into the first output phase, no charge is injécted into the

20 second output phase, and negative charge into the third output phase. Because no
energy or charge is being injected into the second phase, it can be neglected and the
output is in a two-terminal configuration. 1t follows that the voltage between output
phase 1 and output phase 3 can be maintained at a constant voltage and therefore

represents a DC power source.

25 Because there is no galvanic connections between the input and output, either
the positive or negative terminal can be referenced to ground, such that we can have a



20 an induction generator, the charge cycle can be controlled to draw

reactive power, providing the required excitation current; or can inprove the

power factor for a power source. IIl. DC-to-AC Inverter Qperating the

AC-to-DC rectifier in the reverse direction will yield a DC-to- 25 AC

I nverter with both boost node capability and ﬁact ive power control on the AC
)i

si de. The DC char gi Bgsifle I bset of “the AC charging process
operation. Assum ng_ an %gﬁ%ﬁg‘?dg%gg“éeréﬂﬁfee 0 %"@P%WPFE%I‘QBMN he

phase vol tages are Vel acomplptegfiogng B powé.sburcand V; 3 _ -0.87 VO. (See
equations 1.) For a unity power -25- factor, no charge is drawn from phase 2

and the input vol tage V,TheDQ diéhaigihg pT&lﬁssi@bﬁib&HtBﬂ;h@F_&@%%éﬁarT%iﬁg E%E&Lﬁ}ded by
triggering the input th.rli%ors Silp and Si3e at t' = 0. e ar gl ng
process proceeds inc%%‘?%?_sd (5'@*WY@F‘%‘&H&;‘FW&Wmﬁ%ﬁolmﬁd_eﬁpﬁngtthbmrby t he
value 1.73 V,. The ofthé tischargechde Shs %g@g@y%a&g}téregﬂﬁsﬁ&q&{egg#rrent 5

, e

becones zero at t'2 = n /, 0p. According to _equation maxi H?‘Icapacitor
vol tage becomes twi KYt2g% ‘Q%@”P’Hﬁfc]?g WFgé@)’@ ifaggmedrsforahd AGwutpphoreesion. Tiidl 3.
The sane char gi ng cofiidy hersomibipoftié apiad: 6 wid unkll @ErdigheI AL YL
supply is replaced w Q%/\%re sourge 011: V havi ng theeqji'g enté‘graﬁs?c’ﬁ?ut

h a DC
vol tage of 1.73 vo‘.“‘éﬁh‘@n gﬁmqur&m 9| Lb2 2o the gpiputcPhasss il 1sad 3.npsitheof Sil p
and the negative 10cdtputruient bbmst fifo, ABAG A Hfkiskds Qaﬂi,esonbmﬁdiﬁ&{)émﬂéﬁck‘sed in

t he charging proces he, remai ni n our input thyristors can be renoved.
However, for bi ?'%I r%ﬁ#ﬁ?ﬂaﬁeﬁ?ﬁ%\"?‘cﬂéthe thyristors Sit and Sal, are
required. IV. DC-to-DC Converter 15 The circuit of FIG | can also be used as
a DC-to-DC converter. ThdeDanainitgswiiches SoimSo2p Son, iaokSd3ipaind ndt asddad B Heo- AC

the A to-DC rect 1 Laeegiiton BESriiorkly, L EGShRN0M BeRiBE e fuo o™ '©
Soln and So3p are required.
The typical maximum DC output voltage is about 60% of the AC root-mean-
15 square (RMS) input voltage without boost mode operation. With boost mode
operation, the output voltage can be raised with residual voltage control. Furthermore,
the output phase can be changed from one discharge cycle to the next by 180 electrical
degrees, yielding a full DC polarity reversal. '

‘This harmonic-free rectifier has a unity power factor. If power is drawn from
20  aninduction generator, the charge cycle can be controlled to draw reactive power,

providing the required excitation current, or can improve the power factor for a power
source.

{II. DC-to-AC Inverter

Operating the AC-t0-DC rectifier in the reverse direction will yieid a DC-to-

25  AC inverter with both boost mode capability and reactive power control on the AC
side.

The DC charging process is a subset of the AC charging process operation.
Assuming an AC input phase angle of 60 electrical degrees, the phase voltages are V;,
- =+0.87V,, Vi, = 0.0 ,and Vi3 = -0.87 V.. (See equations 1.) For a unity power



FIG 4 illustrates the basic architecture of a DC-to-DC converter that has

bi - directional capabilities. A DC power supply is applied.to DC input
termnal 50, which 20 is coupled to an input switch section 54 via an input
filter 52. The charging inductors Lal and Lag, capacitor 25, output-inductors
Lbl and Lb2, and freewheeling switches 21 and 29 are not changed. An out put
switch section 56 and output filter 57 are _idéntical to the input swtch
section 54 and the i‘APOR 2f Frargsis down frpm phasg 2iaed e inpwy voltage, V.$i 2B VS\ite, . So 1 .
n, and So2p can be eadhadgingPireudssiis iniiated by eipgeHk Heliiit | 951%1 0 flowi
required. Furt herrm(re_leh;e h% the negati veyt.f%g%m' Eal s“ﬁ??o{rh t ers ?‘H\%g S'é{’nagwouots'put can
be referenced to the "SSAUBHEPEGES BIoceeds in agensdanremith equatinps Prcand 3b, capldcinghé, | ower
part of the circuit wan Vet 13V NGhethardildes:6 Welal b pkd f Vi 1.he
circuit. -26- The fobf%ward vol t age dr opséﬁro%&gb%%%ﬁ@gggﬁ‘gm%the

maj or | osses for 5t hebeadmssremm at ik b0 € JAdOrding thequaafeid, themaximitecapgiteat i on
requi res no opening the switches, .and thyristors ,an be used with "soft
swi t chi ng" operati onvggarﬁf SETPE SR ea‘f"i"“cdsr‘ff’l%e %%‘“E‘Hr?g‘?s&? 1 ?‘lﬁ’}lges appl y
for this DC-to-DC converter a's_cﬁor, the AC-to-AC converter control. The power

can be control | ed by bot HP¢ fechFEIRE Eqnditiop Gichsobtainad)if thedhreerpbase 461 ponige
Operating with a resigphais raptdcbdgith aDUQ:oﬁ%ﬁm@@ﬂV&%{rih%ﬂﬁfi&hﬁ&Pinﬁﬁt%ag@oi‘o""er

vol tage DC source t i gher DC ut.. .Replacjng either the input or

out put charging i ndﬁcﬁo % Pﬂsﬂafei%l&m@!’%%ﬁég@lfdﬂa ipputaf Silp and the pegative
described in a 10 | aér@énab@®i3rPn, W Il permt a DC power transfer with a |arge
vol tage step-up or step- down. The voltage ratio is determned by the turns

rati o of the transformer |- 1] I | ati ng _capability of the
inverter. V. Milti-Port gogér%’gsé_eﬁl{agorthe?g]%%%rgrg)%v\u/es%de'ggﬁvcé‘?@g? pli)oges'lii‘ltk;e re%,‘"nl?ﬁe I nput
section (input filtdpuripuptipriterpean be t@nayed.t Bowene, ferrvitdivevtomliogrmtiondlet | on

(output switch 30 angQdtdBil add 8.1 §e rétfliredr © Coupl ed to the charge storage
device 25. Wth the two freewheerf| ng sw tches 21 and 29, both

iV. DC-to-DC Converter

15 The circuit of FIG. 1 can also be used as a DC-to-DC converter. The DC
charging process is identical to the DC-to-AC rectifier charging process, and the DC
discharging process is identical to the AC-to-DC rectifier discharging process.

FIG. 4 illustrates the basic architecture of a DC-to-DC converter that has bi-
directional capabilities. A DC power supply is applied to DC input terminal 50, which
20 s coupled to an input switch section 54 via an input filter 52. The charging inductors
Lal and La2, capacitor 25, output inductors Lbi and Lb2, and freewheeling switches
21 and 29 are not changed. An output switch section 56 and output filter 57 are
identical to the input switch section 54 and the input filter 52.

The thyristors Siin, Si2p, Swor, Soln, and So2p can be eliminated if only
25 unidirectional power flow is required. Furthermore, if the negative terminals for the
input and output can be referenced to the same potential, all additional components
and the lower part of the circuit can be eliminated, thereby highly simplifying the
circurt, -



sections can be used as either an input or an output. Their function may be
swtched fromone cycle to the next. Charge storage device 25, freewheeling
swi tches 21 and 29, input.induetive 20 section 22, and output inductive
section 28 forma central section 33. The nunbers of inductors may be
reduced fromfour to one by placing a single inductor in series with the
capacitor Co, Yyielding h_ge sanme resonant char3i-ng and di schargi ng peri od.
More than two connecti onde faswerHokagsdraps thieushitem seighesamkis op Hiedmajdrdosedsdod €
addi tional inputs, thédiditin reghiated DE. ' oS ' . FIG 5 illustrates a
mul ti-port 25 convgflter_ havi"%m t,thjetro%\%éF&eﬁramRa?gé%]%?&gﬁfeq%‘ﬁeﬂngé’pﬁn&%ct ed to
the central secti ofbeBvitches eun belyed ivdthl“safiawdrcing TtoperatisnankdGEIf Sect i on
20 and i nput/ out putcofnimtagibs 10. Additionally, two DC terminals 50 and 59,
for connecting a DC power source and DC |oad, are can be coupled with
central section533 via khput/out pyt filtsrfsdgigp?:nd 57 and input/out put
switch sections”54 and 56c Sams-Fontig)ndes appiyifor FR-Deronverter ehor theAGoto-AC

mul tiple power sourcomartenubatrolafhe pbWhehn bECbalBlled b Bbth theQMeritd fdgibiy r
sources in a tine intderle Vi ng, manner, rs@ﬁv\er can. be transferred fromone

0
power source tc. tREHEE upg with 8 rsignal veltage dhe paper eanhs trapsferred diom
Because the nul ti - pdewercoltageDC eirceas a BREQIIRT aitfd. WebikkidiQither e 514 oAC 5 pover

sources and | oads, the |ti-port converter provides nmaxi num operati onal
flexibility. V. P&R@P‘ M‘g@%‘f’ﬂ‘ “sﬁwﬁ??‘aﬂﬁ%wéﬁmtﬁs vilhbe daserbed in@har ge
Exchange Fi gurlé 6 latg semios) veilt perntitcd DE pb@emtdnefeObitifa RPIRVEItagO B4EUD OF staph1 | 1 Zi ng
a sinultaneous diff N d seguenti.al,.charge interchange process. This
circuit is confi gurd g‘é'ga?eg‘%?lgg a‘i%g;é&eﬂanﬁio%ﬁ" %"t"éfﬁ‘,e tRRYRARSF 20dithe
circuit can be equalidijonelrefuliztingeapability ofthetiovertedC recti fi cati on, DC-to- AC

I nversion, and direct DC-to-DC conversion. The operation of this circuit

differs fromthat of the &ilePbk Cofivemef> 1 in that energy is directly
transferred fromthe input to the output instead of first transferred from

the [ nput to a capaci t of, i fbwd: BorbeSEHYERS bRt SO copf A DS 2BACT O
15 switch 20) and one output section (output switch 30 and output filter 40) are coupled
to the charge storage device 25. With the two freewheeling switches 21 and 29, both
sections can be used as either an input or an cutput. Their function may be switched
from one cycle to the next.

| Charge storage device 25, freewheeling switches 21 and 29, input inductive
20  section 22, and output inductive section 28 form a central section 33. The numbers of
inductors may be reduced from four to one by placing a single inductor in seties with
the capacitor Co, yielding the same resonant bharging and discharging period.

More than two connections to the central section 33 can be made to create
additional inputs, outputs, or bi-directional s_ections.. FIG. § illustrates a muiti-port
25  converter having three AC terminals 62, 64, and 66 connected to the central section 33
through three identical input/output switch section 20 and input/output filters 10.
'Addiﬁonaliy, two DC terminals 50 and 59, for connecting a DC power source and DC
ioad, are can be coupled with central section 33 via input/output filters 52 and 57 and
~ input/output switch sections 54 and 56. ‘ '



15 output.. The circuit uses the sane input switches (Silpu, SiZ2pu, Si3pu,
Silnl, Si2nl, Si3nl), output switches (Sol pu, So2pu, So3pu, Solnl, So2nl,
So3nl) and switch operation, as described in connection with the circuit of
FIG 1, for a clockwise (CW current flow However, a second set of i nput
switches (Silnu, Si2nu, Si3nu, Silpl, 20 Si2pl, Si3pl) and output sw tches

(Sol nu, So2nu, So3nu, Solpl, 2pl., So3pl) perdfi-t _a countercl ockwi se (CCW
current flow control. | nﬁﬁé"%‘g’ﬁé’?aﬁmﬁﬁ, e ysef sitiple goptrssercessind iiatc esveni t h

“the one of the thyr-.icsnbe&awﬂfﬁ-oﬁxﬁlnﬁple&v?eranur&rsinﬁi.éﬁllnth@eabihémgﬂﬁpror{mwer_m

~internedi ate i nput inal _Piu, while upper . internediate outpudt term nal
Pou is switched w ttﬁgc%llr%}ésr}%qedtfhom e iz th

TPPEL B SR slowhpr §emane chargeyaipto t 0

one of the output phizseest. Beraseni! milepbi Corfverté dhd be opbiateli M8 bothi DY &lNRA1 at e
output termnal Rol is connectfﬁg?through .one of the return thyristors of.

Sol na, So2nl, or >SoBAPeR WULEsd ddpads, theymltiparsanversripreviden maxmumioperatioali st or s
Silnl, Si2nl, or Siﬂ3ﬂbﬂit'y.s connected to a second one of the input phases to
the lower internmediate input termnal Pia. This conpletes a circuit through

the series capacitor 30 ' bl formmng.a ries.resgnant
circuit. The second capa‘?istu%r @oé&%ﬁ%{\?‘g@ Eg%“é%‘??&“%‘ﬂ@ﬁé?‘@&"‘ﬂ‘b@%%ﬂwwa| ,
but have been added to fQrm ?s%mret[i cal] circuit and, in some applications,
has other benefits, such® B8e2diit iRl scammatic phnpowenerywice utlizing asimultagsons rst

two input thyristor diflersitidlled Sdquekiallcherg@iitedétande!prdcks! THS cirduft id SRMHIr&ALs ah O
that of the cir Uit %ft Fé& | for the res‘pective .charge and di scharge
operations. W tHCt h&GISraYPPYIPRYSHET hREeYer thagreyt an be paualironfigussdfanACo-

cl ockwi se current B0 dectifichtioh PICLtHAAT inth@sien) @hdirebt DOXE-DE dowrgsynect ed i nput
‘phases and directly depositing it into the two connected output phases. Wen

sufficient current has beghynefitiaNer ki ‘ga Jol | t.ph he third
I nput phase is connected t.hrpgugh thtie"rsg s&rﬁeg{%%&ﬁip%scvﬁgﬁﬁd{ Pﬁ%’t .
‘chargi ng process coffergiigdirectly frppsiymeg fromfthe inputde th peguiGheaead of fiattranstened
injected into one Ofohfike BptitRs'k cYABRPEnd, in a sequential operation, from the capacitor to the

15  output.

The circuit uses the same input switches (Silpu, Si2pu, Si3pu, Siinl, Si2nl,
Si3nl), output switches (Solpu, So2pu, So3pu, Solnl, So2nl, So3nl) and switch
operation, as described in connection with the circuit of FIG. 1, for a clockwise {cwW)
current flow. However, a second set of input switches (Silan, Si2nu, Si3nu, Silp),
20  Si2pl, Si3pl) and cutput switches (Solnu, So2mu, So3nu, Solpl, So2pl, So3pl) permit
a counterclockwise (CCW) current flow control.

In the CW operation, a positive phase is switched with the one of the thyristors
of Silpu, Si2pu, or Si3pu to the upper intermediate input terminal Piu, while uppes
intermediate output terminal Pou is switched with one of the thyristors of Solpu,

25  So2pu, or So3pu to one of the output phases. To complete the circuit, the lower
intermediate output terminal Pol is connected through one of the return thyristors of
Solnl, So2al, or So3nl to another output phase, while one of the thyristors Silnl,
$i2nl, or Si3nl is connected to a second one of the input phases to the lower
intermediate input terminal Pil. This completes a circuit through the series capacitor

30  Csu and inductor Lb1 forming a series resonant circuit. The second capacitor Csl and



the third output phase is connected and the chargi ng process continues. The
switching of the third input switch may occur before or after the swtching
of the third output switch and depends on the input and output phase angl es.
As the cl ockw se charging 15 process continues, the polarity of the
capacitors as shown reverses and the charge -2gansfer cones to the stop. The
charge transfer is s:wmindlicmﬂ.bia:tebpudnal,b&tahvmaﬁaﬁhé@fcfox’ﬂpdﬁy%ﬂﬁm@r&dﬁ

follows that the chgrg cl Canb controlled W th
the vol tage anpli tu%{e fs ?ﬁ?ﬁ@%ﬂ@é E'&\é/}’gﬁ?efgﬂlﬁ th‘“ﬁg%ﬁé difippalisql#fon; nput vol t age,
basic theory and rmdel | n 20 projects that the final capaC| tor voltage
anplitude is higher. felp@ion phihe firshiwoipput thyrtisters sed the fiest fwrocmutue eiviinigrs

switch Sofwe is triﬁﬁkﬁﬁﬁ‘éil tothRPILE Gir&bor Fitt. tlf}gr;mé%%ﬂ@%‘%epﬁggmdt&& sferring

the renmaining inductor energy to the output currente® becones
zero, the renmi m ng®REAEBS-swi t ches sel f-comutate off. The input switches
turn off when Sofwc is triggered. 25 If the output voltage is higher than the
i nput, the final capaci t\lﬁiththalpbhggofﬂlenhmmacdofscsbammﬂ@aﬁ&,h&loaﬂhm&h@ﬂ to
go to conpletion. T th oltae ] i tude ong{gr apacitor
for the subsequent ‘%‘;])(ragr%{l on, ﬂgr%g“%g%g‘? “"P%ﬁ“’%ﬁ%&l"r‘ g“ﬁ?‘ﬂ F‘é‘é’ bef or e

t he i nductor currendepbsmlmtemtczthemeoc‘ﬁhhstedﬁohdputiﬁ:mn%enﬁﬂddﬂﬂsur&uimbeen

di scharge, but, if ed at..the co rrect result in the charging
of the -29- capaC|t rawgﬁg&t%gohg%m%t Bt ﬁ%"k’i‘ﬁg @H"T‘S nrggted throygh thy gcc
permt the conti®dl slected mpurswieb tdahe shatdimgpeomacomidugs. i t t he power flow Wth
the current stopped and the capacitor polarity reversed, the CCW5 operation

is initiated by tri ggerlssrgﬂs@gesmtdésheda@}g%%ﬁs&mécﬁh%ﬁoeée&khdom é'sZs”U
Si 3nu for the upper p}éﬁrmsdl te input term nal Pru; So | nu, So2nu, SWnu

for upper i nternedtgtirdgutryte FAmReftedgg th SBF&"SPM@“%‘P%J@BFW#@FHSI ower
internedi ate out pusf thethind Mpht daﬁtbhmimﬁl:cﬁlﬂeiﬂre oﬁﬁ%ﬂhe sWitchPig®P e thitd o

the. 1 eeuncel i ng. artiGBPRCAFEEIH OB Bl S0 PEEPIBERATEIE oA B AP0V oo dé@ﬂﬁﬁrnf orm
15 process continues, the polarity of the capacitors as shown reverses and the charge
transfer comes to the stop. The charge transfer is a function of the initial capacitor
voltage, and it follows that the charge and energy transfer per cycle can be controlled
with the voltage amplitude. ' |

If the output voltage is lower than the input voltage, basic theory and modeling
20  projects that the final capacitor voltage amplitude is higher. To control this voltage
© increase, the freewheeling switch Sofwc is triggered, stopping any further recharge and
transferring the remaining inductor energy to the output. As soon as the current
becomes zero, the remaining three switches self-commutate off. The input sﬁtchw
turn off when Sofwe is triggered.

25 If the output voltage is higher than the input, the final capacitor voltage is
lower if the process is permitted to go to completion. To maintain the same voltage
amplitude on the capacitor for the subsequent operation, the boost switch Sigec is
triggered, before the inductor current becomes zero. This will terminate further output
discharge, but, if triggered at the correct time, will result in the charging of the



For the same condition as described for FIG 2, wth an input phase angle of
80 and out put phase angle of 170 el ectrical degrees, the instantaneous i nput
and out put- voltages for a 480 V AC power supply are V31= 386 V, V,-,--. -252
V, Va= -134 V, WA= 68 V, V.2= 300 V, and V, 3= -368 V. Using the sane

met hodol ogy as 15 previously described, the-8tches Si | pu, Si3nl, So2pu,
So3nl are trigger edapagtors trthe ddsized \@ines Fheiaviches SCiwcraedSigld menmit the@ontrdiof

positive input. pha‘%ﬁ&p&ﬁoﬁ%ﬁa&%ﬁ&%ﬁ‘ﬁt&%&}&ﬂo&hase 2 with the return from

t he negative out put phase 3 to the negative 1nput phase 3. Wth the sane
resonant period defined by the capacitor and inductors, the .thyristor Si2nl
Is triggered at about 136 psec, turning off the thyristor Si3nl. At about 20
300 gsec into the di scha(ge, -the positive output thyristor Solnp is triggered
to off thyristor So2puWithikecamen stoppedrsd theshpasitor anlgtity sevetsed, ithgCEWvVol t age i s

hi gher- tthan t hecou . | > 1 he, freewheeli.ng switch
Sofwe is tri gger5 ed%g%nﬁa?{%%ﬁ]?%gmg }Ag'g#éligé)lnﬁay%% Sei‘ﬁﬁ‘sé.mlc?ﬁ“&sa‘ﬁg@i“t”oér’g’!%» & that

poi nt],c thg i nput  t 1SiBmi ﬁlrah@ppurutemieﬁlategnpuat!mwdrﬁ; S&ﬁu,r&ﬁnu,ldmso?'@rf_er Wiper gy
transfer duration, E‘EE : g”-ﬁﬂ - % er t.he .remai.njng
switches turn off. |§8%%ﬁ%ﬂ§es t go g"ggsr%%?r%‘%ﬁﬁ‘%%’ lwﬂl%tﬁ%'?eg’[afeon has t he
i dentical energy exttputgeimingl PeloandtSilpLiSidplstor Sivdnu fenleweryinwmhddiagy ipput certninal out put

and uses the opposkﬁ.e-rmrt}];rx_tso C&gﬁg{]%lﬁts%c%gfong?%(%rcg‘gg%gﬁ-%g%ﬁ&@nection.

In this process, the current | apac y s~ Charged to
its original stlét ecorfobindhegaugtersinskwiss operationni ts a nearly 100 % duty cycle of
power transfer. Both the operating frequency and the capacitor voltage
control s the power throkghipesame céndBida asidacritae fof P1G. 29 Rith aminpt phasstahgle begb over

| arge ranges, the thyoughput pe e is nly limted by the vaoltage and
car Sent 1t at i on sk ltse Bisle G210 Petilra Seesbosbiesarnedupiprt shaul
pﬁrm' tﬁ a high inveﬁltagesfbfemeway:pmratpb@mdvxﬁmer\?w?hgmszﬁmﬁ;?mv, f
t hr oughput, since e [oF entire ontrolle sel ection o
the capacitor vol t'&Ye E.H Qﬁl;grﬁ%gti{?ﬁ%ygﬂbdhg%gew‘f‘g i%%‘%ﬁ‘?‘?fg"%?ﬁ%w ripple
frequency on bash pieeicusly described, the switches Silpu, Si3nl, So2pu, So3n! are triggered to start the
CW sequence. Current flows from the positive input phase 1 to the positive outpui
phase 2 with the return from the negative output phase 3 to the negative input phase 3.

With the same resonant period defined by the capacitor and inductors, the
thyristor Si2nl is triggered at about 136 psec, turning off the thyristor Si3nl. At about
20 300 psec into the discharge, the positive output thyristor Solnp is triggered to off
thynistor So2pu.

" Because at these phase angles the input voltage is higher than the output
voltage ( [Vii| > {Vou| ), the freewheeling switch Sofwc is triggered stopping the
' recharging of the two capacitors. At that point, the input thyristors turn off. At about
25 334 psec into the energy transfer duration, the output current becomes zero and the
remaining switches turn off. This concludes the CW operation.

The CCW operation has the identical energy extraction from the input and
energy delivery to the output and uses the opposite polarity of thyristor for each phase



10 i nput and out put, when the required power throughput-is low. This |ow
ripple frequency can be nmintained to zero output power, wth the system
mai ntai ning the required voltage on the output filter by transferring only
the reactive power requirenent. By conparing this circuit with that of the
dynamni ¢ VAR conpensat O(rﬁcthDvg .15 circuit of -PP& 7 described below, this
circuit may be oper &t D 38 BETeRrssnBe cursenhis G apdthe gapatitey polaritpisharded

obvi ous extensi on i s #soorjgabititet he systemto control not only the throughput
power but in addition to full control of the.reactive input power. VII.

“Har noni ¢ Conpensat or Unded Qi erati lJustrated in FIG 2, the
AC-t 0- AC power 20 converﬁ?%%&%é%%ﬁﬁﬁBﬁﬁy&c%r#@ﬁdeHFE?PV&%E &-h t he
out put phase vol tangthUhdepemtmg&eqxfmygﬂnagqmp’dcﬁbﬂ\;N}z.%']ddoﬁﬁélé&EE@N&%E&@F@?';

t

he ch . h th
bhase w £h tho. otit pRECYS! BaARISE b somed oveh rseuaess SHRDOBSHEBHRAEYCists t he
out put current is ootly bfitghinsie vltaBe iﬂﬁ%uﬁbﬂtﬂlﬂﬁmﬁiﬁwfmcﬁ‘(er@@%h\/@c%m: 25

The current conponeni. n be changed in relation to the AC output phase
vol tage. In general %gﬁﬁd%ﬂ e “b‘ieﬂsfrfrf?%a'ﬁwmrmﬁ?c{?wé%ﬁ%aower

programmmabl e | ogi cthimghpwssincaniye pospedan b eatirely titiolled by 108 beletiorafr e Basaiiod e
constructed within r on resol ution of the AC-to-AC power -
converter. -31- Theg%?' g@%@%g&%ﬁ §ﬁPFW§’9@F‘fﬂgrﬁl?‘ﬁ5’Ppﬁgﬁq‘ﬁ@y@B &‘r%t edis
gi ven by the Foli empgend estphiywherthe fequisdd pautepthiroughis & 16w/ TRPlowrhfple= "-1 ' m
[ A cos(nm.t) + B"sj§ , 14). 5. The other two phases are defjned by the
same current equati%ﬁ{" t&l)é%ﬁé"f‘g%m%toszmpﬁﬂff’Mﬁ?ﬁwmﬂ%@%éﬁe
respectively. The sequicid valtigetcnrizeoygiun itertiyransfirfing PrlPibe@€Btivepbwany poi nt  of

t he out put phase (”?eﬂﬁi}e]neni he charge transfer requirenent of all three
out put phases. ’

By comparing this circuit with that of the dynamic VAR compensator (DVC)
15 circuit of FIG. 7 described below, this circuit may be operated as a DVC by not using
“the output thyristors. An obvious extension is to permit the system to control not only
the throughput power but in addition to full control of the reactive input power.

VII. Harmonic Compensator

Under the charging operation illustrated in FIG. 2, the AC-to-AC power
20 converter outputs a sinusoidal current in phase with the output phase voltage. Under
the charging operation illustrated in FIG. 3, the charge transfer is such that one
component of the output current is in phase with the output volitage (real power), and
a second component of the output current is out of phase with the output voltage

(reactive power).

25 The current components can be changed in relation to the AC output phaée
voltage. In general, under the control of modern microprocessor and programmable
logic devices, any repetitive ouiput current waveform can be constructed within the
reconstruction resolution of the AC-to-AC power converter.



10 Thus, the AC-to-AC power convertor can be configured for the transfer of
real power with B 1 equal to zero,” and as a VAR conpensator with Al equal to-
zero. The RCTA can be configured as a harnoni c conpensator, neutralizing the
harmoni cs on the line generated by other | oads in the system Such a harnonic
conpensat or can be confiﬁyerlgd in several ways3l+or exanple, the harnonic 15
conpensat or can have the" TTput STERTUFEN WayRRER thatchan be congtocvend isgipa by theor  any
other energy st or afenrdesdriesfor tiadirst bap@hmelcutf-mM nal coupled with an AC
power systemthat has harnonics that need to be corrected. The harnonic
correction systemwould supply the net harnonic energy fluctuation during
the AC cycle. Furthernore, the harnonic current can be drawn sinmultaneously -
w th input power. 20 VIII. VAR Conpensator The RCTA can al so be utilized as a
dynani ¢ VAR conpensator (DVQ). A &S alAwm(meotpeBsalmr.tyli t h t ()
capability to respond to a change in the reactive power demand or VAR in a
fraction of an AC cycle. The DVC can switch the reactive power flow from
full leading to full lagging in less than a tenth of a cycle of the AC 25
power supply. This speedrheethst two he DVC as VAR c nsator for
flicker control, vo taagﬁ reaul ati%‘%gﬁ eﬁ%%’ﬁ%?ém%ﬁﬂﬂg’%ﬁﬂ%%&&%gﬁ’?ﬂﬁﬂ- The
‘DVC i s operated at £49 Hlentrial degrees, ceppestivplyi. The setiof 3il thregtphasetchftend he AC
l'i ne frequency. |n genidingtial A | low fr ency cut-offfitter, the
current drawn by tlﬁe D C&‘t}aﬁ?ﬁb&wﬁ%%@uﬁ,@@e@eﬁ,@ g€ TrEEtRet of bot h
| EEE 519-1992 and diitedbdtpd.phlsed ne circuit operation perfornms "soft
switching" and self-comutation of thyristors, with no switch opening
requi renent andiga rel at mugd. Yhel i he l.aw dl /dt
requirement is inportant. egécatgyt(ﬂ\égé?’%ﬁ&s“%ﬁg&gtggc% g‘sﬁeggodéged”% ofreahi t h
bot h hi gh vol t age &?&”ﬁWﬁﬁBpﬁ%@Fm@aﬁamdlﬁS@i%mﬁmeq eguil 36 zsand have
been in use since 1970 in the electric utility industry for high voltage DC
transm ssi on and 10 ot hg@he ROFAiceAbd QRS TNy} i.gh_ power
t hyri stor avail abi Ihim'gn}/ nPer m ts DVC M%a m‘é%ﬁmtgﬂqanrw&e

onics on the line generated by other loads in the system. Such a harmonic

compensator can be configured in several ways. For example, the harmonic

15. compensator can have the input terminal connected to a power supply, or any other
energy storage device, and the output terminal coupled with an AC power system that
has harmorics that need to be corrected. The harmonic correction system would
supply the net harmonic energy fluctuation during the AC cycle. Furthermore, the -
harmonic current can be drawn simultaneousky with input power,

20 VII. VAR Compensator

The RCTA can also be utilized as a dynamic VAR compensator (DVC). A
DVC is a VAR compensator with the capability to respond to a change in the reactive
power demand or VAR in a fraction of an AC cycle. The DVC can switch the reactive
power flow from full leading to full lagging in less than a tenth of a cycle of the AC
25  power supply. This speed permits the use of the DVC as a VAR compensator for
flicker control, voltage regulation, and standard VAR compensation.



t opol ogy use not only for industrial applications but for nulti-nmegawatt high
voltage wutility applications.-l.n addition, the SCRis by far the |owest-cost
power el ectronics device, has the [|owest conduction | osSes, and can easily
be put in series to yield switches for nega. 15 . volt operation. Triggering
of such switch assenblies has been fully devel gped for either direct or

fiber optics triggering.Ih emai ni.ng .comporedt's are_al so standard and
require no further tech-r%?%&CdﬁPpeﬁaé?fgﬂtﬁ‘bﬂ%ﬁWﬁWWWﬂ%Wﬁ#@@aﬁ

resonant DSCl pr i ncilip¢ frequendyhdn édBjttnotiohGriftosaiiall 10 fr6qRNG LESTE E16S thd BRgmabove.
For the AC-to-AC po%égwg{){/«ér. t he .f'brst cha%ﬁe I nt érchange was a charge
operation of capacitor U P Cdhbargonic s mertng ol Fequirsresnisof bath TRERS 19511921 he
second charge i nt er etxhE§255%he charge on the capacitor was discharged into
the output termnal. The DVC operation also has two simlar charge

I nt erchanges; however, umges ; epdi Lions ,no.net ene i _
transferred 25 between the pugpa)ggﬁﬁtf&éo@&an %‘lﬂie% v@?“‘?&?fﬂ“ﬁiﬂ%ﬂ?ﬁe net '
effect is a change #risterseVil nosvitebeopenitgrequircaentAtd b relnively om@L/dV rekySireditnt.
el ectrical schemati gn0 E%Fir : . There are . seye ,
variations of this gflr%tﬁm u %ﬂ%ﬁ@?ﬁ%@?%ﬁ%&ﬁé’%% %,l’&g:ﬁm ar.
-33- The DVC can beWwithbeththigh voliegecasd bigh powerrapahilitiey: i Sthely @evivkd dxistiindthiaee bege Of a
transfornmer. This el gaiLoTh O - 0 vol ume, gnd -
| S Pl B0 55 10 bl B o iRl

wei ght of an isolation transformer. A trans f erent

‘input vol tage i 49 r etheq svplicatignsTde high ¥pltage anbhigapdveen thyrisopavaitbiliiypemsitsaeved on

the basis of optim gpBRey Q& Ho? AR Bt EnddHal Kbl cld Fak ] # @r]% ting
costs. Wth an operat_pi ngy _fr_gquﬁelgcy aroungb@ig%&'lk-lzggfgﬂg@??%? r 3@% of
‘about 600 Hz is sel B@ftBappligitiophe | ow pass input filter 72 to reduce the

current ripple to a negligible value. The filtering of high frequencies
reduces both the filter lnagditon, ae $CRIisiby farchedowastkbost powerleRctidnids Gévice, has the

lowest conduction losses, and can easily be put in series to yield switches for mega-

15 . volt operation. Triggering of such switch assemblies has been fully developed for
either direct or fiber optics triggering.

The remaining components are also standard and require no further
technological development.

The DVC works on the same resonant DSCI principle as the AC-to-AC power
20  converter described above. For the AC-to-AC power converter, the first charge
interchange was a charge operation of capacitor Co with energy drawn from the power
source. For the second charge interchange, the charge on the capacitor was
discharged into the output terminal. The DVC operation also has two similar charge
interchanges; however, under steady state conditions no net energy is transferred
25  between the capacitor Co and the AC power terminal. The net effect is a change of
energy between the three AC lines.

FIG. 7 is an electrical schematic of a dynamic VAR_ compensator. There are
several variations of this circuit, but the basic operation is the same or similar.



10 conponents consist of the Cfi capacitors and Lfi inductors. The filter
capacitors are configured in a "delta" configuration, but-a "Y"
configuration could also be used. The central conponent is the capacitor Co
74. This capacitor is typically charged to a residual voltage at the

begi nni ng of the charge cycle. There are two 3charge I nt erchange sections,
shown on either side of ' The "a* "charge. 15 i.nterchange section
76 is on the left, and ?ﬁgﬁ\?ﬁgﬁg?g‘{emYﬁ"@% éﬁg‘&g@g i 'Qryvitpgut;the ysg of 3 he
right. These two sé@psfomeralhierlmitatsiransgfomes ssetiand el cast] Folunsd, atdReip@lof @0€ ON
the capacitor Co ioh adsR§mef O raw react.lyv urrent fromthe three
AC phases 70. The ?ggghing%arge |Pi{ e}‘reg aﬁoégerbc%ﬁen%&vxﬁ%?ﬁﬁgfeﬂé@é‘fY‘?}@g? Esi dual
vol t age across theregurgdicitor Co. The charging operation starts out by
triggering a first switch and a 20 second switch of input switches 82 to
connect a first sphase amge meeml | y .across the
capacitor Co. The charge transf_gﬁe?gﬁﬁgie@%ﬁ&{]gmﬁ&%%@g@sﬁﬁﬁ #e of the

i nductors La (assuRFHmescsagd misimizing compensntané ereratipg castse Withcamrpeitugat i ons) .
The "a" section in by drBurd 496 3 mq' ooLl%!' b2 96.
The "b" section in(ﬁﬁﬁ o}r&y, Lb is hg\}\wnh%zotv\o lilen _uctg%ﬁ'lgt,s LE li%ﬁ%%ﬁ'%%z 88. 25
Al'l four inductors %H”Béppf"e@eé%%@ TBgucs the qureny SpRig tojarpegligitieelug. (The filsing
capacitor Co. The ehhiglyfrequendicsireducha@ine aﬁerfa@daéitopﬁnﬁn&}c{b%véﬂ@é@q'hg’g'i& way

t hrough t he "a'_'0 ch%we i nt erch%nége the desired charge_transfer of the
second phase i 0bFYPRRRSAts SoRsist pfhe ¢ Ganagitosy and & induetossh Theffilis sapecitanbase quent | y
triggers. The char gorfigufednieTeRa onflRioheht a SPChnfRfdtioh Budalé ¥alhpn Of the

third phase thyristor back-biases the second phase 30 thyristor to

sel f-commutate it off. e I I r nyes~and concl ydes. when - 34-
the current through the caﬁg'g?tcg@p g@gﬁélgcagg{é?bﬁﬁtﬁﬁgcﬁw { s cé‘u’fwo
conducting thyri schergedde presidgsahvoltageat the begimingaifithe ebargd dyclec Thergareaws! €. The
"b" charge interchapgs jhSrchitgh sk ol cyele. Ihe . Q" charge
i nterchange section i s corﬁ)‘iyggkf%é&%bﬂr?g@e‘mtcﬁga%gegélfgﬁeccaaig&gﬁ%rég ?n&ﬁgﬁhange
with the 5 AC d?i dinteschapge seetron g ay epetht lefteangitbe iy clargetintenchange sebtian 7858 o har ge

i nterchange sect i Ofhe rigft. Citefetivb sbhlifrdaf 16t ol ahange
section 76 in that itsé_ﬁtconnect_i on to “Wepsgmethﬁ%f%%mg%&%
capacitor Co and, in the process, draw reactive current from the three AC phases 70.

The “a” charge interchange begins with a negative residual voltage across the

capacitor Co. The charging operation starts out by triggering a first switchanda
20  second switch of input switches 82 to connect a first phase and second phase of the

AC power supply across the capacitor Co. The charge transfer duration is defined by

the value of the inductors La (assuming Co is fixed as determined by other

considerations). The “a” section inductor La is shown as two inductors, Lal 84 and

Lb2 96. The “b” section inductor Lb is shown as two inductors, Lb1 87 and Lb2 88.
25  All four inductors can be replaced by one inductor in series with the capacitor Co.

The charge transfer begins as half of a sine wave. Part way through the “a”
charge interchange, the desired charge transfer of the second phase is obtained, and the
thyristor for the third phase subsequently triggers. The charging sequence is selected
such that the activation of the third phase thyristor back-biases the second phase

30  thyristor to self-commutate it off. The charge transfer continues and concludes when



the capacitor Co 80 is reversed fromthat of the "a" charge interchange
section 76. Because of this reversed connection, the capacitor Co voltage
fully reverses polarity. Thus, no net power is drawn or transferred to the
grid, since the energy in the 10 capacitor Co is unaltered. FIG 8 i's a graph
of a typical charge interchange waveformw th,jwo cycles of operation of the
dynam ¢ VAR conpens gieddurrsitQWdupHthE : . ee el ected
for a total charge intercha ge%eéﬁgg’;bégpﬁ%@%éﬂ%ﬁgWl‘gcofgl‘}%mgcycI es
per second for bot htBygsto ~cpmmutateqifto complete Hwchasge diisles operation is
obtained 15 wth Co = 100 uF and La + Lb = 40 F. The selected AC voltage is

480 V, and the i nterchaibe“tiamtoinwrchaize Winitideddffer th8 chirf: dyle. The P RISrgPhaSE
angl e of 40 electri Cfn%rc

_ hde%rees.. qu_‘g freewheel i ng swi tches Swa and . Shown
in FIG 7, are not reqaired cprgist g'brﬁ‘gtr“ gie ifGeHeA (wRaresisterchange ighithhes, in
parallel with capaciAlgridGs theakhapgecinteDiMage sebfion 76. The HBSchiph Mhtdrthahga@&iAnd
Swh2), increase cont.,%ol f.tlde‘%i bjgl i %.“ 20 The input voltage and the Teactive
current are defined’BY TN EGUELT 6s 2 aS2878r gRereiinRse SgFtion Ry in thatits cpgnetiongoy/q| =

1,a cos(c.,1)= 39. 7the\i@pazitdt Cd 8 A teverséd LorrthdBor he “at cRBRShieidhangt sdcddrRS- 6A V3
= Vosin(rvt+2ir/3) =k 4\‘Leof:d)%pcosédn +2: 1./ =-993A 25 -35- Assum ng that the
resi dual vol tage of tHE CApAc!tor-Icgniegton, g gangeitar Coolipge fully reyrsses pelaitgy s

operation or by preTbimngnetpowet hdaive of Bsferré@ioahOfdt, sihdahCaRfgSn the Nt er change

is as foll ows. ing.th neralized nmethod for charging, the I nput
thyristors SaZp&Jgndggggﬁor%%'a?@t F‘I‘e:gger ed at V= 0, connecting phase voltages

V2 and V3 across the capacitor Co. The current Ic in the inductors Lal and
Lag builds, draw ng charQJ&- 8tz grehnfadepical charge interphapes weyefom withivwo cyrdas@é i nt o
‘phase 3, as shown i Bpdrition of theRRHdmiWVEARIBMP&HERor RBwh REFIBET CYE @mpBhents Hive t NE

thyristor Salp ist géeg%e%c%gd for a total charge interchange frequency of 4000 Hz, completing 2000
cycies per second for both “a” and “b” charge interchange. This operat{on is obtained
15  with Co =100 uF and La+Lb = 40 uF. The selected AC voltage is 480 V, and the
interchange waveforms shown in FIG. 8 are for an input phase angle of 40 electrical
degrees. The freewheeling switches Swa and Swb, shown in FIG. 7, are not required
~ for the operation. Nonetheless, the switches, in parallel with capacitor Co (Swal and
Swb1) or in series with Co (Swa2 and Swb2), increase control flexibility.

20 The input voltage and the reactive current are defined by the equations as
follows:
V, = V,sin(ax) = 252V ‘ I, =1,cos(wi)=39.74
V,= V,sin(at —27/ 3) = -386V L, =1 cos(wt-2x/3)=59.64

V, =V, sin(wt+27/3) =134V I, =1, cos(ax +27x/3)=-99.34

25



Because V1 is nore positive than V2, the thyristor Sa2p is back-biased and
self 10 commutates off. The charge |nterchange continues W th phase 1 and
phase 3. At t'2 = 244 see, the current decays to zero and the two conducting
thyristors, Saip and Sa3n, are back-biased and turned of f. The triggering at
t'1l is defined by the magnitude of reactive csgrent of the three phases,

Irl, Ire, and Ira. Trigokdsimmigg &at the ﬂendnla%oiﬁd@ﬁomé ¢ap¥citBt doﬁ-?ib@r\@%ohr&ﬂ&f er 15
proportlonal to the,reactive curre requi renents and will resul

capacitor voltage g’ﬁ@%ﬁ“"f‘%%”ﬁ’é“’f‘ﬂf % BIp- raé%'rl%wthwwta’g%w%mx %‘ﬁ’é&ﬁt ein

polarity. An earliermerrwgrfgu@fs Sa 1l pwll result in the charging of the
capacitor to a higher voltage, drawing, in addition to the reactive power,

sonme real power. This R ) | t.a b esi.rable in
order to make up for th @%etg% onen?%eg‘ggg‘%corg’%& ‘?Fg'?mgﬁ%%?ga%? fiﬁ%&easr ng
the reactive power irle@vggmwhtm’fo dmamm@pkmsmnmewmw\d&oﬁsmqmwcaw t he
ot her hand, a del ay | ul St e .t ransfer t

capaci tor energy bag I nto ?h tﬂ%&ﬁl?%ov’\rse}r‘asvg?‘g‘%p rdrgrmgpghar@gl ?éﬁ‘ﬂe t he
time t'1 may be eitisgrtingahesanaichalgd intorphase 3t asnskovad in PIG-8cal cul at ed and st ored
in a reference table. The stored value is a function of the input phase angle

and 25 the capacitor Vahags thrbégh gh‘g,'a'%" #@5 gﬁ%&egn the sane
general i zed net hod for charging 1.s use b" char e |2€lesrc ange begins
at t3 = 250 psec byBERIJEnT AeFe PPipeithanofstheiyrsteria2mis back-hipsed N connect s

the capacitor CpoacédassutRbase 'ﬂae&ﬂﬁgeﬁm%ggc&dnhestvhﬁpﬁ%rl%a pRRLAr ikl ¥,= The
' at t he current through

only difference bet en t "pb" eration i -

the capacitor has a dﬁﬁ%&%@b‘ﬁﬁ%ﬁﬁt?wﬂsﬁ“@% Pﬁ"@ﬂﬁ’ﬂmf“h%‘ edrd ent flow
into the phases dur§a3g, dréBackiiasel e hangiod nt er change is identical to the
current drawn during the "a" charge interchange, with no net energy transfer

formthe AC power suppl-pﬁ # ik 5860 E”B?J i af gg
cycle, that is, at t'4 = §8 pseg]ﬂ% xth eéu res @{])&F pe#‘sm{%%gegteor?g% orci ng
of f Sb2p while Sb3nPhﬂEQ$aI|,nlsz Js Thesgering #ah gilag nsec will yield a charge transfer
15  proportional to the reactive current requirements and will result in a capacitor voltage
equal to the initial residual voltage but opposite in polarity.

An earhier triggering of Salp will result in the charging of the capacitor to a
higher voltage, drawing, in addition to the reactive power, some real power, This
increase in the capacitor voitage may be desirable in order to make up for the

20 component losses or for the pufpose of increasing the reactive power flow without
having to change the DVC ﬁ-equency. On the other hand, a delayed triggering results
in the transfer of part of the capacitor energy back into the AC power system. Fora
practical system, the time t'; may be either calculated in real time or pre-calcuiated and
stored in a reference table. The stored value is a function of the input phase angle and

25  the capacitor voltage. ' '

For theb” charge interchange section the same generalized method for
charging is used. The “b” charge interchange begins at t’s =250 pusec by triggering
thyristors Sb2p and Sb3n. This again connects the capacitor Co across phase 2 and
phase 3 with the correct polarity. The only difference between the “b” operation is



process continues until about is = 494 psec when the current decays to zero
and Sblp and Span turn off, leaving the capacitor in the original voltage
state. For consecuti‘ve:charge transfer, the |line voltages and current = .
requirements will 10 cyclically change. Thus, the triggering sequence-and
‘timng nmust be determi ned according to the cujfent phase angle. The average
reactive current fl et cultentGhandfhe Sk &i lspg et | nteryal
between the charge %%gnsfer .t ?ﬁ?lgﬁ%&¥ﬁgﬁ t%gékﬁg%%?ﬁbéhgﬁP?aﬁﬁaﬁaﬁ be
controll ed by the fFHEfUERaHoys intoFas Bliasesfuring the thii discharge intershange midentiel withe ent

is also a function ofiréndarawasiueib@the Y& haQe ifdreah ’Wﬁgh&%awﬁt%{%g“by

voltage can, in pringiple, be bullt up to any value and Is only Il 7
the voltage and cu wﬁ'é‘ﬂﬁ%s of the thyristors and the capacitor Co. This
is a maj or advantage, because, typically, the VAR requirenents increase as

the line voltageddroops. Atb3dgsec ﬁbmmlhees_mﬁ&asddjﬁh??a% thaf 1€ amaﬁwﬁs&f‘{hei s

proportional as thegalta dro%gs \?:hl.l e wth the DVC the reactive current

can be increased i ndYBERGENP BB, forriag off Sb2n,while 3 rremping an. oFhe dischargipg poi nt

of view, the reacti vmmmommsmdtbmgms&%%n%n@ﬁtdp&%tBQeroiaﬁ& Qktp Per
al'so

phase. This not onl S _simli.ci and higher .reliability but
reduces the | osses ¥%£%J3§1"?1T ea‘f‘%'rhéf@é‘f"r"{)fﬁ e opgingl voltage st AC-t 0- AC

Qperation 25 The AC-to-ﬁkC power converter shown in FIG 1 can provide an

out put = vol t age wavef or nh ¥ [FARSCRHLEE shargrdrapsfes, thedine poltagescand wurreatmequitetments withas e
requi rements. N tBRiicUY Bhingé " Bt SRE HighSrinoREqueitEin %3!35@%”'9 r.eguency,
the AC-to- AC power converter can be usgggmgsgqa regu?g?gng p?\%\tlgﬁmg%gpl y.
-37- For sone appli 8P, 0 the, fuFrent phasg angle hThe avpragaireaciveroirenttiow is thestharge

desirabl e to vary t bgivered Mngftﬁ@%@ﬂ&yvagmw%[t?yéhﬁé@#m& ﬂth‘gygrg&%he

AC-to- AC power converter can transfer energy from-a lower voltage ¥ ni nal
to a higher vol t age ™2 et can hesopisiled by theifiequrotefinperation. In gddition; thed. A

standard AC transf ofesitive Girfend® alio QARG Sthd Rsillh véifagh BPHE chcidFcQUTRMT O

yield a regul at g}l or .controlled AC o%t ut
voltage can, in principle, be buflt up to any value and is only limited by the voltage and

current ratings of the thyristors and the capacitor Co. Thisisa major advantage,
because, typically, the VAR requirements increase as the line voltage droops. Using
simple capacitor banks, the VAR current is proportional as the voitage droops, while
with the DVC the reactive current can be increased independent of the line voltage.

20 From an efficiency point of view, the reactive current passes through only one
set of thyristors per phase. This not only offers simplicity and higher reliability but also
reduces the losses to a minimum. '

IX. Electronic AC Transformer
a AC-to-AC Operation

25 The AC-t0-AC power converter shown in FIG. 1 can provide an output
voltage waveform that meets the voltage, frequency, and output phase requirements,
If the output frequency is the same as the input frequency, the AC-to-AC power
_converter can'be used as a regulated AC power supply. |



wi th voltage transformation. However, such a systemstill has the

di sadvant ages of having a large three-phase AC transforner in the |loop. FIG
9 is an electrical schematic of ‘an electronic transformer that conbines
frequency control w th voltage transformation. The schematic is drawn as a
single-line 10 diagramw th the nunber of slash lines indicating the nunber
of phases or term nals. The electronic transf¥r-mer operates under simlar
principles as the AC t ofACSqmaapplications,sueh st vashlewpeshAC fGord, it iddesingity to
difference is. that ansheg m@lﬁ rapl a ut inductors.
The AC power supply i's app Ted t%c%?\ﬁirb?\%p&%qﬁe erh‘ﬁ%fmgi‘g%‘&aﬁ?’g#&?%oupl ed to
15 the capacitor CHFOR¥IFf gandrpnsiefrnersy fbmarowd dolmgeltermipal to 5highes Roltaget i on 106.

The val ue of input tem@EnetiRNakd8: determ ne_the chargi duration
(assuming Co is fixed as det‘%?nj%%’%%u ot ﬁtgrgmémo%f F’gﬁr}g\ﬁ%’{‘l’%’mé“‘?%ut
~section charge Gpercainestedita theddhinpwar ACoutgwato yisld 4 fegulA&) sraohEblled WEY output

converter shown in yGEiGoldge %I%ﬂhs%mﬁ‘gg s&&%tsgﬁe%ﬁh%g%h%v%@#eggét of the

AC-t o- AC power converter ~shown I n Fl havi ng an outpu i on
118 coupl ed to an JWYIPR2 largs thieprphase AEorapsformeningbetlpet. filter 119. The

di schargi ng i nductors Lb I and Lb2 have been replaced with a transforner
117, which provi des t heFIGdlis traelentrical sthasbalic of frtlecordid irdBfoymer it Bdtibigedy T i St Or

Sdch 114 has been ' | sgonnects the transfornmer 117 from 25
capaci tor Co duri n?%g %“’%ﬁqa'r"gir‘ﬁ’g“é %%?&W%@WF'WEWQ%ESW%W&MEIH@M atio
of the output tlPanshagranewitli e nimbes of dashdifles ifidicatiiy thiminktRr FphhdeL6r talitadge rati o
bet ween the AC inp ﬁgﬂ AC output . vol.tage. Further, the |eakage
i nduct ance as seen%?é%ﬁ e pri ng{rl{;/l%g?rgﬁ'é" SlaF BrnGD P%meédj@&%aowg mat ch
t he out put i nduct orcomgttershowh in FIG11.aAdnajdy Zifferenvets that Fifgle-ghase t@sforhiee shunt

I nduct ance of tran selected to be nmuch higher than the

el hpudRllefy

| eakage i nductance. us, I nduct ance can be ignored for nost

circuit operations. The EUAS of the inpductance of wndings is the effective
t ransf or ner The AC power supply is applied to an input terminal 102, which is coupled to

15 the capacitor Co 25 via an input fiiter 104 and input switch section 106. The value of

input inductors 108 and 110 determine the charging duration (assuming Co is fixed as
- determined by other considerations).

The input section charge opefation is identical to that of the AC-to-AC power
converter shown in FIG. 1. |

20 The discharge section is similar to that of the AC-to-AC power converter
shown in FIG. 1, having an output switch section 118 coupled to an output terminal
120 via an output filter 119. The discharging inductors Lb1 and Lb2 have been
replaced with a transformer 117, which provides the inductance. In addition, a primary
output thyristor Sdch 114 has been added, which disconnects the transformer 117 from
25  capacitor Co during the charging cycle.

The primary to secondary turns ratio of the'output'transfonner 117 is selected
to match the desired voltage ratio between the AC input voltage and the AC output
voltage. Further, the leakage inductance as seen from the primary of the transformer is
selected to match the output inductor values of Lbl and Lb2 shown in FIG. 1,



| eakage i nductance, and, together with Co, defines the discharge period. 5
The capacitor energy is discharged into the AC output phases in a simlar
manner as for the AC to-AC power converter. . Using the general nethod of

di scharging, the thyristor Sdch 114 is triggered sinultaneously with the
positive thyristor Sop and the negative thyristor Son of the 10 phases with
t he hi ghest and second hi ghest output voltage3®-equirements (assum ng unit
power factor output). THnE shunypdedanceef ttaasforer 17 @n be selected tobe puth higherses vi a

output * fiter 119 (actht QR Hdined 1 Thus e Bt ihdichlan S0RAG b splans' o7 T ed
ag

to the output phase with the second highest outgu; vol ! requi renment, the
thyristor with the TGHESReratans. The syioiof heéndpaanse cEwindingy is thygective Tarisformer] |
turn of f the thyri Seakagd @udidiRe, 36C it OF) @efined e RikkhargdWrddre char gi ng

continues for the lines with the highest and | owest output requirenents. The
freewheeling thyristor Swop 116 can be triggered to prevent the recharging
of the capacitor Co or to select the residual voltage of capacitor Co. The
triggering transfer the _energy in the |eakage inductance to the output. Wen
the 20 current becones Z&F &GP epcsmis diseharggd inn the ACHutput phasesdt # similat t he

di scharge cycl e i S maRETIs®@he ABRoWE fRGEcdvats! or mation can be a step- down,
step-up, or isolation. The operation permts a frequency change, phase

change, or both. The ou n b ont r.ql l.ed.to rmt eal. an
reactive power control \%@ F’% tgﬁ%m?rﬁﬁlj"t%’ogr%ﬁ@?h&ﬁ%"hgghypétgf g‘%?é{i'st w only
real power. Thus, tsireulahenusly grithchetpositive thynismr Sop andoibe segative thyrswu Sbyofthe/ol t age
regul ator and R ﬁ,gg%;'g : ' ;Egﬂgl L ' tl;@pgz ﬁgg g[aw a
bal anced i nput w@ve | Eﬂg%?%ﬁ%i i e{+ ﬁ%egpﬁ ‘ééclza se ‘?{#eﬁ%tss ng e-gﬁﬁ‘ése
‘transforner is operh@metifagtor autght).f Fligenaples the capacitor € ¢o the outputphases vib eutput

signi ficantly reducis piRinaldialiodbs 7175 W McioR eflraff oibsrbded BEO LML . T

transformer 30 may even be nore effectively us e magnetiC
rever sed for every M&t@@s&g@imghest output voltage requlrcnt, the thyristor with the lowest

output voltage requirement triggers. This will turn off the thfristor for the second
15  highest output, and the charging continues for the lines with the highest and lowest
output requirements. '

- The freewheeling thyristor Swop 116 can be triggered to prevent the
recharging of the capacitor Co or to select the residual voltage of capacitor Co. The
triggering transfer the energy in the leakage inductance to the output. When the

20  current becomes zero, the commutating thyristors turn off and the discharge cycle is
complete.

The voltage transformation can be a step-down, step-up, or isolaﬁon: The
operation permits a frequency change, phase change, or both. The output can be
controlied to permit both real and reactive power control with the input preferably

25  restricted to draw only real power. Thus, the electronic transformer can be
simultaneously a voltage regulator and VAR compensator. Additionally, this
transformer can draw a balanced input even if the output is imbalanced. Because the
single-phase transformer is operated at high frequency, its cross-section can be |
significantly reduced over that of a standard 50 or 60 Hz transformer. The transformer

30 may even be more effectively used if the magnetic flux is reversed for every discharge




cycle. Several approaches are avail able. For exanple, two input sections with
six additional output thyristors would yield a nearly full transfornmer duty
cycle. This type of transformer has several additional advantages. It
provides a . significant reduction in both weight and volune and yield
additional operational 5 benefits that conventional power transfornmers can
not deliver. Unlike a regular transforner -3%aw ng conti nuous magneti zi ng
current, this tranetler Reveral spprougims hiezeelablenFor eganpile) gwd input pestions witlasisf er . Thi s

inmplies that the | Qg868a bk Ry fmar - t ransforner . are a constant
fraction of the instant anegu‘gt rou‘gﬁ%ﬁ%adgg%g&gﬁowqﬁwq?ﬁansforrrers
have an average |oad fagtor of |ess than 30% of the peak |oad factor, the 10
el ectroni c transfornmer |W°%memh%%ayéddlh@abe&wasqﬁamvwdm ough its

regul ation and neggnifabitzedutis i Hth et 4o Qollifl itig AdRiBnd Bpé hi gher
efficiency for nost gﬁf@;l (?at i c;ns. b.e%g?c-to? DC@%(}?II!%%%OH‘ ar_ldb%%:tgbtng- AC

Operation The el eciep i SORYFEHenahrawer Bafsfogueraeanaat deliver) Balike ayeglart s t he

reconstruction 15rBfforferdfawiipdbdnucts RRALAN Surdt tRISERIMASs hikeAsE" uct ed
ative voltage on a second, phase, as described in

on one out put phase, apd. a ne ( .

t he above ACto- D(f’“l'ye‘g’l“f‘ﬁ F‘Erp,gwfrd’mﬁ?roﬁhﬁémﬁl'ebé%ﬁ\bﬁs%ﬂﬁ*‘%‘émffFRé“Bﬂt put. As
wWith the AC to- DC tfefoinhdr@fea cofdtdndfrictiol bPiib instdtheb@SthRbghphe Sfeedpitinpf the
transforner can be eljmnated. In ad@it_’é'égﬁg, etﬁhe t wQ u%g‘gt swi tches can be 20
repl aced by di odesi2iHEMEEEAVE FLAVERED £ ﬁﬁ&@ém‘gé’ PrAKdoUfagtale thsr i nar v
of the transfuy medechynit Riistrhearwibdet onlylihcrédsethy pbat 4Balief thidagh Ruteputhtical t he

t ransf or mer secorclagary isr vegi d wi t[] a dual | nput nodul es operation, the
hal f-wave rectifi Pﬁ‘ﬁ“ﬁffrfﬁf'ﬁ %ﬂ‘b‘&? opd bytalsp qbtaly aiigher effigiancy for MOgt phase
‘bridge rectificatigplicaédsi guration. For DC-to-AC operation, the nodification
to the input circuit is as described in 25 the previous paragraph. This

permts the utilizatiog of ﬂc%mﬂ&ﬁﬂ%fﬁcflgﬁdaﬁr%ﬁonﬁ ruction of an AC

wavef orm or power injection Into an power sour ce. e transforner pernmits
a significantly higher wvol.tage. difference_between_jnhput .agﬁi out put .. The
step-up or step-down rdff§e %&%?’Eﬁ?ﬂﬂ?“mﬁﬁkﬂ@%w W‘E’ﬁ@"“mn
. 15  of an AC output. A positive voltage can be reconstructed on one output phase and a
negative voltage on a second phase, as described in the above AC-to-DC rectifier, to

provide a DC power source on the output.

As with the AC-to-DC rectifier, certain output switches on the secondary of
the transformer can be eliminated. In addition, the two output switches can be
20  replaced by diodes, because the output switching is performed on the primary of the
transformer by thyristor Sdch. If the voitage of the output of the transformer
secondary is reversed with a dual input modules operation, the half-wave rectiﬂcati'on
on the output is replaced by a full single-phase bridge rectification configuration.

For DC-to-AC operation, the modiﬁcaﬁ&n to the input circuit is as described in
25  the previous paragraph. This permits the utilization of a DC power source and the

reconstruction of an AC waveform or power injection into an AC power source.

The transformer permits a significantly higher voltage difference between input
“and output. - The step-up or step-down ratio is selectable by the turns ratio of the
single-phase transformer. |



si ngl e-phase transformer. -40- The next extension of this circuit is to
performdirect DC-to-DC.conversion over a |large range of DC input voltage to
DC output. voltage. In addition:the utilization of a transformer permits the
full galvanic isolation 5 between the input and output for all of the
conversi on processes described. X Electronic Transfornmer with Sinultaneous
| nput and Qutput Charge Exchange The electrogjc transformer illustrated in
FIG 9 uses two nulti-t I g e Co and a
subsequent one to di schghg]gg%g&%ogﬁﬁgﬁﬁgbgﬂﬁ%%ﬁg?@'ﬁ@ég?rﬁgﬁm

el ectroni ¢ transf orgver 2 lasgei rangeanf PG ippus yoltage uf DEloutpt &lage. Appr oxi mat el y hal f

the time is utilized for charging and the other hal f-for discharging. In
addition, the charge per phase flows through 2.5 thyristors on average. FIG
10 il lustrates another enbodi ment of an electronic transformer. This 15

o0 o e On e Cant U ab RS AizRONSE o LRERUBO M B Hiverfii B o2 o

100% and the power passes through one |ess yrrstor, yre ng a er

ef ficiency. Thi$ nouwtwéeadbe inpuishdeyrpyt fatiaflfofthe conversionipeocessesdesibédy descri bed
electronic transforner in that the charge operation and di scharge operation
occur sinmultaneously. The charge drawn fromthe AC input termnal is
directly transferred to the AC output 20 termnal. The nodified electronic

transformer is based onsthe Erl-AHlid RIES, e}wgiﬂﬁn&eagyﬂ@#tgn&%%q:mghange"

power converter of FIG 6 and replaces the output 1 nduct

si ngl e- phase transfBichngeas in the el ectronic transforner of FIG 9. The
nodified electronic transfornmer of FIG 9 is shown with one capacitor,
because the singl e- phas&hg slettwranirstramsforer yluetraded if: FIG. Dusles/ i ntulti-eahinsl IDSTI
‘between the inp n T Lngl e- phase transforner.n onl y. has the
required turns-l_;btat ?Ogg?gyﬁsgg B5e ggg?\g?%ars#gfelq‘éﬁ’tﬁllﬁq°d§fzwei%°‘glélgf’ﬁﬁ%‘ﬁ’%uch
that is. has a | eakailfernatedthos the electranicrgnbfomadr bavidpen duty oyelerof ebout 5096t i on of Lb 1

and Lb2 in FIG 6. Approximately half the time is utilized for charging and the other balf for disci:a:ging. '
In addition, the charge per phase flows through 2.5 thyristors on average.

_ FIG. 1¢ illustrates another embodiment of an electronic transformer. This
15 transformer significantly increases power throughput. The duty cycle nears 100% and
the power passes through one less thyristor, yielding a higher efficiency.

This modified transformer differs from the previously described electronic
transformer in that the charge dperation and discharge operation occur simultaneously.
The charge drawn from the AC input terminal is directly transferred to the AC cutput
20 terminal '

The modified electronic transformer is based on the “simultaneous input and
output charge exchange” power converter of FIG. 6 and replaces the output inductors
by a single-phase transformer as in the electronic transformer of F1G. 9. The modified
electronic transformer of FIG. 9 is shown with one capacitor, because the single-phase

25  transformer yields full galvanic isolation between the input and output. The single-
phase trarisformer not only has the required turns-ratio for voltage transformation but
also is designed such that is has a leakage inductance to duplicate the resonance
function of Lb1 and Lb2 in FIG. 6. o



-41- As for the circuit of FIG 6, the input and output operation occur in
the sane cycle, perform ng sinmultaneously the DSClI operation introduced
earlier. The triggering sequence for both the input and output thyristors is
as previously descri-bed. The singl e-phase transformer of FIG 10 is selected
to provide the necessary 5 turns ratio for the voltage transformation and to
yield the desired | eakage i nductance that defdlres, in conjunction with the
capacitor Cs, the resonaader thewirceinef gy 6.tbaispe and @epit oferdion cselr in thé same

thyristors are conng b Qfeduble gg,g' U ?%J“P
Using as for the earfl g’g d‘%g‘?‘atﬁ%n?ae%e re@hﬁﬁiﬂt&g%hﬁgﬁ £10
phase angl e, and .a SEQgags fvféhth)lhamﬂwﬂﬂﬂ@ﬂtpmthmmanpfw%@mbﬂqput
‘thyristors Silpu and Si3nl, sinultaneously with the two output thyristors

So2pu and So3nl, are tIThg ashawuﬁsmhhertohﬂdmwmw@rpmmrmaw of the
transfer period, Si2nl is _triggered to turn off Si3nl |Ietrlé:jger|ng
legkoge industan

Sol np at .the corr ed¥rmE fatig forthe EW“F@W“@EPWPWWP?W #n t he
freewheel i ng swi {C Bine O bt Bich VAL R LiBRcHSr &5 ehetbdoe G4 e &énsﬁ%r mits

the transfer of the energy in the | eakage i nductance of the si ngl e- phase

transfornmer to thePSG‘P‘but Wth the selection of an appropriate transforners
turns ratio, the function of the switches Siqcc and Sigccc shown in FIG 6
"~ can be elininated, redua'mgetshéthniﬁFMenrecgﬁnectedqmqaddofcmipmemtbeommause t he

or mary of the LAl gy e EAL Ml SO0 055 O (e
capaci tor pol arlidty pﬂlaseraeglar@éd nmuvwanqlamx ﬂqus mahpm,(shq;samp @P@Wﬁ'@tpfbmpu At
that point the SCVGHSEENLnbloNbl M&é%&v&q@ Sz iR4 ISR, ¢ OCcedur e

‘however, with the input voltage, he out put magnetic flux
of the transforner mmmdsedtanmecwuogwaqumgpineﬂfhenwfeopmosltmwsand 25 t he

[l reversal 1 edUGedchd i o 8ol Gh i ighlnk 8613/ eRoPba BB AGSEALTEY |1
0} ce

addition, as the p requirenent ‘i s re l'ower | nverter frequency or

capaci tor vol t age otpt %"3@1 So2pe jAgathe freewhepting switch$fime sontrolsthe fesharge
transformer werg tRBjage of Cs and permits the transfer of the energy in the leakage inductance of the

single-phase transformer to the output.

With the selection of an appropriate transformers turns ratio, the function of
the switches Sigce and Siqece shown in FIG. 6 can be eliminated, reducing the number
of required components, because the input voitage is larger than the effective cutput

20 voltége as seen from the primary of the transformer.

At the end of the CW energy transfer, the capacitor polarity is reversed and all
the thyristors are turned off. At that point the CCW current flow is initiated following
the same procedure; however, with the input voltage, the output voltage, and the
magnetic flux of the transformer reversed. The high inverter frequency operation and

25  the flux reversal reduce the size and weight of the single-phase transformer. In
addition, as the power requirement is reduced, a lower inverter frequency or capacitor
* voltage may be selected. The result is, unlike a regular transformer were the
magnetizing losses remain the same, that the losses of this transformer are reduced
with the power transfer requirement. The net result is a nearly constant efficiency over
30 the full load factor range of the electronic transformer.



magneti zing | osses remain the sane, that the |osses of this transforner are
reduced wth the power transfer requirenent. The net result is a nearly
constant efficiency over 30 the full load factor range of the electronic
transforner. -42- - For :AC-to-DC operation, the same circuit is applicable and
only two output termnals are required. For a positive voltage on output
phase 1, and negative voltage on output phasgy3, only the output thyristors
of Sol pu, Soipl, So3nu, EstAGH3DE opattn, ﬂhe%er&dmu@%hmﬁm@m,@%,éﬂtgm
out put thyrlstors can bﬁ rem)ved C]ll_'$|mlarl for DC-to-A

operation, oniy the U 2 pagitivg yoltage op putpwi pheag ], 286 aesi B ipitegee

needed. For the CWayeaik 3t bty tislo and
put;ihm y Cl"{phyrl ﬁsw]?é?%ﬁﬁgélo%duggrﬁ%%

remain on for the C,Wc cIe ile. the stors-So used
for the COW These ’Eeﬂ?} e gk W&t@twwtmmcmmom\ch respective
charged and energy transfer cycle. 10 In sunmary the series capacitor
resonance circuit of Fl @imdarlyfor BE-toddi driDetitc-DC opératiod, 6rﬂlﬁt.heh@ﬁttthﬁﬁ{o@s

transforner circuit [ 'rCU|t t t he

control, the drawo’ m@&&%%@s@ﬁ%en °{ﬂ113(’§’éﬂvg\lfep§7 s‘ﬁ% PH*E‘dfree
power . Wth AC poweSo3nhare tr@saegcduasd tmmmﬁrﬂmﬂﬁrcydqmwmﬂeel@mtbhesmﬁaﬁdl ve
power can be si nul de.a selectiv

| aggi ng i nput curreér’ldt%g&m %% ng e P aessee FANE FOPHEpte ﬁjl‘%glpf ?Hc}g rmts
ei ther a step-up orresleeqyecbbmed)indtehegymmfwtydeol tage. Unlike a regular AC
transforner, the output is not restricted to the AC input frequency and

phase and the o put V0|Ii1§@ﬁ‘mﬁ§|ﬂletl€nés Ligdr9&kondrbd Lifi6k BR¥IE. 6 bitbel hfitHed 210
mttln al so DC-to-AC, AC-t -DC, as  wel |

output is not restri 0 AC,
‘as direct DC-to- DC%%%&&F&%""‘?E °%\%W@fﬂ§rlt°ermﬁ“%m@rm&e
Qper at'i onal Conf i gugréger 6onteol, thé di@wiof hamenibike air{eﬁcdnam eliveREdrabinidRic Bae DSC

hr ce-phase | nput , ek FAPAAS BriceB bl he lgobmPaEn et %?#%%Eom can
utilized with a st drdamdtanemsindrivnab progide h BiQLGHRIR SN Mgy fiiphri @ifrent ITAE 1 S,
wth a 15 single-phase transformer turns-ratio permits either a step-up or step-down of the

output voltage. Unlike a regular AC transformer, the cutput is not restricted to the

AC _input frequency and phase and the output voltage can be regulated. Furthermore

the input and output is not restricted to AC, permitting also DC-to-AC, AC-to-DC, as

well as direct DC-to-DC operation. '

20 X1.  Power Converter in an Alternate Operational Configuration

a. Circuit and Uni-directional Operation

The DSCI method is not limited to a single-capacitor charge storage
device, a three-phase input, or a three-phase output. The DSCI operation can be
utilized with a standard resonant charge interchange configuration, that is, with a

25  capacitor paired up with each input terminat or output terminal. The standard resonant
charge interchange technique is described in. for example, U.S. Patent No. 5,764,501,

FIG. 11 is an electrical schematic illustrating an alternate embodiment of an
AC-to-AC power converter. The three-phase power supply is coupled to a low-pass
input filter 150, comprising of a series inductor L§ and shunt capacitor Cfj per phase.



25 capacitor paired up with each input termnal or output termnal. The
standard resonant charge interchange technique is described in. for exanple,
U S. Patent No. 5,764,501. FIG i 1 is an electrical schematic illustrating
an alternate enbodi nent of an AC-to-AC power converter. The three-phase -
power supply is coupled to a lowpass input filter 150, conprising of a
~series inductor Lfi _and shunt capacitor Cfi p&B-phase. -43- The capacitors
may “be. ei t her connedheg2Ragitarhmay be'either cogtebtedin thead ™oy tidelts’l enfigutitionh ©n theit put a

simlar |ow pass oubRisi £ kil iov-8%s! d. . the one.shown is.a typical "pi
filter consisting ofmé fa, L f]%, g%rs\aﬁtépﬁ.ﬁmrh% l?)%s\ﬁgr ,°c?ﬁ€gh°twé'r's %Bﬁ’)"ﬁt Plon
consi sts of two opefilier asigipgoEShi. MoeamkiGast 5 cycle is the charge cycle,
whi ch extracts energy fromthe AC power supply and charges the capacitors
160 (4, C2, and C3). FOThd fdveer BHHVERS Dperst 'E's%‘ﬁn ' [ i Si 2p,
Si 3p, Sun, Si2n, Si3n) of iirslﬁput sv‘(/i tc_hpesec({ﬁicgn 5@%@%@{/@% Hﬁ%@“ﬁ nput
switch section 152, cydpistherharge quslenwhinl extrants paesgy front the ACTBWensnugplgiand éharpes

i nductive section 18R dagasitBE 166 HC ! fdlch <L W r dr awn
10 fromlines of the. AC power sa@phg%y Thege@%ﬁ@oggf’gxg&?ﬁh u Orgﬁif%ﬁ' P,
section 152 will héPeadiln Sitne SPaxafimpatiswitsh sestipmf2tareemiplayeds. A second set of
six thyristors (Scip, Sc2p, Sc3p, Scln, Sc2n, Scan) of capacitor selection
section 154 is coupl ed bEbevemn switchi satich 152) domijitédRtviees the (i g SRR d 50 hddGan

capacitors section | Havi. LtOLS . ..and .C3.. These thyristors
will 15 hereafter béﬂggte’ @é&:ﬁ%se?@&?ﬁ@h%%nﬁﬁu&o%rﬁ &‘bﬂi"&r\"e@w REWer drppn

capaci tor sel ectlf onfrosuiinecdfabe A€ pewer sngply. HEhepethyristory/ofanpalt fWicchéedibays? wvel to
whi ch t he capacitor 3 are .charged. The capacitor selection
switches are shown g%r%f/%gse{eg%g?oﬁﬁpmﬁ’ﬁgﬁ swi tches nmay be used.

| mportantly, no opening of the switches is required in this circuit, though
openi ng switches may be Heegnd set of spthymsjors (Sedp. Gisen. Se3m Aelnac2nhSclopeft 20 of an

i ncrease in expensecastcr Wisibn bRESER4 if%pl@@m&n%giﬁpgfiﬁ&oggy\ﬁ@ﬁ&olrEF%fi on,
P C

it is desirable to giraw harnoni c-free _input power at ‘a unity power factor.
Thus, energy that i $€SPRAGEPT SGHEN 1600ayiRg capaciarseCloC2, and C3. These thyristors will

15  hereafter be referred to as capacitor selection switches. The capacitor selection

switches determine the polarity and the voltage level to which the capacitors C1, C2,

and C3 are charged. The capacitor selection switches are shown as thyristors, but

other switches may be used. Importantly, no opening of the switches is required in this

circuit, though opening switches may be used to simplify some operations at the cost
20  of an increase in expense and switch losses. '

For normal AC-to-AC power conversion, it is desirable to draw harmonic-free
input power at a unity power factor. Thus, energy that is proportional to the square of -
the instantaneous input voltage is extracted from each input line. By repeating this
process at a high frequency, as opposed to the input line frequency, the input filter will

25  average out the power flow, yielding a sinusoidal input curreat and input power.

Also, the throughput power can be regulated by changing the operation
frequency. The procedure is to extract, during one or possibly over several charge
cycles, an amount of energy such that the average power throughput is proportional to
the square of the input voltage. The energy extraction requirement is a function of the



t he i nstantaneous input voltage is extracted fromeach input line. By
repeating this process at a high frequency, as opposed to the input line
frequency, the input filter will 25 average out the power flow, yielding a

si nusoi dal input current and input power. Also, the throughput power-can be
regul ated by changing the operation frequency. The procedure is to extract,
during one or possibly over several charge -@%eles, an amount of energy such
that the average péinetphass sglslmiuvherse frthpioputiioaaigulbofegubity s §u aéconsicttane i nput
vol t age. The ener gy | ' I is faunction of the -44- input
phase angle wt, \/\héﬁggéco 'S Lta{}teﬁlg%hs{a@[{?%”%?nﬁ%}ﬁ?&@ﬁﬁ@  CARYUPIE DSt r uct
a sinusoidal ‘out pueitage prapsrtived és theytphovaveRdiE defies By BE obtpst fhbicaBeg ki Ng
capacitors to a VW%@.%OE&L%OHGJ to the output waveform defined by the
out put phase angl e D Ike oytputifisauenciy [Pver seyerehayeles thebanging proGser

several cycles,st hﬁm@tfbﬁﬁﬂdﬂé&rg;ﬁ&ﬁaﬁmm?&gﬁéﬁoﬁﬂ%gﬁsaé%%&-&Put W th

an angle fromzero to 360 el ectrical nmust char pacitors

to a vol tage and p&tPYS fhargeipe sappriiosan & yoltasy aedipqlarity thatiTepreseatsghieottpuom zer o

to 360 electrical ggge &%h&omm%%'dkﬁh&%é A%& Q?tgu nce to
FIG 11, the voltasF? and current waveforns shown in$lE:I |2, %ﬁﬂ{"% e 1. 10
For illustration piff§seRegte Fich 11.1hs vokageaad qurrens praveformy iskowarin 1G.dR cand Tebje|
degrees and an ougput angle of 170 electrical degrees are selected. For a

t hree- phase, 480 V AC system the input phase voltages are shown in Table 1.
The first inpujgline i | L LlLe.the other two [|i are ative,
and the sum of the thr?gr@o taagguﬁp}éﬂs’fg%gn ?“&Woﬁ“ﬂfﬁggfﬂﬁ%“%gﬁ es is
al ways zero for a #slaasutpyt prigieeof 12heledtrinal degrees 4rb seledted. dlos @ thapphiaes4d00v t he
‘current. Harnonic-jf VRS it ] .char [ r.lineis
‘given in colum 3 ,as?gs‘%gr‘ceﬁ a léasgf?l%h%%%?gpsﬁg%égﬁeﬁg%gyw%er, with
a | owpass filter, Pasiedyfileshe ather Svalinesargwnegatiye 2odithe ewrh of the thresswiltageals
cycles. Exenplary }oadrieQhbdhe thds!s | 48 bRl Sand 1reGRbAM 4.
for a 480 20 V three-phase sys?tem odﬁ%?gv\a é?g?’rﬁxﬁmp?%ﬁan |%’sat"éﬁti°a 2ous
phase angl e of 151 70rule also applies to the current. Harmonic-free power will be drawn. The charge

energy per line is given in column 3 as a percentage of the total charge energy.
However, with a low-pass filter, the option exists to average currents over several
cycles. '

Exemplary load voltage requirements are given in Table 1, column 4, for a 480
20 'V three-phase system output waveform with an instantaneous phase angle of 170
electrical degrees. In this example, the first two output phases are positive and the
third output phase is negative. Again, the sum of the three output phases is zero.

To charge the capacitors correctly and obtain a balanced power flow, the

energies in the three capacitors must be related to each other by the square of the

25  specified output voltage. This charge energy is given in the last column of Table 1.
Typically, to permit the full discharge of the charged capacitors into the output filter,
the polarities of the capacitor must be identical to the polarity of the output voltage,

~ and the charge voltage of each capacitor should be proportional to, and more than

twice, the voltage requirement of the corresponding output phase. If the charge

30  voltage is not sufficiently high, a full discharge may not occur.
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Table 1: Input and Output Voltages and Energies

Input Input Energy | Output Outpﬁt Energy
Voltage at 80 %) Voltage (%)
t.iegrees | at 170 degrees
Phase 1 3859V 64.7% 68.1V 20%
Phase2 |-2519V  |275% 3002V 391%
Phase 3 -134.0V 78% -3683V 58.9%
15 Because capacitor C3 requirés the highest absolute value voltage and is

negative, thyristor Sc3n is triggered to couple capacitor C3 to the negative inductor

Lin. Next, either C1 or C2 can be connected to the positive inductor Lip. For highest
| power operation with reduced charging time, the capacitor requiring the lower output

energy is connected. For the current example, Sclp is triggered to couple capacitor

20 CY in series with capacitor C3

hr ee
Thi s
am@mno@dﬂwmsychﬁehM@mhatmv&hﬁg that
en. 5 The circuit permts self-comutation of
bei ng back-bi ased. Using the

cll_‘%pm% EI‘I aggr ed bec%ie ghase I
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Phase 3-134.0 V7.8 % 368. 3 V58. 9% 15 Because capacitor C3 requires the
hi ghest absol ute val ue voltage-and is negative, thyristor Scan is triggered
to couple capacitor C3 to the- negatl ve inductor Lin. Nast, either d or C2
can be connected to the positive inductor Lip. For highest power operation
wi th reduced charging tine, the capacitor requiring the | ower output energy
is connected. For the current exanple, Scip t#4+riggered to couple capacitor
20 C1in series with ca‘tdmm@y, SEB eodltﬁ-beMiggereﬂ&t@het,toﬁﬁ-ﬁﬂnﬁﬁwudnbﬁ.s{ofi gger ed
in order to perrrit IS i, t e ery er way, the
thyristors will sel cormut as é&of Fﬂﬁcﬁ%'lﬁ'p‘h orﬁ r“flh"%ﬂ“{‘%ﬁ"gm p couples a
resonant LC circuit between input S I and 3. The Jinductor value is the
sum of Lip and Lin, andvﬁﬂ%ﬂ&%wa}m%%w%shsnswap%mfﬁntaﬁvmdm dual
capaci tor because tﬁﬁs@qmglt Ifgfs{n 1K and
current are described in tegm%g%na?lﬁﬁ@w%? wiﬁnéa%dnggﬁ:ﬁgéﬁtém =
,si n( a, Ot) (15) C, is belf thtef apur;drudu@mapamton}@sau;e(the capaeilovigdre qum@(ma)mmer e
10Io = (VA - Vps C, ltage and
charging current ca#ebe pr ecfj?'ulq%/m?alqgﬁ d%%;';ﬁﬁs %%hﬁﬁrr%ﬁh ca%qug
requires to reach a desiy w-ﬁsﬁ ge can be conputed using inverse
trigononetric functions. *Wt resent switch sel ec{(!dn, the capacitor d
charges to about tw ce the voltage requirenment of output phase 1. This
vol tage is obtained in t¥ee) 66Vaé0 =k ipn(l + cosiagt)pt2 r:q dng of 80 H and
capacitor rating of 100 uF, as shown i'n Table 2. 20 At f the positive
capacitor selector switch Sc2p is triggered. The charging of capacitor C2 is
started, while the chard’f%’of C3 continues. The power is still

10 Ia = (Vpi - VPS)JC, /2(Lip+Lin)

and

w,=1/JCLiI2

The capacitor charge voltage and charging current can be precisely calculated.
15 The time a capacitor requires to reach a desirable voltage can be computed using
inverse trigonometric functions.

With the preseat switch selection, the capacitor C1 charges to about twice the
voltage requirement of output phase 1. This voltage is obtained in t; = 66 usec with an
‘inductor rating of 80 uH and capacitor rating of 100 yF, as shown in Table 2.

20 . Att, the positive capacitor selector switch Sc2p is triggered. The charging of
capacitor C2 is started, while the charging of C3 continues. The power is still
extracted from the same two input phases 1 and 3. -

Because the voitage of capacitor C2 is less than the voltage of capacitor C1,
the switch Sclp is back-biased and will stop conducting if it is a unidirectional switch,



extracted fromthe sane two i nput phases 1 and 3. Because the voltage of
capacitor C2 is less than the voltage of capacitor G, the switch Sc 1 pis
back- bi ased and wi |l stop conducting if it is a unidirectional swtch, -47-
such as, a thyristor. Thus, silicon controlled Rectifiers (SCRs) can be used
i nstead of switches that require triggering to turn off. Table 2: Sw tching
Time, Current and Capacitor Voltage Tine Cur+édnt Vcl Vc2 Vc3 I nput Sel ector
(sec) (A) (V) (V) (V) Switicdses Gprittah ) sH0H08nirgle SR Hets (S R} 0an be used instead of
66360. 11310- 131Si | p= S - Sc3n. 31111-242Si | p- Si 2nSc2p- Sc3n
2220131574-705 5 F%&ﬁh%gﬁfaﬁ)ﬁgﬁglgg%égg%%ao citor voltage waveforms Vcl,
Vc2, and Vc3 and the charging current waveform lch, The conputation of the
charging current and cdp€Rt amitghing BgecCyresnt ang Gapaciten@itagit hematics, with
the current from t he—fitst—pati—of——t-he—gdi-scharge and.the-voltage of
capacitor C3 from {|ITémé i r tC\eheas Of Vil segphees usEucRs | heut ni ti pfeleardi tijons.
10 At t2 = 93 sec, |the endrgy extfacted fromthf input]phase 3, ¥\/n.i h is ihe
i ntegral of the charég&)curr(ggt ti thef hgput pRAse 3| xpudhege. Wfes

ri

_predetermined val ge and t gersf the i nput’ swfch Si2h. Becausg the inp

phase 2 voltage is|[nore egativet [ nan the 1 npaj .pnasel a..volL.tagk, .t T nput
switch Sian is bacH9%i ased ‘gnd th 6 0 gﬂpgﬁ“ sclp&e":”“
| 66 360.1 131 0 -131 Silp-Si3n | Sc2p-Se3n
93 4554 131 111 -242 Siip-Si2n Sc2p-Sc3n
222 0 131 574 -705
5 FIG. 12 illustrates the capacitor voltage waveforms Vcl, Vc2, and Vc3 and the

charging current waveform Ich. The computation of the charging current and
capacitor voltages foliow the same mathematics, with the current from the first part of
the discharge and the voltage of capacitor C3 from the first charging segment used as
the initial conditions.

10 At t2 = 93 psec, the energy extracted from the input phase 3, which is the
integral of the charge current times the input phase 3 voltage, reaches a predetermined
value and triggers the input switch Si2n. Because the input phase 2 voltage is more
negative than the input phase 3 voitage, the input switch Si3n is back-biased and the
SCR self-commutates off. The charging voltage is now the difference between the

15 voltages on input phase 1 and input phase 2. The new initial condition at t, determines
the remaining current and charging voltages for C2 and C3.

Atty= i_zz usec, the charging current becomes zero and all four switches,
Silp, Si2n, Sc2p, and Sc3n, become back-biased and commutate off. The ﬁ'igger
points t; and t, are calculated such that the energy ratio of the charged capacitors is
20  proportional to the output voltage ratio squared.



SCR sel f-commutates off. The charging voltage is now the difference between
the 15 voltages on input phase 1 and i nput phase 2. The new initial condition
at t2 determnes the remaining current and charging voltages for C2 and C3.
At t3 = 222 psec, the charging current becones zero and all four swtches,
Silp, Sign, Sc2p, and Sc3n, becone back-biased and conmutate off. The trigger
points t1 and t2 are cal cul ated such that thetenergy ratio of the charged
capacitors is 20 propordn éainput side; the selasted triggeringtsagenceand tiggeruomiegiof tr 48- On
the input side, th I | ri ,aing of t1 and
t2 define the corrgétaain%%fa)gtﬁgf%e%dﬁloﬁagH’?%@%p g?&.cﬁgg‘gﬂgf‘g%e energy is
proportional to therpprstiena inbostanaikers pofvenoflsdilarncd threephase liph arsthe specifiecat t he
specified input p I The i i ' | | fined.by the
Figgering time of ChkPRadafde TS e rf IRk Fbiuatth) BOclsdei Ay |

Q. The correct Ehartyied Pyt sharegsvitgh (inghis exsmplsapideititd)r Thecwtett aharge Bigtribbwiont | i ng
f th hird [ | | o} | Ste: .. Th
of the third capacijrete aphdic ﬁ%@ﬁrﬁ%:} e nﬁ:!é@ o?@eﬁud%ﬂ@%%ﬂﬁé@g@@ dolthis Te

same procedure is used for other 1 nput p e angl es,
el ectrical degrees =aapletIr@p abuk put phase angles. In all cases, the

triggering of 10 switches at to, t1, and t2 is required with the exception of

i nstances when either arThe Bk proctur@ ik yaed fob blednpt blas@hgies, o O1o 360 t he
previ ous exanpl e, - tge S 'd{chi n%dof t he d'bst ri bution section occurred before
Hr P

the switching of t eBtratatd Sther qytput phese apdles: Jhallcasssomhe triggerweof ne,
whereas at ot hao t iskitshes aet,cnpad t;ieqiited oih iganlcaplibesf hdRcdsRitidh eitieh as@pits

changed. The conput at i rhgaer . tines . t1l, an 2 can.either be 15
conputed in real tiogém%{r}t %&é{]"?’ﬁ#‘ﬁég%%n‘“b‘é“%’%Pﬁmqﬁt‘?%%‘%a?‘ﬂ% Bnal
reference table adlistrbution sectiorf odchreed befine the wetitching ol the idpat ectong [ This.ocklirs h t he
capaci tors charged, %tg'%, . ] f _ou t section, 162 n.be
triggered siml t aneous f%ﬂg{é%%%ahtﬁ yai'i ?‘5&%&‘3@’@%&%‘?8@@%@@“"5@“? nt o
~the out put phases.phdseds chasgedaTecqnepuiatidn bitheleiggertines d, ingd t} daa eitidrbes of t he

e by defn: PR Yol e de 1 inflg ™GB Hreh B Slo lidensinat rirllonce e -0
as a matrix of the input and output phase angles.

With the capacitors charged, the output switches of output section 162 can be
triggered simuitaneously to resonantly discharge the three capacitors into the output
phases. The discharge period is determined by the values of the capacitors in

20  conjunction with the discharge inductors Lol, Lo2, and Lo3. Because, by definition,
the sum of the positive charges and the negative charges are equal, it is not necessary
for the three capacitors to be coupled to a neutral. If the voltages in the three
capacitors are identical to a value about twice the output terminal voltage, the
dischar_ge current becomes zero simuitaneously with the capacitor voltage decaying to

25  zero.

. Because this condition can rarely be realized, three of the six freewheeling
switches of a freewheeling switch section 164 are triggered. This prevents the
capacitors from being recharged and transfers the remaining energy, stored in the three
output inductors, into the cutput phases. At the same time, the output switches are
30 commutated off, and permit, after full switch recovery, the capacitors to be recharged.
" For the next charge and discharge process, both the input phase angle and output



the sum of the positive charges and the negative charges are equal, it is not
necessary for the three capacitors to be coupled to a neutral. |If the
voltages in the three capacitors are identical to a value about twi ce the

out put termnal voltage, - the discharge current becones zero sinultaneously
with the capacitor voltage decaying to 25 zero. Because this condition can
rarely be realized, three of the six freewhe#4ing switches of a freewheeling
switch section 164pkaseangld chgugeasia refilf of thy tymesintrease he whers diisithedimee Hetween el ng
recharged and tran . ;0 gy, stored in the three output

i nductors, into thg&lg%%gﬁ?&ﬁ{éggg&h%%et g{-s‘sarre time, the output switches are
30 comut ated of and permt, after full ﬁ?vm'tch recove c}/ t he c_agaci tors to be
recharged. For the nextSiEhFGharesfamgnese ﬁPﬁféngﬂxBE%%dsé ohiBE PP PORPIYPRA has e
angl e and out put - fdthatiFadRlandadidid CHRANDE. BRlikR cheghy thr@findiidal dapRitbRFRASE AL,
where At is the tinme between the consecutive charge or discharge events.

Usi ng the charg® stuercssparateinput lings Pgre dbertptababaige eaeamisstaroalvays iflentical, the
proportional to t b}%g@&q&n@@ﬂr@&ﬁ@s‘jﬂ Ioff dineRAG ik tHeRotal dBhrkbdFeneif FEMAe t 1 €€

i ndi vi dual capacitors from three separate input |ines, where the total
charge energi es' ar ehasgefgyhe negle Khe g1y Perrbarze panrhgdessEbpddlce produces a snal |
difference in:the total charged energy fromone charge to the next. The
energy per charge can be described by, E(V,u,w,w) =1"'"(w,alJ )E(V.) 10 where
E(V,"")=2CQ0V. (17) (18) The paraneter r(cv, W) is both a function of w and
|V and has an anplitude fluctuation &(ilaw }oTanci)@#V]ered rectifi ed(]-,)
out put DC voltage. 15 The average output power is given by,

10 where

E(V,)=2CVn, _ . a8)

The parameter I'(®,@") s both a function of @ and @' and has an amplitude
fluctuation similar to an unfiltered rectified output DC voltage.

15
The average output power is given by,
PVous /) = E(Veme fiT (00, @0) - (19)
20 where J is the average charge or discharge frequency. The parameter

I'(@,@') js a continuous function of the input and output phase angles and can either
be calculated or stored in the same reference table as t,, 1, and the charge sequence.

The time interval between discharge cycles is given as a function of the average

power as



P(V.f1 =E(V- J/71lrN WD (19) 20 where f is the average charge or discharge
frequency, The paranmeter r(w, "t) is a continuous function of the input and
out put phase angles and .can either be calculated or stored in the sane
reference table as t1, t2, and the charge sequence. The tine interval between
di scharge cycles is given as a function of thg average power as -50 et '
=E(Y".,a,c" )l (P.,r(w,cd ))- Since the throughput power and output frequency
can be changed fromone 5 charge cycle to the next, the change can occur in
a fraction of an AC cycle. The limti f ors ar e responsi veness of the
| ow pass i nput and output filters. (23§-d§?ﬂv&“%ﬁé@%hﬂa#3§fiod of 220 }t@®c
and a discharge duration of 180 |Itsec, the converter can be operated at a

frequency of 2500 Hz. For the specified capacitor value this yields a
t hroughput power of 115 kW 10 Operating at a converter frequency that is

hi gh in conparison to ei ' t constr e ase
frequency, small | ow passgnré?nihﬁﬁ}ﬁ%h?%&’t%%fﬁdé)p@“{§%5ﬂ#5§*%@%@§#@rﬁpof t he
converter's intér mdhergatyddtarthy negt, thecbange canfecGir il Bfraction wEanh&E layddl €The

t hr ee- phase currents ..and. vol t 1t h iaple L-C i fi I a
converter frequencyh%éﬁ'g%éﬁgllslﬁge.qﬁ%ewo%f"f:?%sr °g§’ﬁg°6‘ﬁ%“§? gﬁ%%\celog@.lg@%egsd to permt
the 15 drawing of limted input power such that the ripple.current is

Si _ggi }‘ i cant | Xsb_e: ?)W ';lh;z“::e&h r?dgg 2P HE:‘!“EEEd’STg.’_'i ﬁH“EﬁC’ @g-;&?"j::ﬁ _
gui del i nes. |11 ushvender eriked B freQREIcR b 7500 BN Bbf the Bsecifie® caphdint in
| ess than a quart%&éoj an in&ﬁt %yclefﬁTgﬁ current is si?ﬁgoidg? with the
exception of a | owthig¥stds a 8o ﬁgﬂ‘ﬂl ower of W3 kWonverter frequency. The input
current is not only sinusoidal but also nearly in phase with the input

vol tage, yiel dilfg near| {Pparating sty comysaer frauency thatis digh ineammerisos tp ikher thes| i ght
phﬁsf' shi ftt bnt r?ﬂbﬁﬁ@rﬂ%r@cbﬁstﬂu&@ﬁ%utfz&t'ph&@ £2G5ehby) Small Towiflabd infift/otitpRaiesed 1 n
a tater section, s(ranolotrl]lgsuthe waveform of the converter’s intermittent charging process. FIG. 13

shows both the three-phase currents and voltages with a simple L-C inpui filterata
converter frequency of 1800 Hz. The filter components were selected to permit the

15 drawing of limited input power such that the ripple current is significantly below that
recommended by the IEEE 519 and IEC 555-2 guidelines.

As illustrated, the normal operating conditions are obtained in less than a
quarter of an input cycle. The current is sinusoidal with the exception of a low-level

20  ripple at the converter frequency.

The input current is not only sinusoidal but also nearly in phase with the input
voltage, yielding nearly a unity input power factor. There s only a slight phase-shift '
introduced by the input filter section. As will be discussed in a later section, the input
current waveform can be modified, and, in an operation slightly more complex to

25 control, the converter draw both controlled real and reactive power components.

A low-pass “pi” filter was selected as the output filter. It has greater
attenuation than the LC input filter, but requires two filter capacitors for each phase.



current waveform can be nodified, and, in an operation slightly nore conpl ex
to 25 control, the converter draw both controlled real and reactive power
conponents. A lowpass "pi" filter was selected as the output filter. It has
greater attenuation than the LC input filter, but requires two filter
capacitors for each phase. -51- FIG 14 shows the output term nal voltage at
a reconstruction frequency for the input cosgdition shown in FIG 13_ The

vol tage wavef or ms s 14 Bfovislihd @Rput t@MBAOIBgEA @ recBiRRhiétén FdQhdyTad the ilp@r e i s a
recogni zabl e har n\oﬂ%ﬁj&co tent. in tgeﬁgut ut gha e vaoltages. The output | oad,
such as a notor, og shovn ip B1G.113, Fpeygitage, ?‘&g’é@‘,”ﬁ@’? SRS Ay a
rotating gener-at or peafiftidentical. 'Eeftis ¥ flkcyenizaple hirgbhic chiRémd 4B Gltpit ksl not or s
now i n service woul not_t,ﬂ]ged to be rcgpl aced with a speci al, or to work in
conj unction with ave@EFsaifibe ouputiard, sy é‘?aB‘P“’Bi“-’Q!'ildr‘-’éE{‘lF@ﬁgleﬂg &5 88 i t h

Resi dual Vol tage Cpluhdl b%%taﬁﬂ% heFdtbr. PIHAGE fefeflfely iapOAAdd/RcaRESstnBUET Si bl e as
| ong as the energy | osses are |, negligible. This is, also the case with this

type of convert er. MEOFERY Rgervise mpid notineed foberpplgced Wih a freciglimqtente orsBaci t or s

C1 C, and C3 cagsnifcis] witH IReiaké bpeed ddvee phase voltage terminal on the
right by triggering the three forward-biased thyristors. The inductor Lox

and capacitor Cx form eb‘resgﬁl:_i%{s}gﬁﬁgwE%&ﬂ&p%tﬂggg@%‘%&)ﬁ&w&r to twce

the line term nal voltage. e I nverse arge cycle
descri bed above. 15 The onlégco onents that are not used

are the
freewnheel i ng switches. M8¥& ROeSISE RRIUrg G reversiply 2s égﬁsp‘bﬁg’ﬁekaﬁf“’rséﬁet i on,
it is obvious that ndgligibleh@hie i didithgasswitinthiltgpetdf eonvartért ReeRingreFIGs el thi ch

were idle at the sagme,.ph ngl e and f in th 0 site operating

‘direction. The cap%@fﬁ'&'%ﬁ&ﬂ%egﬁgagﬁéﬁggﬁﬁn‘{ﬁ%v%gﬁg %?’5‘??@9#%%" ® the

I nput phase. This ¢diaggeminillonniefrighthby triggering klieatyee frkwirlldiasddabyrisiors. (Ibase angl e

on the 20 left AC term.nal. To djscharge these capacitaors, use.the inverse
s capaFi £t

process. Referri nggtFteiex ayesquaph (eI, FRAKERE the CADREOETR THIKT, | |
charged capacitor B ligéemindl @oltaperThis is tdimvense of the disshatgeicpdeddsaipedatidre. and t he
negative capac ilg or Tlg:eson?;] ct:o?nptogeentsu BR%re 1i10rt] gjlsje%ta% the freewheeling switches. ‘Because the '
j)ower flow is in the opposite direction, it is obvious that for the output phase angle the
- switches are used which were idle at the same phase angle and power flow in the
opposite operating direction. The capacitors will be charged to the same po?arity asin
the input phase. This charge will reflect the voltage of the electric phase angle on the

20  left AC terminal.

To discharge these capacitors, use the inverse process. Referring to FIG. 12
' and Table 2, connect the highest positively charged capacitor C2 onto the lower
inductor Lin by triggering Sc2n, and the negative capacitor C3 onto the upper inductor
Lip by triggering Sc3p. At the same time, trigger Siln and Si2p to deposit the energy
25  into the positive phase 1 and negative phase 2, assuming the same left side phase angie
of 80 degrees. As soon as the energy deposited into phase 2 reaches its predetermined
value, Si3p is triggered to connect the negative phase 3 and back-bias Si2p. Shortly
after the voltage of capacitor C2 becomes zero and the second positive capaciior
connects through the switch Scln, the discharge continues and, because we started
30 witha ba]ancedﬁ fine, the voltages of both capacitors become zero simuitanecusly.
With additional energy in the two inductors, switch Swa coupled across Lip and Lin is



Lip by triggering Sc3p. At the same tine, trigger Siln and Si2p to deposit
the energy 25 into the positive phase | and negative phase 2, assum ng the
sane | eft side phase angle of SO degrees. As soon as the energy deposited

i nto phase 2 reaches its predetermined value, Si3p is triggered to connect

t he negative phase 3 and back-bias Si2p. Shortly after the voltage of

capaci tor. C2 becones zer,0_and the second posﬁgrve capacitor connects through

the switch Sc In, FHE8eHisdhsmilkcougsrt s W indpior sprtions Ad preuens thercapagit@ofroiat h a
bal anced |ine, thebss P;ﬁ'ﬂ?&cﬂzﬁg&ﬂtﬁl&tm%ﬁt%%&epﬁéﬁ'msﬁﬁfcﬁﬁﬂ SBtdnRReofs! v-

Wth additional engég% in the two_inducfors, switch Swa coupled across Up and
Lin is -52- triggef¥tmhe #RftSapgeior hyasecte cante initiged- nduct or secti ons and
prevent the capacitors from being partly recharged. As the current becones

zero, this switch will Coinerast the pdver moughphethereoltageapapacitor CTi aschergainel e can

be initiated. Tg inc e power r hpyt . the voltaqge.on capaci.tor C2
i s recharged t09 5*‘:‘1‘5%3851%"}@ e\%%ﬁaéf@ﬁgﬁgﬁgh@ﬁaﬁwe‘i{“sagﬁﬂ%fheﬁﬁwg

vol tage. In additi ofiswitcheSwaris delsyed, sgchathat sl caplitdpwaltiges 6ot PURIC3 Sieecdnat t he
capaci tor vol tages_on C1c an‘%IIt al so_becone fo‘Bev.er se lChar'Plﬁg t'g‘b’ih sane
percentage of thei FEVFRBATAES) P M Same Pereenfage plsficlf RHS Vollage: Thif Tepidyal valiage i it a
vol tage for the nextl bdrhe pitial yaitage fon thewekt|chirgecdyela and willéncreaii the pdrc@rge ener gy .
Fequl ati on"of "t hr oG AL SEOEF bitBlan! il S Rel Bl Sonth i Boallits |17
addi ti on, poweilC nesgulation efthefughpuepbver aha givéndnverteniregoageratibr Beadgitias @owerst em

to a higher three- , ﬁ%‘ F Ql‘ﬁ’?! .%HE ase
angl e of 80 degreegﬂgﬁg ou %‘Eﬁ’?@ﬁﬁ‘a‘islgﬁ”e‘;‘%‘g‘?é 0 R‘xfg‘gﬂg‘g‘?é‘ggﬁﬁe ca lﬁ% tor
‘vol tages and chargeystemx.rent. This result should be 15 conpared with the
condition of no residual voltage at the same phase angles, as shown in FIG

12. The tinming is identFiRl153nsvs fof tHRRMOMME phise ahdélof 20 AeRre&iGinil BRPE: phidem Nal -

is increased by 30% ‘gue] Ellf yjher .capacitor volt %e permts %e enerq%é#t o be

transferred to a REheh!70desges the cpRafitgr voltages ﬁI"i‘a barpe.upreR- (Tihs resyls ghauld be

conponents, thes maxériphied Witl the @0fditionof 86 fdsided véltide bilthe MOPhask BfigdssgRbGwV | |

be at a maxi mum Hglvﬁ ?52. The timing is identical and the energy extracted from the input terminal is
increased by 30%. The higher capacitor voltage permits the energy to be transferred
to a higher output terminal. Having selected the inverter components, the maximum
frequencjv is defined and the power throughput will be at a maximum. However,

20  implementing the residual ¥oltage control will permit boosting the output. The boost

factor is only limited by the voitage and current limitations of the selected components.

In case the voltage droops on the input by 50%, the boost mode 61' aperation
permits the maintenance of the output voitage and power, with limited stress on the
electrical components.

25 In summary, the inverter may be operated in either direction, with the addition
of a freewheeling switch. Residual voltage control permits the transfer of regulated
power from a low voltage terminal to a higher voltage terminal. It follows that this
configuration may be used for variable speed motors providing full-power dynamic
braking. -



20 inpl enenting the residual voltage control will permt boosting the output.
The boost factor is only limted by the voltage and current Iimtations of
t he sel ected conponents. In case the voltage droops on the input by 50% the
boost node of operation permts the maintenance of the output voltage and
power, with limted stress on the electricals3eonmponents. 25 In sunmary, the
i nverter may be operateé in Mukifpert Gheragion i on, with the addition of a
freewheeling switch. Residual voltage control permts the transfer of
regul ated power from aThiepowelcbRgRelHE Mtdnathl @nsmiﬂh: derdmnal . It
follows that thi smg%onfi urfotion may be used F%grc var i a?ﬁhee\{gljﬁgeg%&rlrttgfso&s
providing full-po W ' mﬁkﬁk@ﬂ@“”@‘}mmoﬂi!'smmeptemmaﬂircﬂmp@i%orihi S power
converter has a cenfifi@h p@ay keqGetslipsddefdd TRis clrlfe will E&gﬁ Clet : , and
C3. To the left,_  an inEu,t/out g}gt r??)rt IS, gonn.ect éé‘?@{) go%sha;ye ue(%é%gggtzors
using a partly §eq£r?r)t' "1\5‘?96 dasw-pass filtering sectipa. On the righe sideische BaialkelbPars a
Sequential Port 5 Jsectioh bedaGie b tile M Bark o ﬁ%&%@ﬂtﬁ%mﬁ%ﬁhﬁ?@ . On the

n bec i'the

right side is the Parallel Port (PP) seCtlTo use e e chargi ng or

di schargi ng of al | PerfRImed preferengplly simyltancepsiy, r Qnectameamhest torthe edphgitors several SP
si mul taneously. Oner PRPores) M@GhouldPpermhie oD 36 el sSveSE Yshadlso Eﬁ&ﬁ?&elf’%l&%’étsi
we as | oads (0]

This would permt one to connect several power sources as
the sanme common pofhite SAMR MR pomh Raweg eanibpselectively eqniyplledfrom emnSRtg PRRr t 0 PP

or 10 PP to SP10naRP RgSP,thaking thit'h hultibdrtindeR¥E N ave!l %éf‘é&ﬁﬂrﬁ&gﬁ 128
reconstructed at a_ PP fr a PP power squrce, unless the 1 nput and out put

are in phase. Thi sPRERMGTT ROYer sqycegpaless the inpyt amd outpytare incphagsy Jbisicentrol can

applications, suchbésfimtrestior sedril pradtiéabippabaiold Qkch hd #AlipConfi gurati on Anot her
‘enbodi ment of an AC-to-AC power converter is shown in FIG 16. 15 Its

advant age over the AC tﬁﬂACﬂQQﬂﬁfeﬁ&[Wcﬁlréoﬁig%P wnin FIG 11 is reduced
0

switch |osses. Wth the power converter - 11, both the positive
current and the - . '
Another embodiment of an AC-to-AC power converter is shown in FIG. 16,
15 Its advantage over the AC-to-AC power converter shown in FIG. 11 is reduced switch

losses.

With the power converter of FIG. 11, both the positive current and the
negative current must pass through two thyristors for the charge cycle. Because a
standard thyristor has a forward voitage drop of 1.6V, the typical thyristor losses are
20  onthe order of 4.8 V. This results in thyristor losses of 1.5% for a 480 V AC-to-AC
power converter. The embodiment shown in FIG. 16 reduces the charging losses by
one half because the current passes through only one, instead of two, thyristor. This
increased efficiency reduces the thyristor losses from 1.5% to 1.0%. For a 100 kW
converter, these reduced losses constitute 500 watts of power. Using a present vale
25  of $10/watt, savings of $5,000 can be realized for equipment operating over 20 years.

Comparing the embodiment of F1G. 11 with the embodiment of FIG. 16
indicates that the cost should go up because the number of thyristors has increased
 from 12 to 18. However, the number of thyristors is misleading. The size of the
_ thyristors is also a function of thyristor surface area. Because a thyristor is limited to a
30 power dissipation of 80 watt/cm?, it follows that for this configuration, the input



negative current nust pass through two thyristors for the charge cycle.
Because a standard thyristor has a forward voltage drop of 1.6V, the typical
thyristor | osses .are 20 on the order of 4.8 V. This results in thyristor

| osses of 1.5% for a 480 V AC-to-AC power converter. The enbodi nent shown in
FIG 16 reduces th Qhaésgi ng | osses, by one'ISf‘a’rf2 because the current passes
t hrough only one, ﬁﬁ’é‘f‘@ e feqyiggment deciepsss fiom 13rem'sto 6. 1/@m’e The six addifiontlency
reduces the thyri siriget 965 wilfifiFeabe BYCE®: hbwiid, Ve A usSthd A0k d\Wle HATVART t €T,

t hese reduced | osses constitute 500 watts of power. Using_a present value 25
of $10/watt, savin ply deesaobineragse she towh pqunment oot Wl be pFltR  oper ati ng over
20 years. Conparing the enbodinent of FIG 11 with the enbodinent of FIG 16
i ndi cates that the costWghthe eceptionpf therduredlosdes theenibedineht ¢fFJG Bt ipsimildras

i noreased 10 12, Ghodon [IMWEURLI ab QR A RERerBl 1o P | LR Shel siml IS4 NO-
The size of the” thyristors i1s al'so a function of thyristor surtrace area.
Because a thyri st oputpst phaseianglds, the ape@Gompuansiby dormecting thecpositive idput\phase/ldm2, it

follows that for this _.confi ation. t N -54-, thyni r.ar :
requi renent decr eag%%m?orr rlna%gﬁh(?r?ﬁ%ugeg’?@%ﬁ%%ﬂ'ﬁa@%‘ﬁ?%&&ﬁ&%ﬁgpﬁséc’grser
systens will incre8$gl dndS3nhsAt ] rodbensec, themapamitoreClt ik chasgeriao the requered iojtagest or
assenbly does not increase, the total _equi pnent cost, wi|ll be Siénlél ar. Wth

the exception of t H@?%EGE%%E%@%P“W@ inpHLRbAte ey triggeripg Bynser 1025 ARRr 5
In operation tggt hﬁ% 5dcCib feggﬁéf{?g%g@oh}h%fs%%ﬁ ekifacted CThds! s2:30¢ m%ggedsams

| nput and output p e ang , T peration starts_by connecCting t
posi tive input phatecouplethe negativeiinpyt phese hiedhe 9pacierG?i ve i nput phase 3 to
capacitor C3 by triggering the thyristors Slpl and S3n3. At tl = 66 sec, the
‘capacitor O is char gedAtahdrhiifferanceifrore thewirbuitaf F1Galids G ussofdwniceuriedd t o t he

positive input phase | by.trj.ggerti t byri stor 1..p2. = sec, the
required energy fr8@1“%%’3)5%1@l%gg’ngggﬁeggﬂebg%?p&?mgépe@ﬂg?% %’%ﬁgg’gred to

coupl e the negat i vehargeytle pdvdisthe Rire (6)tithe kyeaLintiowsed,3vhildico theappetiidductoence
fromthe circuif of FIG 11 is th e of C i i “Lin
with three cl o%%l ys%’&%? ‘@ﬁ&ﬁ“r%?"ﬁgéﬂg‘é?”%%%lo%w&r |bﬁgf8%6§%%§#s§3 cgcl e,
only the wire (6) eduptifiinth@siaice inithe Wive (15 84th thetvitednmit vbllsge @per i nductor a

The total current through the upper or lower charging inductor has not
changed for the two configurations and the inductor weight is little impacted.

.20 A change to the output of this power converter was made by eliminating the
filter inductor and second filter capacitor. This output filter configuration is cost
effective for variable speed drives by utilizing in part the inductance of the motor as the
filter. It is through the elimination of part of the filter that we will have a voltage

- ripple at the fundamental inverter frequency with a depth of modulation of about 15%;
25  however, this is an order of magnitude less than for an PWM inverter and several
orders iess in dV/dt and therefore yields satisfactory performance as a variable speed
drive.



15 switch is nmade fromwire (1) to wire (2) at t | . S1 p 1 wll be forced
of f because of the coupling inductance in the wire (1) with the wire input
voltage (2). The total current through the upper or |ower charging inductor
has not changed for the two configurations and the inductor weight is little
i npacted. 20 A change to the output of this_power converter was nade by
elimnating the fil terﬂmﬁﬁgﬁ'oﬂﬁﬂoﬁﬁﬁﬁiﬁr&'tﬁ&ﬁéscﬂﬁﬂ&ﬁefeﬁncet-EiHG 1qut put
filter conflguratlﬁl} LS cost effectl}\%“ﬁgr vari apl e, speed drlves?ag
utilizing in part tHSSVAHISLHED e pper £ gpposite qusgriont hqwexer, additiopal” 1y gpy
the elimnation of frp@slieelitig stvivehef wiliitemeddadit we wi ||l have a voltage ripple at
t he fundamental inverter frequenCy with a depth of nodulation of about 15%
25 however, this is an lerp rvyﬂg,,ér%? jfor an PWMinverter and
several orders less in dV/ dt and eref ore ylie satlsfact ory performance
as a variable speed drive. The di scharge operation is simlar to that
described in reference to FIIE¥°df&'“°“Th| s inverter can also be operated in the
opposite direction, however, additional freewheeling switches will be needed.
7M Real and Reactive PHiganemey i &eWorkng capacior ofthe pemliekros (PR sectiends gy i nt o

~the working capaci h&en&hmﬁreaaﬁ@s%h QQBEeﬁh%P)nm%é‘s‘é&bP&crﬁdb?% nRefei N A

previous section, can be eilher increased or decreased controlling the

resi dual capaci t or resipal gagacitoryaitags ndhe,33peapplies fir the E‘?ﬁm“’“p&et’a“g%ctl on.

Because the paral glpafé oﬁ@s&lbpshn%@p&&e@m&ﬁﬂﬂI@atmtobtpbh@cﬁdapm&rand
out put section, the real 0 and reactive power flow conty of the 1|§)aral | el

port section wifl prd rqasivs P flgw cpeial o ePF’H’EﬁBP""&PﬁT“%""’B
theoretical - i npl engpi@iniQR oWphd poe ThisitkBretiedl implbMertdion uﬁﬂd‘&éri%hbtto\ﬂy(lﬁethe

circuit but also the s eC|f|c technique required to neet the real and
reactive power flo 23 eﬁwum%fbgsneaﬁcreewqqeme tomset the ralagdct i on

motors. The foll O‘A’r&gm@%%x‘ﬂ&r}%ﬂWMmﬁﬁ%t@der&aﬁ‘loﬁ&k?sxfcﬁ@im&\ﬁ&ﬁSﬂmBﬂo&W contr ol
assum ng that the arallel port section is connected to a three-termnal
. AC power sour ce. Ha'hk pwing descnpuonun]lbegm with the real power flow control assuming that the

15 parallel port section is connected to a three-terminal AC power source. However,

because the PP is bi-directional, this control applies for the SP output section as well.

After the real power flow control discharge cycle, the residual voltage is in
phase or out of phase by 180 degrees with the voltage on the three-phase system. A
residual voltage distribution different than that of the phase angle will draw reactive

20 power.

b. Real Power Flow Control Using Initial Voltage Control

We start out with the input voltage on the first phase given by Equation (21)
and the input current given by Equation (22). '

25 Ve =Vosin(at) 1)

I{t) = Isin(ax). (22)



because the PP is bi-directional, this control applies for the SP out put
section as well. After the real power flow control discharge cycle, the
residual voltage is in phase or out of phase by 180 degrees with the voltage
on the three-phase system A residual voltagg distribution different than

B Power Fl ow
Control Using Initial Voltage Control W start out with the input voltage on
the first phase given bﬁﬂEquation (21) and the input current given by

that of the phase angle will draw reactive

Equation (22). 25V,

1,(1+ y), where |, is the current anplitude and where
t hat descri bes thepﬁﬁﬂﬁﬁEﬂ%ﬁ&*ggFﬁ ﬁPm@§$8§T?£?“WUFFQ@y

power. b.

Real

is th

ltaggy Kith thE

sl &)+ ¥), Whtde 1, {stthe current iamplitode and wheR)y isthé Let | =

aranet er

mptigh ¢ j g

vol tage of the capagitdgbf ik cAgiktitor at Lerb Al folloas thad e réiBed Rfreht/i€6btainkd vithithd S
obtained with the 5 control  of the inverter frequen%% as given by Equation

23. 10 10=2CtV, 5 ( Septrobgfihe MyRrqr Siequenetagen by kguation

(1 +y) sin(W) (24) I

(1) =2v4ct (1 + y) sin(ox) . (24a) 15 The value y defines the initial
capacitor voltage in ternms of the input voltage as given by Equation (25).
It applies for all the input phases. V, (0) t) yVA sin (a) (25)
t hroughput is then given, P(t) = 1(t)Y,=zf¢)y, = 2Cgl + Y)VO sinn(oV) = POfs) (|
+ 26) -57 According to equations (25) and (26), power throughput can be

controll ed by

20 The power

Equation (22) becomes

10

Iy =1,(1+ y)sin(@1) (24)

1()=2¥,Cf (1 +7)sin(ex) . (243)
15 The value y defines the initial capacitor voltage in terms of the input voltage as

given by Equation (25). It applies for all the input phases.

V,(@t)= -V, sin(ax) (25)

20 The power throughput is then given,
26)

P) = IQVa(t) = 2CA1 +Y)Vs'sin’(at) = Poll)(1 + )



regulating the initial voltage on the capacitor w thout changing the inverter
frequency f. The sane applies for the other two phases such that the total

t hroughput is 5 i ndependent of tinme. O inportance is that the output can be
vari ed over ‘a |l arge range. For increased power operation the value of y is
positive, yielding a boost of power and requiring, according to Equation
(25), a negative residual voltage. For reduce@? power operation a negative
value is required. This reduces the throughput power, in accordance wth
Equation (26) and requires a residual voltage of the sane polarity as 10 the
i nput vol tage. As beconeiccofding legquatiensd 2 and (26), qoeeliho0gipGt dad 68 tdkrelledity t he

I nput vol tage and t f.ollows that r the range f-1 < y< 0,
t he t hr oughput pom%gm?:a eeité%\%fhg%eeo tg “& %C“PIH‘O@F “L‘a‘a?&“&fﬂ%m??"’r Bfﬁ“f”é‘ﬁ by
the operating condi ¥i Dhessantelapplieafdr itherotifet tvCjihates Such\diad \He tétaBRNHRE i O

sel ected val ue. it he ot her,.end &,&Et he power range, where we operate at the
maxi mum i'nverter” f r@ Hé?f“&‘gn%, Pestmfedt thatithe pytputiean heoineed ¥sbs kersawinge.and
can increase the p incPesBpowef b ' - r fer
power froma | ower %{?ﬁge ter‘rﬁ?ﬁ%ﬁ?at{&%%%%%ﬂ{;ﬂs%ﬁ&d@%&ﬁgﬁ &p@@&é%i ned
Real and Reactive PSAMFng|agtording torkquation (25)p% eegativgsesisveltvioltage. Fororedngedcpcaned

boost nobdes were de 1369 ndddiile V5 EQ%O > [ L.vely. |f we define
the yvalue by y- r ?os , tnﬁée&%%%g&ﬁ% re'si-%ﬁé%“%l %%ga@%ﬁ‘ |_t“ief5rlln can be
defined as y= -r, wiccordpnce with Eguation (26)\nd reg@ires wirésidealtvioltags o€ the sanpopelarity i ven
as y=r, wth 357 u G810 X f LN real . fl ow
control with th}ao_r g%%tglggte&h\é vve}r?s %Ll ngézé’ﬁggrt?ﬁ'é&\%/éai%gbﬁo?gs ‘??39%%%&%’”%@ e
between the initi alveitage dridencipopiet flovd5 Involidvaghat f&i the@ngsof CB y €ANihe roughgutphase
angle during the redistributio have the optiqn. of redistributing the
total residual -enerW‘fS?anagﬁngﬁﬁg%“’éWﬁf’éef %&Iweﬁg%ﬁﬂﬁaﬁm%lcf’%"g@nfn t he
three capacitors catatbelldatricned oaput Barmeni@d/k sstectdd!valud. Oh thtldhet &tididfale VOl t age
of the first phase can be given as, . .
: : power range, where we operate at the maximum inverter frequency, ¥ > 0, we operate

15  in the power boost mode and can increase the power output. This boost mode is also

used to transfer power from a lower voltage terminal to a higher voltage terminal.

c. Combined Real and Reactive Power Flow Control

In a previous section, the buck and boost modes were described with y< 0 and
20 y> 0, respectively. If we define the yvalue by y=r cos(B), the boost mode residual
voltage condition can be defined as y= -r, with B = % and r = Vy/ V, while the buck

mode is given as y=r, with B =0,
The B vaiue of zero and x results in real power flow control with the reactive

power being zero. The value J is the phase angle between the initial and the input
25  voltages.

Since we can control the phase angle during the redistribution, we have the
option of redistributing the total residuai energy for any phase angle.



(27) VA (t) =V r sin(w +,8)..+28) The charge interchange between the
capacitor and the input termnal is then 10 given by OQ= ¢V f - i) =

2CV, (sin(nt) - r sin(wt+ fi)). (29) Miltiplying the second term by the
inverter frequency f, we obtain.the average 15 line current of,

1(t)=2CVof ((1-rcos(6))sin(wt)-rsin(#)cos(av)ps-(30) We recognize that the
first current termis i Bhoptesideal yphage inhiee thiep cipachiotstcagbe dafided .5, 20 now bot h a
function of the residual voltage ratio r and phase angle R The second term
is out of phase with the input voltage and represents the reactive current.
It is directly proportional to the residual voltage. At a phase angle of
zero and a, the reactive power is zeFEoJ_3@pd_§EVget boost nopde and buck de
operations, respectively. -59- Miltiplying the*clrrent by the voltage afel
addi ng together all three ternms, we obtain the real power flow of, P(r,Q =
3 VCW f(1- r cos(h)) . (31) 5 This reduces the power flow of buck node with

= 0 and the power flow of boost made for O = it, . From Equations 30 and 31,
we al so obtain shat theTheialtalowisigenf tiRifidst pRAE can®eRiven 4s£1 N become zero when,
10 P =cos -1 (1 7/ r). (32) Since the second current termis not zero, it

follows that we draw only reactive power and that the total energy in all
three capacitors does not change. This yields the 15 operation of a static

VAR conpensator. The reactive power t;rm_pgrrsigpa%i%)i S given by, 28)
4 — T ' ’

The charge interchange between the capacitor and the input terminal is then
‘10 givenby

AQ= C(V,-V,)=2CV, (sin(of) - r sin{ot + §)). (29)

Muitipiying the second term by the inverter frequency f, we obtain the average

15  line current of,
I(t) = 2CV,, ({1 - reos(B))sin(wt) - rsin (B cos(ar)) . (30)

We recognize that thé first current term is in phase with the input voltage and is -
20 now both a function of the residual voltage ratio r and phase angle . The second term
is out of phase with the input voltage and represents the reactive current. It is directly
proportional to the residual voltage. At 2 phase angle of zero and =, the reactive
power is zero, and we get boost mode and buck mode operations, respectively.



& =-2Cv; f(2sin(,B)sin sin(wt)cos(w)). (33) 20 In addition, this control
and performance is obtained wi thout the production of harnmonics. FIG 17

~shows the real power flow as a function of a range of r fromO to 2.0. A

negative power flow constitutes a reversal of the power. It permts bi

di rectional power flow control. W see that f r a phase angle of zero the

power can be controlle id e ratio fromzero to
one. As the residual r- q‘%‘g“ﬂ’%}‘%#ﬁetc@-r El a&ﬁ%a‘ﬁ&\ﬂg‘ faeerer 2l three terRs, Vever se
direction. At .a phmwgr@lqugcwﬁegr ees the output can theoretically be
boosted to any value. FIG 18 shows the reactive power flow as a function of
the phase angle. Wth the sane residual energy we can junp fromfull [|eading
to full tagging reactive power 5 control by the selection of the
redistribution angle P. The question i i or ant to control the
reactive power. One of the inportant %’é{?g g%gf(ha{m ) spinning &b

i nduction machi ne, such as a generator or flywheel notor, that m ght require
i nst ant aneous p(§wer out put, building up the voltage and r eachi ng full power
will take a long time. However, if we inject reactive power into this

mechi ne in antici pati on Tafs rddbcsdtBbcveer Bing b RREGIod fth b 0ot VP

drawn instantaneously. If no reactive power is flowmng int ngs of
that machine, we hdyestmmpdednBoR of using power from anot her source such as
a battery, to build up the reactive power in a fewcycles and, with it, gain
the capability of obtai ﬁrungQushasBOraadpi U o dbtath th@tdhe r@ullcpitént REIVRLI o%érom an
i nducti on gener at or,, ‘F%'%e h t he phase angle and the resi dual/| nitial-
voltage ratio r are con g factors for the real and reactive
‘powers, the real power was pl otted as a function of the reactive power in
FIG 19. As carf%e sees, we may obtain sinultaneously any real and reactive
power flow control with the selection of the appropriate r and A values. The
point (0,1), where r = 0, represents tgwecdgdrr), node 20 of operati on, ey e
t he power throughput is controlled wth the inverter frequency. Mving
straight up represents the boost node operation with = x. Mving down

Since the second current term is not zero, it follows that we draw only reactive
power and that the total energy in all three capacitors does not change. This yields the
15 operation of a static VAR compensator.

The reactive power term per phase is given by,
O, = -2CV? f(2sin(B)sin sin(wf) cos(w1)). (33)

20 In addition, this control and performance is obtained without the production of
harmonics. FIG. 17 shows the real power flow as a function of a range of r from 0 to
20 A negative power flow constitutes a reversal of the power. It permits bi-
directional power flow control. We see that for a phase angle of zero the power can
be controlled fully with a residual voltage ratio from zero to one. As the residual r



represents the buck node operation with = 0. Mwving along the x-axis, we get
the condition of reactive power flow control only. This corresponds to the
solution of Equation 33. FIG 19 gives the input power flow control for the
desired i nput power 25 drawn fromeither a generator or any other ,
multi-term nal system The paraneter r and phase angle 0 correspond to the
vol t age and phase configuration on the interdgg- inverter capacitors. This
permits the conti ntbeemn@@wgcroihepéweﬂﬂewdemithadv&derdbu@bﬂ%tam!ﬂngasofdsoct at ed

by the load and al s ﬁ%t&ﬁpgw%mu%ap%o%osge& g"&ﬁ% reactive power from

t he generator to obt I mum oper The operator 30 of:
an electric power plant s. the %ﬁtlon of setting the generator s excitation

voltage to match the géHérBiHew ﬁéféctﬁ’ﬁg’PE‘eraﬂ%"aéﬂﬁ‘pﬂCW 1 thephasecasgle; Withpower
demand of the grid y r, .
the e rddl cobr ch t he m? 51 tbw%ﬁl%% o{r?ee%og{e?rrum

wi-th which it is desirable to ma gene
per f or mance becéus@Dmllbmmmlcmn@émnahmbuhammgbB dthe qsdstidm 1 whyit 1d n t hi S

Cont ol 1 abl ¢ VAR gderarbfd e iineisposEpSact: St Stine Fredrea? abss hubitooier  or
or a DC-to-AC i nverspmmngmdactmhemlsnmﬂdarak ygmmdmrﬂmeanﬁﬁortm:ﬂ@hﬁreqlﬁe power
converter or the H}BH G conv ne nam pI Y,
but the capacitor voltage *ggwfxgb ?,HQQ an&ﬁle 5&?%“ ﬁ'ﬂ iPRe VO tage in

order to facilitat éonztpm|H¢Werp6mrmjemaﬂsﬁ‘3rpowhfintoms inaxthine irewaﬂpaddn@f initial

g?%a?:; C)[)I \(;'?l ta%eaIW%g%%{;ﬁlﬂ B&pﬁtﬁ f%gggﬁéﬁ &%gﬁnv%ogﬁ t1 e out put aphase

angl e and the capamlsﬂbmmﬁmmdmngf@amhmawethhmhg@mnafmpow and

reactive power tr %ﬂ,?{ Sdurcel uth agfpbm Ql-efaﬂk tpﬁrﬁﬁﬁhﬁ%ﬂl ¥ of

reactive power transtfer for vafrious Init

-~ the plot where the anéawmpb\semthqc@wmlgyo@mmwmmuneres\toutmmmeer t he
other part is al so saPldirditibn fQkmafdr- di rectional flow. 15 This is the sane
plot as FIG 19, flipped around the x-axis. On the positive y-axis, with the

phase angl e a zero and hh nsfer R apd cc = 0,
full power er%ansf errggw%&tvﬁo a*h?' p%“ﬁg ?%&‘"ﬁ'@mmm’l‘méagem’“ﬂ“&

controlling factors for the real and react:ve powers, the real power was plotted as a
- function of the reactive power in FIG. 19. As can be seen, we may obtain

simultaneously any real and reactive power flow control with the selection of the
appropriate r and p values. The point (0,1), where r = 0, represents the normal mode
20  of operation, where the power throughput is controlled with the inverter frequency.
Moving straight up represents the boost mode operation with B = . Moving down
represents the buck mode operation with § = 0. Moving along the x-axis, we get the
condition of reactive power flow control only. This corresponds to the solution of
Equation 33. FIG. 19 gives the input power flow control for the desired input power
25  drawn from either a generator or any other muiti-terminal system. The parameter r
and phase angle B correspond to the voitage and phase configuration on the internal
" inverter capacitors. This permits the continuous control of th.e desired throughput
power as dictated by the load and aiso permits the simultaneous drawing of reactive
power from the generator to obtain the optimum operating conditions. The operator
30  of an electric power plant has the option of setting the generator’s excitation voltage to
match the generator phase angle and supplying the reactive power demand of the grid.



di scharged. As one increases the capacitor voltage, the transfer increases
linearly while 20 the stored energy increases as the square of the voltage,
or V. The difference in the energy renmains as residual voltage on the
capacitor and may be used as the initial condition of the next charge cycle.
For r > 2 the residual voltage in the capacitors will .be the opposite of
the initial voltage. For 1 >r > 2 full capaeftor energy transfer is not
energetical |y possi Bhugisaettheisaseferaindudurtiongienesayer, with whiblei & dedimbls avmatgiothar i t y
as the initial 25 vghsap® yghﬁr e Lol 1 ntal in
drawi ng addi ti onal er_leépgy_egn t %ﬁ?\&xﬁ%ﬁé?ge cyc‘:’?cgi,}se%ﬁe dﬁ?ﬁéﬁgﬁwﬁm
vol tage to pernit atfiustabilisy sladhipmade ofiaperatidne the inpiteend pEthe conyerter drralso@pérapdver >
1 can be -nodified V\Lstgwcotnggwﬁg fatorl ' €€Wheel ing operation. As the
capacitor vol tage reaches zero or any later tine, the recharging of the
capacitor can be, preventgd or stc‘)jg&ed, (?nd ¢]he_ energy in the output 30
i nduct or ‘can be Tonpl et el B PR ERdat 2B ACrt9-A¢povey camyeriar OF B PG P-AGpvarer gger i ng

at the -62- correct operdtes simlarkyathe Alpatsf the ACSd-A0Pbwikohveaer GHiRk ihftit bf @b ener gy
for the next schedul ed ﬁ(léa%g'e cycle. This gives us the desired throughput
power control and i.ﬁﬁtﬂ" SUTVFRRE- %B%%EPd&’Eﬁ‘FF‘?sGPpllbﬁb‘a‘B?quﬂ‘i"éé‘."’i@%mvf@ry f ew
| oads are purely rekiglerihoa thd dutput Lify Wltheia brdbQo BR1litaYEL pRARYE péveR raditd, 165
reactive power by redistrib é?i rtlﬂ he t ot al rene?gy_remalljni ngpf,romthe
previously charged ¥§ é"%"t °HM%’(PF‘F§°EB°“&%P@“&'@¢FH@eaﬁ'?@?‘émﬁb?lﬁa&%%nds to

the angl e measuf@d obtih b sinBEPAGLE wams&&ﬁﬁ@ﬂgkid/@bxu@ahgemeénﬂﬁéﬁeﬁ%ms@ the
counter clockw se direction. As the angle increases, the reactive power

i ncreases whil e t heagleAnd s fapacitan distipition anglpand eanthen generate @ reg) andreastiveoi nt s
‘where the real powegovies trafdfér phildFICh @0isRobRtheflotWE tHe red arddl et GEpdNet MadsRpfdk i Ve

power with either |eading, o aggi.ng_phase angles. The  operation of both the
charge cycle and di?@ﬁﬁ?‘gﬁ"j;‘ﬁﬁgeggé\%egglywpﬂﬁ° e Pigt vhere the rephOWEE 8BV i1 of t he

operation can be pepdsiivachbfMtérbst) dMevdr] tHe ohé Hakt & alsoHPPIRYRE for bdEreciARDFRSAT Y
conput ati on can ﬁgnﬁ;gm fi cant r@ﬁjcggi by, usi r&g@{or ecal cul ated reference
tabl es. The opt} iitheotamg plk ps BIG 19, dlinped aguyddbe x-p8s.t he sel ection of the
control 15 algorithm conputer, and the conplexity of the selected operating
requi rements.

On the positive y-axis, with the phése angle o zero and no power is transferred
for R=1. AtR =2 and a =0, full power is transferred with all the energy being
discharged. As one increases the capacitor voitage, the transfer increases linearly while

20  the stored energy increases as the square of the voltage, or V. The difference in the
energy remains as residual voltage on the capacitor and may be used as the initial
condition of the next charge cycle. Forr> 2 the residual voltage in the capacitors will
be the opposite of the initial voltage. For 1 > r> 2 full capacitor energy transfer is not
energetically possible and the residual voltage will have the same polarity as the initial -

25  voltage. This residual voltage can be instrumental in drawing additional energy on the
next charge cyc!e, yielding a higher voltage to permit an increased power transfer.

The operation for real power > 1 can be modified with the use of the
freewheeling operation. As the éapacitor voltage reaches zero or at any later time, the
recharging of the capacitor can be prevented or stopped, and the energy in the output

30 inductor can be completely transferred to the output terminal. By triggering at the



XIV. DSCl Qperation with O her Grcuit Topol ogy The RCTA and DSCI nethod is
versatile and can be used with a nunber of energy storage devices, as shown
in FIG 11, or with a transformer, as shown in FIG. 20 9 and 10. The RCTA
and DSClI method can be utilized as a part of the input or output of.such
hybrid circuits. In fact, the RCTA and DSCI g&t hod can be the charging

source of any tran |on Q pul s circuit. Simlarl t he RCTA
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capacitor as in Fl é@v}%?éfdn of a)?g;rg%]es coupled configuration of FIG 10, or
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-appl i cations. r the
DSCl circuit topo?’ggﬂaﬁ% %og{t?%%% qartdwgﬁsdgsr ?ﬁalggss{?eg ent - pendi ng
Li npaecher pat ent s contpl phhe DpTationespn b@pqnﬁwrmedoﬁthtrhdﬁmhamgxmgﬂwe\m ghehar gi ng
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devi ce cycl e oper at | on ose evli ces uslin circult
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anal og, digital, br|d control CIrCUIt t opol ogy may be

XIV, DSCI Operation with Other Circuit Topology

The RCTA and DSCI method is versatile and can be used with a number of
energy storage devices, as shown in FIG. 11, or with a transformer, as shown in FIGs,
20 9and 10. The RCTA and DSCI method can be utilized as a part of the input or output
of such hybrid circuits. In fact, the RCTA and DSCI method can be the charging
source of any transmission line or pulse forming circuit. Similarly, the RCTA and
DSCI method can be used in conjunction with a number of voltage multipliers/
dividers, charging such devices either directly or through magnetically coupled devices.
25 = The energy storage device can be a single capacitor as in FIG. 1, in the series coupled
configuration of FIG. 10, or can consist of a number of capacitors integrated with

other passive and active electric or eiectronic devices.

The attractive feature of the DSCI topology that it can be combined with many
of the voltage multiplication circuits. While the voltage muitiplier circuit significantly



15 selected. For nost applications it is desirable to nonitor the input,
output, and detailed circuit operation status to optimn ze the performance
and take corrective action if a fault occurs. Additional comunication i's
desirable to permt renote control operatipggﬂl- status reporting. XV.

Conmmut at i on Cont r o)y ]ﬁoﬁf %Fﬁg ' rge cycl e of
the circuit shown %ﬁ&f@é@?&x@ﬁﬁ%@%ﬁ%{?ﬁy” S %P‘gvm %%%ng%g%p ¥ hal f of
a sine wave. The néglactedipowst fagtor. i lg additionithe DSGH omavindplivers ngowér toke hal f si ne

wave and i s given . P8 . tanpl.i A %] QI A and a
250 psec resonant @‘H% lé?‘ﬁgﬁ B’erl ogigﬁéghé@yﬁe%genq%éh%ﬁsugﬁ%g [ sm%rgl&v?/el I
within tgedt hyri st destrical tltplieraituitoomgbredts, mmsrsﬁmmmh i eeight 2 volunde ah
reconmended repgtitl 200 . c. T r.ent 1 ot her two
conducting thyr st%eﬁé?eﬁégésgéffgéjc ﬁ%g‘ﬁ%& %ﬁgpgg;ﬁieﬁeﬁnthe\%g@gﬁgtgﬁ@?{hﬁe current
traces of FIG 8 bimmsicifize powarkgfueanddightchmparems udlization dakenthe DSCI hydifiqk or to

the other instantg . t .l .This vields a.high turn-on and turn-off

dll dt that could d‘éérl%gg%%g&taﬁ !’rcftbé?%@lg%ﬁ VRS %li%enf'he thyristor | osses. W
have experinentally controlled the -64- thyristqor copmutation_in the AC-to-DC
and DC-to- AC conver si on(siﬂm‘?fg’faﬁmﬁb‘mpﬁ‘?ﬁ%'ﬁﬁﬁ%mt}?&ﬁ SRS Gra% shown in
FIG 21. For each gipblogy withahiéuits as desbed inQHed! o phteril-pestiniCilidpadcharipsientnist al | ed

between the thyrisgio senply and the outpyt filter capaclitors. ,These

i nductors are t9pi Q‘T{)§8€’F“£E?6/‘Fé‘%§&é‘g“5‘f‘gg ‘t'}‘l“ginﬁgpﬁﬁ’c“gd‘{thf'ﬁ?cfﬁﬂ‘&rﬁLb and
two of them are papay ko béised @SEAUTEhe istersRbidtedevicd dyelbbperiional | times. Wth
these inductors installed, the comutation dl/dt is given by AV/ (2Ln), where

AV is the voltage diffe ; ﬁm%ﬁ,gme
‘capacitors involved int g@%?ﬁﬁ%ﬁ%%ﬁ\gggﬂiﬁg%ﬁﬁ'ol system needs to
take the commut at i Biggenngeofisplidstate Frdtches; tisiteshnelpgy qwelagwaQVM angta i stor

one-half 10 of the,QoMH CahbiRRioRF hiafbeCaifital OF hybhd Sotfof Eifdufl 96oldey My b& Si nply
tpr = Lm* Idc / AV, where Idc is the discharge current at the conmutation
time. Using thil§ apﬁbﬁqﬁcﬁormeaml@sﬁwmdemam@alp@tqrhlmm%mw%lap% ted the

di/dt to 50 A/'Sec. getailed circuit operation status to optimize the performance and take corrective action
if a fault occurs. Additional communication is desirable to permit remote control
operational status reporting.

XV. Commutation Cdntrol

20 For both the three-phasé charge and discharge cycle of the circuit shown in
FIG. 1, only one thyristor will have a complete half of a sine wave. The maximrum
dl/dt is at the beginning or end of the half sine wave and is given mIo. For a maximum
current amplitude of To of 1 kA and a 250 psec resonant charging period the dl/dt =

12.6 A/usec. This is well within the thyristors with a maximum dl/dt of 500 A/usec,

25  with a recommended repetitive dI/dt of 200 A/usec. The currents of the other two
conducting thyristors ii_re a fraction of the same sine wave, and the current traces of
FIG. 8 shows the transfer of the conduction from one thyristor to the other

. instantaneously at t',. This yields a high turn-on and turn-off dI/dt that could damage
the thyristors and increase the thyristor losses. We have experimentally controlled the



The dl/dt of the freewheeling thyristor can be [imted as well by connecting
a small inductor in series. Wth the freewheeling current usually a fraction
of the full 15 anplitude, this commutation inductor can be smaller. In
addition, it is preferable to select a thyristor dl/dt closer to the nmaxinum
dudt of the repetitive puI sed thyristor specification to limt the voltage
-reversal of the cap This dl/dt of rhe- freewheeli ng circuit

i nduct ance and the tHyF s?‘f)n?m‘ftfﬂ°ﬂ"b AlairzlC pdF-to-Ak camygrsicarbystalling e
~reversal of the capa@nmwuﬁomduﬁkursLm&smtvnfEH'G.Ql,ble but constitutes no
problemif these 20 effects are taken into consideration by the control

al gorithm XVi. Control Hé éag@iduifi: FMBF ve tauched on the

i nverter frequency control and the remgﬁg VO %ﬂoge 8%% ﬁg betygen
frequency control t #W%@ﬁﬁﬂk*yafd%mrutﬁhmamn@mThsemmm:@aaedyptwmmt her
i ncreasing the rat eu@lordelr SMRbAe Bﬁtpﬁwu%rfs‘ﬁl&arﬂg%gél%%‘qa&én?ﬂ Seseebab, | he

charge exchange cycle Typically the energy per
i nt er pul se dur at i ondisghRegetcirgnt 45 all timen Wﬂn&mlﬂdummsdlsmﬂbdaﬂg:&o&ﬁﬁfaﬁbﬂ & is

yields .the desired g sid vol tage control on the
other hand pernits 981 '?%’}S#L%hgf%a% vﬁtt?’ﬁt'&mgﬁé& W@%ﬁ?é&%ﬁ%‘&&?jé’non t he
next char ge |nterch@ngetpup@pmmrsnnvohtcdfrﬂhémtﬁn Fgr&&s rh€cdnfel Jitah nik t age

control permits coniy r ner er | e such that the
power throughput, a%o %nytglé ﬁé/@rﬁ'ftg&% edﬁ8ﬁ8 de@ﬁ?f‘ MYW’PH%

-residual vol taye ﬁ'ahdthmdlaauonfpenwmtet ommn@erﬁ@ahl sl dpP=0hi €ige/ hie nost
fl exi bl e control The control operatijon, can pe performed Wwth
solid state devices gﬁpfﬁe{%g‘gﬁig e‘HTrﬂ% 's\%tff‘g'ﬁ@%‘%?ﬁd‘“teh spg dhsipPEc an be
‘classified as "sof treguifes stalhipdyctosh tieeasifydintited iR di/aytd-50M/@deel turn-of f occurs
at zero current. The soft switching operation typically reduces the

switching |oses, elim nqtﬁ%wmm%&hﬁfﬁw‘ r@g&, llﬁ&qaﬁﬁgﬁ’ﬁyes HB%JJ% %I{//eﬁt 10

requi renent of the ci rCU|t and of the sw erm
and hi ghly devel ope¥afl FRAUFtOF Brserieg; Fﬁmﬁhgﬁwheqbesammguwdlytaa'genodbfgﬂmn
operating currerst amplitude, this commutation inductor can be smalfer. In addition, it is preferabie to

select a thyristor dl/dt closer to the maximum di/dt of the repetitive pulsed thyristor

specification to limit the voltage reversal of the capacitor Co. This dI/dt of the

freewheeling circuit inductance and the thyristor turn-off delay result in a given voltage

reversal of the capacitor Co. This is not negligible, but constitutes no problem if these
20 effects are taken into consideration by the control algorithm.

XVI1. Control

To control the throughput, we have touched on the inverter frequency control
and the residual voitage control. With the frequency control the throughput of power
or current is increased by either increasing the rate of the energy or charge exchange

25  that occurs per charge exchange cycle. Typically the energy per charge cycle divided
by the interpulse duration, the time between consecutive discharge operations, yields
'the desired power throughput.

The residual voltage control on the other hand permits control of the amount of
energy or charge exchange on the next charge interchange operation. It follows that



ratings and | ower loses; with a |ower price tag and hi gher proven reliability
than any switch either on the market or in devel opnent. Sw tches that have
both closing and opening capability can be substituted for any switch
operating in a circuit as a cl osi ng swi tch oc%eratlonal function. In fact

there will be appli swi.tch 5 be desirable to obtain
hi gher speed, addi ttﬁ% usl ¥ arggfé AR ‘f°ﬂ’§°l°g§}éf° PR iPFTHaree syclpmasly . The
control is not Ii mthﬁdhetprwehé:réughp}ufmaw ioverteehequierly, oan bé emerolledty i residuale
skilled in the arts,m el appreciate that additional control can be obtai ned
in any of the descriBeéd circuits if the charge interchange operation is

controlled directly with the 20 input switches. Wth the control of the
i nput energy or the anoBeth Bpdes REPRFEALPR MAY bteombined torebiaimthe mosy flexibleiconitol f | ow

can be control | ed agpaiy. - THE W3htrdiioBélaftin &R %ﬂom%thdﬁ g&k&‘i‘é%&&@ﬁ.ﬁf‘ﬂ&es

require t he use of control | ed opem ng swtc not res I'n "soft
swit ched" oper ati orfiot ppepimgswitehegansihie epemtion cmﬁ#tclaaﬂlﬁeﬁlaeﬁoﬁlsmtdyn&irwmmer

beneficial operati %MQnﬁﬁ-%Hhﬁdthﬁ-&éq&c&rs‘i{%§&Heﬂﬂ ﬁ@'s&ﬁe 5h egafl atton

addi tional input 25 switch section control. To control

control ler is requityrignly gaduess thagwitchipglopeselimingtes ‘h&ﬁﬂlbbﬁb‘tep‘meqee‘s aadiredugesi n

addition to conver ttgg dIR rdRfEm@R Bf thél EiF @R land GG §WifeRes. ﬂ'ﬁ:s‘ﬁ&ﬁ:ﬁﬁ%&édf rfveer at e
the switches. This control function can be either perforned by, for exanpl e,

anal og circuitrk, andpighly developsd thyristens with higheraperating voltages bigheroperatingapmentnt i al

30 enbodi ment is tQaiteamy 18&@.95@%&94&0&%&Qg%&ﬁgn&ﬁk%amhmwﬁq with a
digital |ookup tables. These | ook-up I'es may contain nost of the Critical

timng that can be SWgeh eithsben e market ‘F’LDde"ﬂQEmPﬂtcﬁﬂ’gS‘PbG%@Q%W" beth clogingandd f or

~noni toring the opergtiifcapiisdiity Gﬁﬁﬁ%ﬁ‘sﬁnﬂaﬁfoﬁﬂ@%m& %)Htac%@ﬁ{&gclomg _
paranmeters. Such a mcroprocessor can perform_ all ations for real tinme

control, however mf¥ftcheperationy) Sactign. c}ﬁf%ﬁe‘ﬁé"%f’%‘?’@!ﬂ@ﬁ“ where sphSRTiThes BBy e
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table or in a formsuch as coefficient of a polynom al that can be used to
generate the | ookup®®X8¥e val ues.

The control is not himited to the frequency or residual voltage control. One
skilled in the arts will appreciate that additional control can be obtained in any of the
described circuits if the charge interchange operation is controlled directly with the

20  input switches. With the control of the input energy or the amount of charge
interchange, the power or current flow can be controlled as well. That kind of controi
would in most instances require the use of controlled opening switches and would not
result in “soft switched” operation. However the additional control flexibility or other
beneficial operation can result in the preferential selection of the additional input

25  switch section control.

To control the operation a controlier is required, which monitors the input and
output terminals in addition to converter voltage and current condition, to correctly
operate the switches. This control function can be either performed by, for example,

- analog circuitry, a digital controller, or a microprocessor. One preferential
30  embodiment is to use a Programmable Logic Devices (PLDs) integrated with a digital
lookup tables. These look-up tables may contain most of the critical timing that can be



The correct operation of the charge cycle depends only on the correct timng
of a single switch. Once the charge cycle is conplete, ‘tthe processor can
precisely determine error of that trigging event. Simlarly for the

di scharge operation, the 10 correct timng depends nmainly on the third output
switches tri ggered, in addition the correct resi dual vol tage depends on the
correct triggeri ng, &db& f,ﬁﬁeﬁ;‘eel i ng_switcW- Once the di scharge is

conpl eted the nicroprotessor °§°S°W%@%@§P§mmsﬁ@0pmm&d

charge transfer anmeamsdhmnhpmamacutpmranﬁeépmg ISacRE ik %Mhﬁu#g
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resol ution than the onergd Qe o {lg,}pyfgm So scrl bed wit
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those skilled in t#h&ngle Fw‘t%é?ﬂﬁ@FéhHShQCEmplmfthehmcesmreNpmmebs to be
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-67 CLAIMS: 1. A met hod eof transferrl hg el ectric cﬁ’aw}% \Rg%&o rTE’é’har ge
storage devi cel an‘éP“&c‘TWSdmmﬁ@ymﬂulwmtpngﬁ“awmsm@mﬂwe&mﬁomhi nodes,
sai d nmet hod conpri girfesk residialv&ifa @a&gh&g, qﬂaclrc E;Eﬁ 0 age
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rs es;

first-node by a second first-node of the uralit t-no
operation. In practice the precise performance may be difficult to compute ahead of

15  time and may change as the temperature effect of the passive power components and
the delay and other parameters of the active switches changes. The miéroprocessor
can monitor the performance and modify the stored lookup table to actively minimize
the error for the changes in input, output, or internal converter operational condition
on a continuos basis, generating in real time a refined lookup table with much higher

20  resolution than the one stored.

Although the invention is described with respect to a preferred embodiment,
modifications thereto will be apparent to those skilled in the art. Therefore, the scope
of the invention is to be determined by reference to the claims which follow.

What is claimed is:
25 |



10 and i nterchangi ng charge between the charge storage device and the
second first- node through the inductive section. 2. The nethod of claiml1,
wherein a second power terminal having a plurality of second-nodes, the
met hod further conprising: 15 interchangi ng charge between the charge
storage device and a first second-node of the plurality of second-nodes

t hrough the inductive section; when a edet erm ned charge has been

i nt erchanged between the charge storadg€ ~ device and the first second-node
repl aci ng theééhaﬁﬁ second- node by a second second- node of the plurality
of second- nodes; & 20 i nt erchangi ng charge between the charge storage
devi ce and the second second- node through the inductive section. 3. The
met hod of claim2 further conprising: configuring the first power term nal
as an AC power termnal; and -68- configuring the second power term nal as

an AC power ter.ni nah mefhodidfrdmefehtnt €lbctit @hifge bbtwdeh QrchaPRREdredd Whivice
configuring the first power termnal as an AC power termnal; and 5

conf | QI 1438 ol (R AU BEvi € b FlupRlty OF iR odROWEN nfefldd fpristh: The et hod

of claim2 further conprising: guring the first power nal as a DC

power .term nal.; C I LN econ ower termn wer
term r‘iial . 10 él.lte%%gn%gg %{5%}%%?) Y¢ glltl E&%&%eeggfﬁg\égew&?g% ia?gStgﬁrsgB?%r&o
termnal s, includi the first power term nal and the second power
terninalfh%BQE%#%Q ﬁﬁ&nwﬁéﬁg@ug tepdRctigeseitaeen t he charge storage device
and the first power term nal can be take place between any one of the
plurality of pdwara pedefrnringd chagehes basa intsrnhgugast heteiern tiewharge stomaget he
charge interchange between the charge storage device and the

device and the first first-node, replacing the first first-node by a second first-node of the

plurality of first-nodes;

10 and interchanging charge between the charge storage device and the second first-

node through the inductive section.

2. The method of claim 1, wherein a second power terminal having a
plurality of second-nodes, the method further comprising:
15 interchanging charge between the charge storage device and a first second-node
of the plurality of second-nodes through the inductive section;
when a predetermined charge has been interchanged between the charge storage
device and the first second-node replacing the first second-node by a second second-
node of the plurality of second-nodes; and
20 interchanging charge between the charge storage device and the second second-

node through the inductive section.

3. The method of claim 2 further comprising:

configuring the first power terminal as an AC power terminal; and



second power term nal can be take place between any one of the plurality of
power termnals and the charge storage device. 20 7. The nethod of claim 2,
wherein the first power termnal and second power terminal are the sane
power terminal. -69- 8. The method of claim2, wherein alternating the charge
i nt erchange between the charge storage device and the first power term nal
with the charge interchange between the chaf$e storage device and the second
power ternminal. 5 9. The met498BEUSRE the seaendpowen termainal as pnviC Pawenterstinal.

i nterchanging charge between the charge storage device and the first power
term nal and -interchanging charge between the charge storage device and the
second power termnal. 10 10. The nethod of claim1, wherein the charge

storage device conprises a 4l urqhéﬁl&hgjoﬁmgiﬁr&&sw%ﬁsm .he nethod of claim
1, wherein the charge storage device conprises a single tapacitor. 15 12.

. The nmethod of claim1, wherejn.the jnductive section nprises . plurality
of inductors. 13. The net hoacogi?gugp%{h& is,tpWFéthaﬁéngﬁcPﬁﬁ’ﬁ 3 on
conprises 20 a_single inductor. 14. 'Me nethod of claim1, wherein the

i nducti ve section conprises “ORgng thesergad pewes teshing lapa PEpsever temmisdlor mer, - 70-
15. The method of claim1, wherein the ratio of the predeterm ned charge

i nt erchanged between the charge storage device and the first first-node and
the charge interchanged between the charge storage device and the second

first-node is 5. The method of claim 2 further comprising:
configuring the first power terminal as a DC power terminal; and
configuring }he second power terminal as a DC power terminal.
10 |

6. The method of claim 2, wherein a plurality of power terminals
including the first power terminal and the second power terminal, wherein:

_the charge interchange between the charge storage device and the first
- power terminal can be take place between any one of the plurality of power terminals
15  and the charge storage device; and -

the charge interchange between the charge storage device and the
second power terminal can be take place between any one of the plurality of power
terminais and the charge storage device.

20 7. The method of claim 2, wherein the first power terminal and
second power terminal are the same power terminal,



equal to a ratio.of the currents drawn fromthe first first-node and the
second first 5 node. 16. The method of claim2, wherein the ratio of the
predeterm ned charge interchanged between the charge storage device and the
first second-node and the charge interchanged between the charge storage
devi ce and the second second 10 node is equalgoto a ratio of the currents

~injected into the first secogd- nori nfibdiol ElaimPC GAEEin SRGRMHg He@Bargd 7. A charge
transfer apparatus .conprising: an inductive section; is a charge storage

devi ce coupl ed wit FRETBarER SERHEFR e ShBEeiSIAFaGe Joyics oA the S5 pOweL et} YO the vy ¢
the inductive sect ichirge intércliange poweh tHeehifigh Rbraftodehid@and the débaikdi goyveOterniihal St
nodes; a plurality of first switches coupling the first power termnal with

the resonant circuit; and 20 a control unit for controlling the operation of
the plurality of first swtches to interchange a first predeterm ned anount

of charge between a first noge of the plurality of fjrst nodes and the :
energy storage €l enent and t 'int%ﬁﬁ?@@tgél%%’ﬁﬂemﬁwztéqe@?%’ﬂf?ff'hg?ﬂ%nt of
charge between a seafoipebawden thé cliafge spirafealelitd/an theffirst poweraetatinal &idd t he ener gy
storage elenent, wherein the . ratjo of the first predeterm ned ampunt of 25
charge inter changed"‘ﬁ'@bmq’ﬁgeE%ﬁ?eé‘éﬁes‘?‘&?gﬁﬁgmggwﬁa% ef"l’f&“ﬁc’rwsef node and
the second predet aemaited anount of charge interchanged between the charge
storage -71- device and the second node is equal to a ratio of the currents

drawn fromthe first node and the second node. 18. A charge transfer
apparatus conprising: 5 an inductive section,

10 10.  The method of claim 1, wherein the charge storage device

comprises a plurality of capacitors.

11.  The method of claim 1, wherein the charge storage device

comprises a single capacitor.
15

12.  The method of claim 1, wherein the inductive section comprises
a plurality of inductors.

13.  The method of claim 1, wherein the inductive section comprises
20  a single inductor. '

14.  The method of claim 1, wherein the inductive section comprises
the windings of a single-phase transformer.



a charge storage device coupled wth the inductive section to forma resonant

circuit with the inductive section; a first power termnal having a plurality

of first nodes; 10 circuit; a plurality of first switches coupling the first

power termi nal w.th the resonant a control unit for controlling the operation

of the plurality of first- switches to interchange a first predeterm ned

anount of charge between a fhgst ode of . the: 79 rality of first nodes and
‘to

the charge storage device an (R of glaim, 1, fdhe ratie ofdhepredetermingdrount

01;] char ge bet wegn a:hagemdcmm Iarra]fwetei'ilt'zh_e|f:bhzt.ffg¢v?1:¥,td'r:]rhgiic debicéd Hd&ﬁedﬁ}ach?ﬁ-nla@edﬁﬂ%et he f
charge storage devige erein the ratio of the first predeterm ned amount o
char ge i nterchange W&F%ﬂ#@%@%éWﬁ@e&%s%ﬁ@amaﬂém erpedfirstapdeinde and

the second predet eygualned raAi6Re tHe cOfret @b @R oMty Rkt Fngodd @l wRaEchilBrshar ge
storage device and the second node is equal to a ratio of the currents drawn

fromthe first rodéfd the second node: 20 a second power term nal having a
plurality of second nodes; and a plurality of second sw tches coupling the
second power termnal and the resonant circuit; the control unit for
controlling the operation of the plurality of second switches to interchange
a third predeternined anount i6f chemythddaifelinn?, avhtienhe RBo sRhOpddaatmed! t he

plurality of second,node t har,ge, st orage devic nd to i.nterchange a
fourth predeterni neda z§ren’)nzeﬁ?ﬂg$edc&%a{ reﬁ%hgémeeﬂmgges%g%ﬂ‘%ég% Fespdacde sn
the.plurality of sehechdrgedteshaget licheeenhinr dierge itoraagdevite did e savbet @tdndt he
ratio of the -72- third predeter.m ped amunt. of, .ch i nt erchan bet ween
the charge st orlz?aoge " g\e“:s@gua?gon%ra%ﬂgflﬁ: Pé’fengséﬁ'%ﬁtlﬁt8gé"q§ﬁcfeﬁ°ﬁg'@wﬂhe

pr edet er mi ned anoundecwot sedoad-gede. nt er changed bet ween t he charge storage

‘devi ce and the second second-node is equal to a ratio of the currents
injected into the first node and the second node. 5

17. A charge transfer apparatus comprising:
an inductive section;

15 a charge storage device coupled with the inductive section to form a

resonant circuit with the inductive section;
a first power terminal having a plurality of first nodes;

a plurality of first switches coupling the first power terminal with the

resonant circuit; and

20 a control unit for controlling the operation of the plurality of first
switches to interchange a first predetermined amount of charge between 2 first node of
the plurality'of first nodes and the energy moﬁge element and to interchange a second
predetermined amount of charge between a second node of the plurality of first nodes

and the energy storage element, wherein the ratio of the first predetermined amount of
25  charge interchanged between the charge storage device and the first node and the
second predetermined amount of charge interchanged between the charge storage



19. The charge transfer apparatus of claim 18, wherein the charge
transferred fromthe first power termnal to the charge storage device is
alternately followed by charge transferred fromthe charge storage device to
the second power termnal. 10 20. The charge transfer apparatus of claim 18,
wherein the first power termnal is configurgd to receive a nulti-phase

power suppl y and t i SeGoNds <ONRdb RIIR a do SN e rab @ sSR! dxode

nmul ti - phase power | oa charge transter apparatus o

wher ei n the controland theisecapdapdt.es the plurality of second switches to
reconstruct an AC waveformon the second power termnal. 22. The charge
transfer apparatus of claim 18, wherein the fast 20 power termnal is
configured to receive a nulti-phase AC power supply and the second power

termnal is configured to suggly ﬁc%g%@ﬁ%éﬁmgsh%uﬁpgﬁ%e transfer apparatus

of claim 18, wherein the fir power“termn 'S CO gured to receive a DC
power supply and the second power 25 termpal is configured to supply a

nul ti - phase AC power |oad. -73- 28indpqUvesReioBe transfer apparatus of claim
18, wherein the first power termnal is configured to receive a DC power
supply and the second pawbarge sterage faviceicoupdsdrvithghrindbctice ssetjop to/fosm B&speane r

| oad. 5 10 25. The f ratus of claim 18, wherein the first
power terminal is c%%@?%&‘r’éﬂ(ﬁ{l%cﬁeecsel vg’ a multi-phase AC power supply, and

the control unit operates the plugality of second switches.to produce an
average current described in a P ﬁ@weéEFP‘égga‘?@.aW%ﬂéqrﬂém&?ansfer

apparatus of claim25, wherein one of the i )
' - a plurality of first switches coupling the first power terminal with the resonant

10 circuit;

a controf unit for controlling the operation of the plurality of first-switches to
interchange a first predetermined amount of charge between a first node of the
plurality of first nodes and the charge storage device and to interchange a second
predetermined amount of charge between a second node of the plurality of first nodes

15  and the charge storage device, wherein the ratio of the first predetermined amount of
charge interchanged between the charge storage device and the first node and the 7
second predetermined amount of charge interchanged between the charge storage
device and the second node is equal to a ratio of the currents drawn from the first node

and the second node:

.20 a second power terminal having a plurality of second nodes; and

a plurality of second switches coupling the second power

terminal and the resonant circuit;

the contro! unit for controlling the operation of the plurality of
second switches to interchange a third predetermined amount of charge between a first
25 é.econd-node of the plurality of second nodes and the charge storage device and to
interchange a fourth predetermined amount of charge between a second second-node
of the plurality of second nodes and the charge storage device, wherein the ratio of the



Fourier components is such that the averaged current is in phase with the

vol tage of the multi-phase AC.power supply. 27. The charge transfer
apparatus of claim 25, wherein one of the 15 Fourier conponents is such that
the averaged current is out of phase by 90 electrical degrees with the

vol tage of the nulti-phase AC power supply. 2§,_The charge transfer apparatus

of claim 25, wherei ffd}RedeRinthingd amduBIHRBERL inRihBiEeR bOREARIY Ghaidt stobize device

fundanment al frequency of multi-phase AC power 20 supply such that tﬁe

averaged current yi @hdithedirsh node ang the Furth pesdetedrgss ABAwt obdhargrgterchragee
transfer apparatus @irwebRihBcAdRge diteiedeticd 4R the sesdnd sRRWRRoded dHuRlab a datid Jphe

second power terminal are the Same and coupled to an AC grid, and the
control unit oper at &ke quirentpinjactediinty the firgt pedstand thesesrednaded the plurality of
25 second switches to control the reactive current of the AC grid. -74- 30.
The charge transker apparatus of claim 18 further conprising a free-wheeling
switch coupl ed across the charge storage device, wherein the control unit

operates the free-wheeling swidch -[thgﬁ&p {efaQlfed A36arkifis bfliiath 18, QlHeASEmE fnatdre

charge storage device. 5 10 31. A charge transfer apparatus for directly
transferring energy tfandmédaﬁ’c’mﬂp@fﬂpﬂwmnﬂﬁamewgﬂaeﬁpm?ﬂm“@ftWt nodes

to an output term nghyRayhPehdge Pinbtedd fom Bk Rt WrafiifiGis tohd fesdadioder

transfer apparatus conprising: a plurality of iInput switches coupled with the
i nput nodes:; a pl ur aesmisal.of out put switches coupled with the output nodes; a
charge storage device coupled in series between the plurality of input
switches and thgoplurality of output switches; an inductive section coupled
in series with the charge storage device such that the inductive section and

the charge storage device forfpa Sk kRigd BeRAdparatus of claim 18, wherein the first

power terminal is configured to receive a multi-phase power supply and the second
power terminal is configured to supply a multi-phase power load.

15 21.  The charge transfer apparatus of claim 18, wherein the control
unit operates the plurality of second switches to reconstruct an AC waveform on the
second power terminal.

22.  The charge transfer apparatus of claim 18, wherein the first
20 power terminal is configured to receive a multi-phase AC power supply and the second
power terminal is configured to supply a DC load.

23.  The charge transfer apparatus of claim 18, wherein the first
power terminal is configured to receive a DC power suppiy and the second power
25  terminal is configured to supply a multi-phase AC power load.



15 circuit; and a control unit for operating the plurality of input swtches
and the plurality of output switches, wherein the control unit

simul taneously turns on two input switches and two output switches to formng
a connection between two i nput nodes and two output nodes with the inductive
section and the.charge stora%&n device in 20-d&ries, and, when a predeternined

charge has been extracted froh a '6f&hage tapyferapppratys of Glaim, Ly @dereinitee firgint r of
unit turns on a thipbﬁdﬁﬂﬁﬂ%ﬁ%eé%%mc%%&i b ind SR Elhd pb@er been

injected into a one of the t Qut put. nodes, the control unit turns on a
third output ‘switdff mﬁﬁqﬁﬁgﬁét%m%éqcrm@ﬂappar atus of claim31
further conprising a free-wheeling swtch coupled across the inductive
section, wherein the control unit -75- turns on the free-wheeling switch to
cause residual energy in the inductive element to the transfer to the out put

terminal ! 33. The charge tragsf errhapiegeatasferQbpdritad ofchim 19VkdeRinthd &g cont rol
5 unit operates the plural.i of .input switches and the plurality of output
switches to transfé’F’'E’Erl"fﬁ'iuﬂjﬂ"tlX‘r"'tﬁ’fﬁl 1P FFﬁﬂY“l‘E\‘IHTPﬁ?FAICQPQ‘%ES"(BBWﬁd‘F‘Q%rm nal
and, on subsequent coftfagieopbiraedvas glerality of @Bond'sRitcHes © RodiRk kP§RrapObitfent Y ON
t he charge storage dev.{)%(ra. %4. .The. charge transfer apparatus of claim 31,
wherein the input 9¢¥mPeR2 opriersened nti qured to recei ve an AC power source
and the output termnal is configured to supply an AC | oad. 35. The charge
transfer apparatus of claim 31, wherein the control unit operates the
plurality of input switches and the plurality of output switches to 15
reconstruct andoAC wavef or m24. t IThe ohsrgelttanifarapparatus of3faim Theviehdr @r of thensf er

apparatus of claim31, wherein the.i _termnal is epnfi ed 1o receive
InPAC power  sour ce FRHiE EREPGTISAN LI IA S REE BEr: i PEH: PO EEgpEest oo
| oad. 20 the muiti-phase AC power supply. :

27.  The charge transfer apparatus of claim 25, wherein one of the
15  Fourier components is such that the averaged current is out of phase by 90 electrical
degrees with the voltage of the multi-phase AC power supply.

28.  The charge transfer apparatus of claim 25, wherein the Fourier
component being a harmonic of the fundamental frequency of multi-phase AC power
20  supply such that the averaged current yields a harmonic current flow component.

29.  The charge transfer apparatus of claim 18, wherein the first
power terminal and the second power terminal are the same and coupled to an AC
grid, and the control unit operates the plurality of first switches and the plurality of

25  second switches to control the reactive current of the AC grid.



37. The charge transfer apparatus of claim 31, wherein the input

configured to rece
configured to supp
claim 31, wherein
source and the out
charge transfer ap
si ngl-e- phase trans
storage devi ce and

switches. 40. The charge

Ive a DC power source and the output termnal is

ly an AC | oad. -76- 38. The charge transfer apparatus of

the input termnal is configured to receive a DC power

t er m nal

i's

put terminal is configured to supply a DC load. 5 39. The

paratus of claim 31, wherel-the inductive elenent is a

former hawiong Zhexharge trynsferappandgusodd claine 1B ﬁmhdrhempxismgge
SBERRE Bl Uiy 10 SOMPLR Dl BBl bbb R PUt

ansrter aratus o

10 phase transf or neuit operaies theiideavlieelingtswitols foomontes] thelrbsidbdl vbttageTdii chechagge

transfer apparatus
aut o-transf orner.

power froman inp
term nal having’a
circuit conprising

node; an inductive section &dupl Adhavge iradsfer apgarans| fort directly trangferring victgyliesy a

Ice cqupl.ed in seri 4.t bt ' | LQn, . a
%ngﬁmﬁamv'ail jmgap Eulﬁrﬁ;%: yéé]uﬁaguﬁai&;%}%?u\s{_e_cong%‘g&W ndi ng,
the primary w ndi ngluotitydfedtpuhnades; sdid chargei transferrappariius ¢pmpsisiogiage devi ce; a

t switches, the secondary winding coupled in series wth

charge storage dev
si ngl e- phase trans

plurality of outpu
the plurality of o
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of cl.aim 39, wherein the single- phase transforner is an
sorees 4EVich,

ctronic transformer circuit for transferring

rein the single-

ut termnal having a plurality of input nodes to an out put

plurality of output nodes, the electronic transformner
> a plurality of input switches coupled with the input

ut put swi taingality affifiput éWitches coupled with the input nodes;
a plurality of output switches coupled with the output nodes;

a charge storage device coupled in series between the plurality of input
switches and the plurality of output switches;

an inductive section coupled in series with the charge storage device
such that the inductive section and the charge storage device form a series resonant

circuit; and

a control unit for operating the plu{ality of input switches and the
plurality of outbut switches, wherein the control unit simultaneousiy turns on two input
switches and two output switches to forming a connection between two input nodes
and two output nodes with the inductive section and the charge storage device in
series, and, when a predetermined charge has been extracted from a one of the two
input nodes, the control unit turns on a third input switch, and, when sufficient charge
has been injected into a one of the two cutput nodes, the control unit turns on a third
output switch.

32.  The charge transfer apparatus of claim 31 further comprising a
free-wheeling switch coupled across the inductive section, wherein the control unit



a control unit for operating of the plurality of input switches and the
plurality of output switches, whérein the control unit alternately turns on
the plurality of input switches, to transfer charge fromthe input ternnal
to the charge storage device, and turns on the plurality of output swtches,
to transfer charge fromthe 5 charge _storage7éevi ce through the single-phase
transforner to the“ﬁﬁﬁ?ﬂli’eﬁé?'mhﬁ’éllg. switsh torgauseseaduel eerRy. intheiadyclys tlomegt toc | ai m
42 further conpri sigradsfet fodRShRput Mningih coupl ed in parallel with the charge
storage device. 10 15 44. The electronic transforner of claim42, wherein the
input termnal is configured to' receive a multi-phase AC power source, and
the controller first turns on two of the input swtches and, when a

predet erm ned charge has been drawn froma one of the two input nodes, the
controller turns on a third ¥hputTheGhareairansfer apparaiueofeiaim dhiwhercinthesqosiraler of

claim 42, wherekn thigogtditeithe phuflliffi dFlpul swicd b HHE Birali® of BRPlSwRHRHAL | - phase
AC term nal, and the controller first turns on two of the output swtches
and, when suffi ci eifngssshafge fam hrdappt teminalite theaytppterminab angg on subscqurnt put

nodes, turns on a ihirgdkiotkhipe oyciedi rebdisedVoftfhe phiABtyn ¥ hak Golapedsicer mer of

claim42, wherein the input termnal is configured as a DC power term nal.
47. The electronic transfornmer of claim42, wherein the output termnal is
configured as a DC terminal. 25 -78- 48. The electronic transformer of claim
42 further conprising a free-wheeling switch coupl ed across the charge

st orage device, and the cont3bl Uieehargesransfen apparptas pledaity d b Wheesin theBPEn t he

charge storage jgevigmindlit cofighfi8 tC RGN ACHS @ bourdd A HeRBtpGN ARl &t OF age
device to the output termnal. 5
configured to supply an AC load.

35.  The charge transfer apparatus of claim 31, wherein the contro}
unit operates the plurality of input switches and the plurality of output switches to
15  reconstruct and AC waveform at the output terminal.

36.  The charge transfer apparatus of claim 31, wherein the input
terminal is configured to receive an AC power source and the cutput terminal is
configured to supply a DC load.

20

37.  The charge transfer apparatus of claim 31, wherein the input
terminal is configured to receive a DC power source and the output terminal is
configured to supply an AC Joad. '



49. The electronic transformer of claim42, wherein the single-phase
transforner is an isolation transformer. 50. The el ectronic transforner of
claim42, wherein the single-phase 10 transforner is an auto-transfornmer.
51. The electronic transformer of claim42, wherein the single-phase
transforner is a step-up transfornmer. 15 52. The el ectronic transforner of
claim 42, wherein the single-phase transfori¥r transforner is a step-down
transf or mer. 38. The charge transfer apparatus of claim 31, wherein the input

terminal is configured to receive a DC power source and the cutput terminal is
configured to supply a DC load. '

5 39.  The charge transfer apparatus of claim 31, wherein the inductive
element is a single-phase transformer having a primary winding coupled to the charge
storage device and a secondary winding coupied to the plurality of output switches,

40.  The charge transfer apparatus of claim 39, wherein the single-
10 phase transformer is an isolation transformer.

41.  The charge transfer apparatus of claim 39, wherein the single-
phase transformer is an auto-transformer.

i5 42.  An electronic transformer circuit for transferring power from an
input terminal having a plurality of input nodes to an output terminal having a plurality

of output nodes, the electronic transformer circuit comprising:
a plurality of input switches coupled with the input node;
an inductive section coupled with the plurality of input switches;
.20 a charge storage device coupled in series with the inductive section;

a single-phase transformer having a primary winding and a secondary
winding, the primary winding coupled in parallel with the charge storage device;

a plurality of output switches, the secondary winding coupled in series
with the plurality of output switches; and '
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-77-
a control unit for operating of the plurality of input switches and the

plurality of output switches, wherein the control unit alternately turns on the plurality
of input switches, to transfer charge from the input terminal to the charge storage
device, and tumns on the plurality of output switches, to transfer charge from the
charge storage device through the single-phase transformer to the output terminal.

. 43.  The electronic transformer of claim 42 further comprising a
transfer switch coupled in parallel with the charge storage device.

44, The electronic transformer of claim 42, wherein the input
terminal is configured to receive a multi-phase AC power source, and the controller
first turns on two of the input switches and, when a predetermined charge has been
drawn from a one of the two input nodes, the controller turns on a third input switch.

45.  The electronic transformer of claim 42, wherein the output
terminal is configured to supply a multi-phase AC terminal, and the controller first
turns on two of the output switches and, when sufficient charge has been transferred to
one of that output nodes, turns on a third output switch. -

46.  The electronic transformer of claim 42, wherein the input
terminal is configured as a DC power terminal.

47.  The electronic transformer of claim 42, wherein the output
terminal is configured as a DC terminal.



10

15

-78-.
48.  The electronic transformer of claim 42 further comprising a

free-wheeling switch coupled across the charge storage device, and the control unit
controls the rasidual voltage on the charge storage device during the charge transfer
from the ¢ harge storage device to the output terminal.

49, The electronic transformer of claim 42, wherein the single-phase

. transformer is an isolation transformer.

_ 50,  The electronic transformer of claim 42, wherein the single-phase
transformer is an auto-transformer.

51.  The electronic transformer of claim 42, wherein the singie-phase
transformer is a step-up transformer.

52.  The electronic transformer of claim 42, wherein the single-phase
transformer transformer is a step-down transformer.



