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switches also allows the output to achreve bi-directional current flow
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The circuitry on the secondary side of each of these upper and lower

25  transformers is substantially symmetrical and includes a rectifier stage electrically
connected to an inductor in series with a capacitor to form a low pass filter
(having a corner frequency substantially greater than the frequency of the source
signal and less than the frequency of the carrier generated by the phase
modulator), which further serves to integrate the source signal. The secondary

30  circuitry also includes a semiconductor switch electrically connected to the
electrical junction between the inductor and rectifier stage to provide a return path
for high-frequency current to ground. Using these semiconductor switches also

allows the output to achieve bi-directional current flow.
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the present disclosure, all of the switching elements (on both the primary and
secondary side of the apparatus) are operated as substantially zero-voltage zero-
current switching elements. This “soft” switching is not only more efficient, but it

25 also reduces EMC noise. Moreover, the present inventive circuitry does not
require separate power supply and switching power amplification stages, thus
avoiding additional component costs and added space requirements.
Furthermore, because there is no high voltage DC source required on the
secondary side of the transformer, there is no risk off an over voltage situation in

30 the disclosed topology. Also, because the present disclosure uses two switching
transformers and symmetrical circuitry in the secondary, it produces a fully
balanced differential output formed across the output of the upper and lower
secondary circuits.
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doubled in the secondary circuit. As would be understood by those of ordinary

skill in the art, other circuits or semiconductor elements or both may be used in

place of diodes to create this rectifier stage on the secondary output of the

30 transformers. Two low pass filter circuits (such as L5/C1 and L10/C2 in FIG. 1A)

are formed on each side of the output port. The values of the capacitance (C1

and C2) and inductance (L5 and L10) are selected to provide a corner frequency

(associated with the low pass filter functionality of these capacitor-inductor

circuits) well above (if not at least an order of magnitude above) the frequency of
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present disclosure. In this embodiment, the system 100 includes a primary and a
25  secondary stage. In the primary stage of FIG. 1A, system 100 has a DC input
102, a signal source 104, a phase modulator 106, two power drivers 108 and
110, two resonator circuits 112 and 116, and the primary coil of two switching
transformers 114 and 118.
[0028] In the secondary stage of FIG. 1A, the system 100 includes the two
30  secondary coils L3/L4 and two secondary coils L8/L9 of the two switching
transformers 114 and 118, respectively, each of these secondary coils L3/L4 and
L8/L9 being electrically coupled via diodes to a respective one of a first node
(“Node A”) or a third node (‘Node B"), which are electrical connections between

the respective recitifier stsages and the low pass filters, and then into the low
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wi th power driver outputs 108a and 110a indicating the
The secondary stage of FIG. 1A also includes semiconductor switches M1

25 and M2, which are preferably high-speed n-type MOSFETSs (as shown in the
figures).

As would be understood by those of ordinary skill in the art, semiconductor
switches M1 and M2 could also be implemented using high-speed IGBTs (plus
additional diodes as would be understood by those of ordinary skill in the art

30  having the present specification before them) or any other semiconductor switch
that provides high-speed switching. The gates of each of the semiconductor
switches M1 and M2 are connected via Rsmall and diodes to the last turn of
secondary transformer coils L3 and L4 or L8 and L9, respectively.
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rectifier by the phase modulator, which may be used to control the maximum amplitude
30 voltage of the signal generated by each power driver 108, 110. In one preferred
embodiment, each power driver 108, 110 is driven by phase modulator 106 to
generate a square wave having a 50% duty cycle. The fundamental frequency of

the signal produced by phase modulator 106 is based on the application in which
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25 The phase modulator 106 is configured to receive the signal source 104,
generate first and second carrier signals, and control the phase modulation and
relative phase between the carrier signals. In one embodiment, the phase
modulator 106 is preferably a digital phase modulator formed by a digital signal
processor (DSP) that samples the signal source 104 at a predetermined rate. Any

30  sampling rate may be used, as it need not be related to the frequencies used in
any of the system components, with higher sampling rates being preferred in
order to achieve lower distortion of the input signal 104. In an alternative
embodiment, an analog phase modulator may be used instead. In the
embodiment of FIG. 1A, the phase modulator 106 is also shown as being
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30 generates two substantially similar alternating signals that are between 1°-89° out

of phase with one another and have an amplitude based on the DC power

supply. At 1° and 89° of relative phase difference the circuitry of FIG. 1A will

result in maximum voltage gain (exclusive of any gain generated in the

transformers) whereas a 45° phase difference will result in practically no output
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stage 306 nBYMANANdRecqE n%ﬂf?éggéw'tama ?fa?%%rsﬁgﬂa@g W8y source
that is to b@'ﬂ@é’fﬁﬂoké E= s@‘laﬂ@sc@ﬂ@dl@ﬁ\’tﬁé sighml éd‘u'rc%ﬁémlg’y the phaseAs shown, the
anpllfler 30 al'so’i ncl ude optional current sensing circuits 206 and

208 and2%n @etﬂwa{orépﬁmowt%m e wRMgstrelave tofhe slongherure 1Ph a

20si m | ar mannertHOadValaedestdd Hrditldesighlcen bé- utnhfbcﬁ@cgfﬁél@rﬂly pﬁévuago""” in
FIG 3, the output correction circuit 212 may al so be coupled to a danping

control 3102mplficakon ef amextarnal BOWR WS Vel HBwgTahER af A@cﬁ'@"éﬁit i on
circuit 304mo?3?%rlgé‘rm'tﬁ'9Ill@ﬁ*héqjse%*glgéé éﬁlﬁlﬁ td E'f’nt% %a?h %f'fh'e Rl ded

fromthe output correction circuit to cotro factor of the
anplifier, spnadalssaprovides nb@ew@daotvantaqpasﬁorzzarhmelevmenagleslﬂm sypterat put from

the pows{ fﬁcﬁr&r/idg ?Jd'hﬂpéfiﬁ&@ntcd.d'v&elﬂicané?FXioﬁpl%fsE;lvHJ%ﬂy eliminates cross-over
distortion that is common in many present day power-amplifier circuits that utilize
switching transistors. Soft-signal clipping and audio signal gain compression can
also be achieved by limiting the phase shift range of the phase modulator. Most
importantly, the present disclosure has all switching devices working in a

30  substantially zero voltage and zero current condition, which is unachievable in at
least the prior art class D amplification structures.
FIG. 2 illustrates one embodiment of a single stage DC-AC inverter 200

utilizing the circuit design of the present disclosure. The inverter 200 includes a
phase modulator 106, two power drivers 108, 110, and two switching



the input voltage output the power factor correction circuit based on a
| oad on the output 120, the sound quality at output 120 can be i nproved.
Now t ur niwQ 20o/B#@S. 4, 5 and 6, which depict various vecragmiandieurrent
waveforms -- produced by LTspice IV nodeling software -- at various nodes

and 30 L Bt 945, PRIPARGRL S R RS RATIhEN R uck UM 8GN of the

circuit of articu poses 0 e oper ation of
FIG 1A (alespextitnphe Syﬁ(bd?meﬂ@é Qﬂ/&i;GéeVédCem this dneb@iment, (HE) D@ inme ikHz square

e e S erldh B B R AR
drivers 108an EML fikere20Qr i Tkzesugmténuace” islpadvidex! by\@sine wave generator 204,
2011 A5 S2RLTIL SPORY SIS 10,0005, B Lherspsa Lalhle g n
di screte Comﬁéemd%s\@f@om%@%@ntth@fré@uérmwidﬂme/atls@ﬁwal g&eathife NOM NAL
VALUE @ 1”f:ut%3t 11 ZLg For mls(t)alfwfceoass %gnu}clmllﬁ%g%ggr%glelézcc?nusﬁml'e% devices in many
parts of the world generally operate on a 50Hz AC signal. In such cases, the sine
wave generator may be configured to produce a 50 Hz sine wave. In America, by
10 contrast, consumer devices are generally configured to operate on a 60Hz signal.
In yet another embodiment, the sine wave generator may be configured to utilize
frequencies between 10-30Hz in order to operate fluorescent lamps.
As shown in the embodiment of FIG. 2, the DC-AC inverter may also
include one or more optional components in accordance with the present
15 disclosure. These may include current sensing circuits 206, 208 and an output
error correction circuit 212, In one embodiment the current sensing circuits 206,
208 may be coupled to a respective power driver 108, 110 to provide a feedback
loop to the phase modulator 106 to provide over-current protection. Various
configurations of current sensing circuits are well known in the art and will not be
20 described in detail herein. For example, in an embodiment where the power
driver is a push-pull MOSFET configuration, each current sensing circuit 206, 208
may be a single resistor. As a result, full over current protection can be achieved
using a very simple and cost-effective current sensing circuit. Of course, the
current sensing circuit may include other components for other types of power
25  drivers as would be understood by those in the art.
In the embodiment of FIG. 2, the secondary is identical in design and
operation to the secondary discussed with respect to FIG. 1A. However, in this
embodiment, the error correction circuit 212 may be provided to create a
feedback loop from the output 120 to the phase modulator 106 in order to reduce
30 distortion and correct balance.
FIG. 3 illustrates one embodiment of a single stage power amplifier 300 in
accordance with the present disclosure. Amplifier 300 includes a phase
modulator 106, two power drivers 108, 110, and two switching transformers 114,

10
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118 that operate in a manner similar as described above with respect to the
system 100 of FIG. 1A,

In this embodiment, the DC input to the amplifier 300 is provided by an
input rectifier 302 that converts an AC input into a DC signal, and then passed
through a power factor correction circuit 304. Any type of power factor correction
circuit may be used, which are well known in the art. For example, the power
factor correction circuit 304 may include an automatic‘ power factor correction unit
(for example, one or more capacitors that are switched by contactors, which are
in turn controlied by a regulator that measures a power factor of the network); a
passive power factor correction unit (for example, an inductor); an active power
factor correction unit (for example, a boost converter, a buck converter, or a
buck-boost converter); or the like.

In the system of FIG. 3, the signal source is provided from an external
audio source and passed through an audio input stage 306. In the illustrated
embodiment, the audio input stage 306 may be an op-amp, although any other
audio input stage 306 may also be used. The external audio source may be any
source that is to be amplified using the power amplifier 300.

As shown, the amplifier 300 may also include optional current sensing |
circuits 206 and 208 and an output error correction circuit 212, which operate in a
similar manner to that described for FIG. 2. In addition, as shown in FIG. 3, the
output correction circuit 212 may also be coupled to a damping control 310,
which is in turn coupled to the power factor correction circuit 304. The damping
control 310 utilizes the error signal provided from the output correction circuit 212
to control the damping factor of the amplifier, which can then be used to adjust
the voltage being output from the power factor correction circuit. By controlling
the input voltage output the power factor correction circuit based on a load on the
output 120, the sound quality at output 120 can be improved. ,

Now turning to FIGS. 4, 5 and 6, which depict various voltage and current
waveforms -- produced by LTspice IV modeling software -- at various nodes and
through various components in one particular implementation of the circuit of FIG.
1A. In particular for purposes of modeling the operation of FIG. 1A, (a) DC input
voltage was selected to be 20 V; (b) a 100 kHz square wave carrier signal with a
50% duty cycle was generated in the phase modulator 106; (c) the source signal

is a 60 Hz sine wave; (d) the power drivers 108, 110 were driven with a relative

11



5As shown in FIG 4 this conbination of variables create a periodic output
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space and avi ation technol ogi es,

conver si on

applications. The

and any other energy savi ng DC- AC power
present disclosure may also be utilized for

audi o pohwer anplA§ shawnalpdilGe 4tthis sembination of yariablegecredteiachasiodiccautrgower

ST 1o SlagE AT e B TR

system and
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di scl osur e, Tilnatie to ﬂbecmmwo&amemczause the thansédronees mdd, 11iBrrrevded o t he

specific del%@l'ahén
exanpl es shown an
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current was modeled at the output by placing a 4 ohm resistor across the output

terminals (not shown), which resulted in the current waveform according to
SPICE. FIG. 5 shows the current through the inductor L6, which is substantially
sinusoidal with the minor exception of the short zero current plateaus caused by

zero-voltage crossings. This modeling verifies the power driver stage operates in

a substantially zero voltage and zero current switching condition.

Various voltages (as indicated in the axes labels) are depicted in the

voltage vs. time graphs of FIG. 6. The three middle waveforms depict the

illustrated 100kHz square wave, the square-wave shifted approximately 10° in

phase behind the second wave, and the inverse of the 10° shifted wave, each of

which will be generated by phase modulator 106. By comparing the topmost and

bottommost graphs of FIG. 6 it can be seen that the 10° phase shift has resulted

in a wider voltage pulse at “Node A” than at “Node B.” In fact, these voltage
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nodi fications and variations can be made to the above specification w thout
departing fromthe scope or spirit of the present disclosure, and it is
i nt ended wbabv112B41ve present di scl osure cover all such medirfiBmat/h@anes and
vari ations provi ded they corre within the scope of the follow ng clains and

their equiv I EW ; -0US

enbodi nent salla the rgl scl osure rgag%l\?v%é-sggrgs Iygﬁmﬁvegﬂ%@ml e only,

wi t h ref er epaset shift nethiscliustiativg example gundsr. thesRtaRditibAs sBbissgamgteetmbodi ment
of a syste 0 esent di scl osure; FIG 1B
shows one gbnl%%gg&ngo%ﬂ@%?pég%h@?lgrgﬁ Q%uctor for use in the ?present

di scl osure; The systerfid Gesctibed labure nvag benditizkeddrdnycfppicationghatd | nduct or
for use e 30present e enbodi ment of a

Lo ngl o f agtilZes BRIGHRS Myvelkd FoRtedhcamplisr s e, BRER A FIERRM fe

Er eﬁ en]E f di sgikclssuire;is partlcuIaFH' Suited tohiovee ammcaatrfrimgm wBith eifona':jcS/I mlgdnergs/t age,

| e i ci enc n accor nce wt f he rese t I SClI OSur e,

FI% 4 showk® r{%f\faggg '%ﬂﬂ”ﬁ@”%‘?ﬁce%? BistRnCE it gsc‘son? {‘]?fjﬁﬁ?t B8 produced by
LTspice IV QIQEEMW@:MSM@HHWD@MHQ@(?M@@G ACUdcivelsiay iaRREALpoweredl t he
circuit of FIG 1A; FIG 5 shows a current waveformthrough L2 as

zero vol t agéeieies. UgPake A ROWSIBYRIHE H G R RINEE B RSa1oTs NIZRPIWETSAE t war e
nodel i ng, of &D@r&fbbﬁésc%éiér éd’ﬂ?ﬂoﬁgﬁﬂl&:ﬁﬁdrﬁnsﬁicgteés}%l ﬂlétﬁ)‘rﬂ'técmoldzdﬁ ah4: and

FI G 63hovvs votaewave orns at varl ous n one partic
i npl enent at dAOHET emrgt sa¢09 DoACmager .C.Anvedgioma@amaédn&)ﬁ heTwpserd |V

software. Skichb&ttehdy 586%eWilizeBPLEAL Bbfet BRI SPBMatiohd dddof i gures are

illustrated
provide efficient car power amplification.

Further advantages and modifications of the above described system and
15 method will readily occur to those skilled in the art. The disclosure, in its broader
aspects, is therefore not limited to the specific details, representative system and
methods, and illustrative examples shown and described above. Various
modifications and variations can be made to the above specification without
departing from the scope or spirit of the present disclosure, and it is intended that
20 the present disclosure cover all such modifications and variations provided they
come within the scope of the following claims and their equivalents.
BRIEF DESCRIPTION OF THE DRAWINGS
Various embodiments of the disclosure are now described, by way of
example only, with reference to the accompanying figures.
25 FI1G. 1A shows one embodiment of a system in accordance with the
present disclosure;
FIG. 1B shows one embodiment of a coupled inductor for use in the
| present disclosure;
FIG. 1C shows one embodiment of a coupled inductor for use in the
30 present disclosure;
FIG. 2 shows one embodiment of a single stage, high efficiency, DC-AC
inverter in accordance with the present disclosure;
FIG. 3 shows one embodiment of a single stage, high efficiency, amplifier
in accordance with the present disclosure;
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10for sinmplicity and clarity and have not necessarily been drawn to scale.
For exanple, the dinmensions and/or relative positioning of some of the

el enent s wo 20hie1shiiogur es may be exaggerated rel ative to ®eCmaB2ai/emmess s to
hel p i nprove the understandi ng of various enbodi nents of the present

di scl osure. Al SocauB Rl bh BANEHSIARMAESERAL S Bafhupie usel Ul or

necessary in a conmerci al nt are not "often depicted in
order to faptdduced by hTspies \Obsftwaretreatielingwnf afe parésgavimleusntetirodi nent s of
t he present ,di It will be further appreciated that certain actions
and/ or stepgh%rfgr;%l"@éyggéﬁ’bed or depicted in a particular order of
occurrence whil eFiIChéshossksid ¢ecknt watdfermattirouyth L2 asdersidtade tahdtzesaich

specificity with respect tp sequence is,not actually required. It will also

0050, untier SUETH SPREERG Reo BBy i Sbics by SekyRumaieutio of ot Rodiewat o be

defined wi timpl@apeetion of thealircuic of FIEsp@ndhdg respective areas of inquiry and
peci fi c nmeani ng have ot herwi se been set forth herein.

study except whe | :
Thr oughout t he s%&c%fqheyﬁi\’(?ﬁa%wa& qimgat aReus APE_LIN'QNE RATCWRThodi nent "

does not nemg@éraéhtlaﬁorﬁ ef @k direuit BEFIEARR, 88BRAUBBAM by LT HiBOWIBottlardRY -
Simlarly, 25the phrase "in another enbodi nent” as used herein does not

necessari |y ref ePRifesl artispns Wi arpresie akslements inHbadauies aiafiustiatedescri bed
herei n yari RisingelRRfEAR Blafitydnd mecho%ﬁ}ee&géﬁy@%glagaws?@séave.%vb' ned,

w t hout departing fromthe 'scope or spirit of I scl osure. .
CROSS- REFERENORPIF.GhRiingrrio nergnd/ axelatine gositieringippsareacf e eleragmts in he

benefit und - . f : I S FAQ;Q ation No.
61/ 352, 820 T |f§gr#u'ﬁ3’¢8§,e;%gé%%te%?@ﬂ%tfg@%ﬁ %%@Pmasﬁgﬁ’%@h ToR the
i ncor por at edndesstanding pf vafarseansizodimentsof gt preeernt.discldure. Also, common

2011/ 154792 E I t . providing a
power out puﬁﬂ%lm%gg%%@%eﬁgggf %%ugegﬂA;Or p@%gggah%c%%ﬁ%’rﬁﬁ%havi ng a
source 1§ fe_qtevaamge %mh@dlmpgaaretm oﬁemrpoepisilelt'lg'm5 oaieﬁlttamilimellalleémbs&mti&?t ured to
generate fir.st secand carrier si s bea avi ng,supstantially
Pdont | cal  cUPM MR VENaYs &by Fartt S Pe el dedSina b ilbe fobel. e
first and sesmedatarthatgerairgaaions bavionsteps hedyadd descpbes er déditteaenge, the
phase nodul at gr further structureg.t m)dul]%ie hhe fi [BSt and second carrier
i {ope sKi'<d ndhe

signal's by PHHECYRLEEN &f QfeHIrensryW ag Wb HRIGFSERIPARYd carrier
signal s; ansuipRsecificdNaite Fespectiddequbmeas nbt ar64I8 elired. MwiMRRR be
transf 056rer urt]d%\ll'lstggd that the terms and expressions used herein are to be defined with
respect to their corresponding respective areas of inquiry and study except where
specific meaning have otherwise been set forth herein.
Throughout the specification and claims, the phrase “in one embodiment”
does not necessarily refer to the same embodiment, although it may. Similarly,
25 the phrase “in another embodiment” as used herein does not necessarily refer to
a different embodiment, although it may. As described herein various
embodiments of the disclosure may be readily combined, without departing from
the scope or spirit of the disclosure.
CROSS-REFERENCE TO RELATED APPLICATION
30 This application claims the benefit under 35 U.VS.C. § 119(e) of U.S.
Provisional Patent Application No. 61/352,820 filed June 08, 2010, which
provisional application is incorporated herein by reference in its entirety.
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10 an upper transforner primary w nding and an upper transforner secondary
w nding and the |lower transfornmer having a |lower transforner primry

wi ndi ng awoai1lBwme transfornmer secondary w ndi ng, the weppasBeandoihiener
transforners structured to be substantially el ectromagnetically identical
to one a (EA] and to provide electrical isolation between primary and
secondar@ Q(;ses of the apparatus; 15an upper power driver circuit
structured to r{ v Sk i i (olyke raw ng
power from a g%g‘snglp%I@ptagy%%?gsu{drﬁ%\gam@ggd%n\ggﬁ%ggﬁ@ﬁr| er Ié?g%a ¥ the
upper tr aigehbitive soprcersigyalkiaviigng sottve fogpencypther agbdratis aonnriging:oper abl y

ctrietured ¢ o2dEearasddaRr Simelisd o peheis B arldseond altr e
swi t chii ngach ABTIA ;su%@?arlti@WFdé?@l%r%éigéhfﬁ/bvéforrﬁug! &arfibf %aﬁéﬁ%%é,%r%ﬁ?@t@' ven

by the second nodul ated carrier and draw ng power from't supply’to
out put acydemrtbe firtdandesenpndagariier signaladlaving a nelatienehase diffsrencestheri mary

wi ndi ng, riVv L fcuit erably.coypled to a.lower
Fesonat oPhafs e BO el bt |G PRE R % 8B ReBP0b Satits ¥iatsn e as
a subst aby tted syureersigng landgsutget frscarid e8éoridvriodidted ehrigignatdan upper
secondary circuit electrically coupled to the u\p}ﬁer transforner secondary

wi ndi ng, the BPHOPEEEABHEANET BNd @UPyeniraasigMRaVNAYPRART tippeiormet bavingr
st agg, el Sﬁh@bgf"{rbxsﬁ%@ gﬂq%%v%dfﬁé’gﬁp'dﬁ e?rtrdn@férﬁ{ér%%c%& Alind e
capacitor t orm an upper l'ow pass”filter Maving a corner fredquency

great er ahdithe losves dramséorhier havireya dowed tesrssfodnaer griveadyl wisdirgnahd atoner
carrier signals, the upper ,Iqoj,w pass filter 30further structured to
i nt egr at K@ S@Hﬂ?b@%cw&%ww Rg thedinpee agd dewer Sansfarmersrstiygbiaied to be

. q % _ : ) " th

pper v Doa1b S RRRe Bl MghER Rhe Andinsh gRe 1 PREIIE ISR 12,

st age aniokttiondiedween poinmrpandesezondany stages bf ther agpagatust equency current to
, t put el t, | t d bet h

Pdult or “and EREPABHBAEE R ST T GisP 48 BB D 1 TeITE BaHBPtel t o e

| ower 11 aasitpEigREl 868 ARslRnG pYvikh fRsh aDBSURIEI0 AREANS BbWeréd ﬁﬁﬂoturllétéﬁl udi ng

a lower rectifi'er stage coupled to a |ower inductor in series with a |ower
capaci t oeamigr signal to thewnper danstasmer ipritmary stindiog utheduper ipowerariver niscuit

it antP Bl U [ oA LPRRE e By alEr i eroer SRR BV G o '

further studtatadr otbperaisd$gistibetantidhy Fe@eydiagReoidrb@udent GwitbRing @ksrdent;
signal, a lower 10 sem conductor sw tch cougl ed to a third node between the

| owet0 i nduct o |wRr ROwE! drfar cireuit strpgiured trybe drver by dbe speend m1gstubatede a

t i.gh-.f I t
Coupl ed fanet fho Bralno S ramTHe LX"buby % Bl b e fldbdled PTOM:
wher ei n tdreeupigeal tnithellower transfoaner primaey winding, thedower pevem@masriorality 15

coupled to o anot her, and the upper and | ower hi gh-speed sem conduct or
SW tcheso%‘?régg/t?‘l}ﬁ’ﬁ%ffgha?Qi"’%rereﬁﬁﬂ)gﬁ%éélrwu»dhgM%VCPQ/W?WW% CieYthetic field

gener at egtryctured to operate as a substantially zero-voltage zero-current switching element;
25 an upper secondary circuit electrically coupled to the upper transformer
secondary winding, the upper secondary circuit winding having an upper rectifier
stage electrically coupled to an upper inductor in series with an upper capacitor to
form an upper low pass filter having a comer frequency greater than the source
frequency and less than the first and second carrier signals, the upper low pass filter
30  further structured to integrate a voltage proportional to the source signal, an upper

semiconductor switch coupled to ground and to a first node between the upper

15



by the upper and | ower inductors such that both the upper and | ower

hi gh- speed sem conductor switches are structured to operate as

subst ant ivabl2g11zes®2vol t age zero- current sw tching el emeatrap2om/aodiéshe upper
and | ower hi gh-speed sem conductor 20 switches structured to conduct at

substantialJly co ementary tjnmes when control]ed by an increase in

poSi t i ve'qfiypfoégf@ré%heé‘prp@é ISégtfie\?é?%?eaQﬁ sruduigshiorpre H’etq]éeth/\%?tﬁtfPhnsf or mer
dar W% ! t

secondar hg fr@(ﬁmencg %udﬁﬁﬁcggroﬁrﬁ{ ghgfﬂﬁ%r %h;ﬁd?"elé%ﬁ@ﬁ‘lr cdiipfied %\?rseeaﬁ@u

el enments on which ance erential output sig i S gener at ed.
25CLAI M podg betvegaratiet ugpeardoductongnd theClppen dapsicdori n t he upper and | ower

transforners hgve coil turn ralté} 0S tlhg\%&]@{eg sub tan{i al | % the,same. ,CLAIM
3. The appar af(RVECETTUIGRY FEC\E SRYR'E loWeE Jianstaimes PRy Mipdinge
uppers anthd RWaF sbEGRSAQTANRUR il Gdif rauﬁmf%btrﬁeé@fdgb%geﬂﬂﬁs% wﬁ{gut put

vol tage range. WO 2011/ 154792PCT/1B2011/00116 '
appar at uihdauctasririsages witt anlowes oapacitdrtotfoem adoyet love pass fikenstadtereddof ul | y

differenfial .output. and the cojl .turns ratjios . are further structured to
mt ch o DGy P e fedliRrsV s ERlArt el e tRBIAC Sob s BRI VAREREE Lar m
5. The appavtabUpsttaiPssidit érrieh Sighbrfraf\sids, the Idvidrabiv\rasBT@e further
5difference is adjustable to achieve a desired output voltage range while

mai nt ai nPiiectiresbld intagratep@ yalirae pIPRORoTalte thepsourAe SiBNElfa awatt i al out put .
%A' 1 6. sJ&%g%pgé{o?%Hﬁtcﬁ%g%pr&‘t% 4 fhifd fddB t}et‘m nihe écg\faéll inGEAe e of

e upper an Wer transtormers are structure a desrred 1'mpédance
on the flower rbctifenctayelahd etraotured toptavide a t&GHAbMh/for Righ-frogaeriyus
accordin tontﬁleai m 1 wherein the first and s conqocarri er si\gnal S generated

by the pRASEMHBALPYIGA [RNRE AtpyhElament GoRed &0 a Tourth neda hgtgeenfhe
appar at Ug, v Gdetitd9ah @ él’idﬁg%cﬂﬁrer ein the source signal is a data signal
ess t

containing frequencies o an 20kHz, and the phase nodul ator is
struct ured t owhareiatheauppadama avedr ifdeciarsnang sthutured toywe magneticallyul ti pl es

o 2Pt ol gk U anbl BRI o B B i ST Gl e VPP
sl b it b Gy S PR
appar at uby ez upprmand weranductorfsusudchdhathbothrthe iupgeaand ppeer high-speed
semiconductor switches are structured to operate as substantially zero-voltage zero-
current switching elements, with the upper and lower high-speed semiconductor
20  switches structured to conduct at substantially complementary times when controlled
by an increase in positive voltage on a respective one of the upper and the lower
transformer secondaries; and
output terminals at the upper and lower output elements on which a fully
balanced differential output signal is generated.
25 CLAIM 2. The apparatus according to Claim 1 wherein the upper and lower
transformers have coil turn ratios that are substantially the same.
CLAIM 3. The apparatus according to Claim | wherein coil turns ratios for the
upper and lower transformers are structured to achieve a desired output voltage

range.
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20current sensing circuit coupled to the upper power driver and structured
to neasure current output of the upper power driver and to provide feedback
to the phaeeonmdwioat or to provi de over current protecti ®aT/1B2011/001C68AI M 13.

The apparatus according to Claim212 further conprising a | ower current

sensing circui oupled to the | ower gomer driyer, and tru tured to neasure
25 current ou ‘fﬁ}?e apPRAIBIUS R diggite &laighd Whersl ?‘@éﬂback to the

phase m@ubaﬁga 1Y aﬁﬁwu%r&%ﬁaﬂ ofitut @Rk tRE %ﬁ?&r‘n@’?atu&-&‘é‘fu&ﬂmer Sh6cRRRRT at us
according to Claim1 further conprising an error correction circult coupled

bet ween thmateh & yebaedmopddande en dme fully balﬂrmed difierential itase nodul at or and
structured tonr i storti nand orre a M 15. The

appar at us accgr]‘(éiﬁilﬂlgée t 'J'CPRRFA % ?(ffrof B 1@ gvﬂgergln&g%élap&gtpg@se
corregti gifefdmcelist 4
correction WO 20'1130?%%33'2(36&%%’0%? %%%L%BG@B& gﬂllt a?féa?},@‘;glté h\};énlfeoﬁm%rrq?%qgo

correct i ardesired impedance pnise filydalancad) differertial @Bpubi | vol t age out put by
CLAI CLAIM 17, The

t he power fac ction c rCU|t ncel e

onar ot s acobTA R T pSfarmbisCadorsifo thi i, A WRIER Gin e takos o 17
stages auppét antt lowerdrarforesds aré SeLivtuded Ristch a@e@aéanmbeaéﬁ@éleﬁ%@wf the
first and second carrier signals found in the upper and | ower secondary

ci r cui t sbalanced diffeseMial®utate apparatus according to G aim 17 wherein the
efpand |l o | I t rete

0P oS A R e B g O M e e Bt dn b pedindy o1 1,

és mheretr:]arrreheigmvalqogmnera;ai Ewﬂtmplmbdmgd:ntaﬂmﬁa\maﬂxe@dgt;omle Cu(rj rent flow

ue to the interactjqn of the u n wer hi gh- speed seni conduct or

swi t ches and &Eﬁéﬂwpﬁ)%%@ﬁquamﬁ) BE &¢ gl@'maﬂ V&Peée'ﬁutaﬁﬁ?%%?}g@a' B& one

anot her. %aacé %’r'\aquconealﬁinﬁg\%i uerlc f'Iéég‘ﬂwanlﬁaéﬂzﬂanﬂwe%ﬂ%@@%éélﬁ%fr% ner

circuits first a con rimary wn
structured to run at a fundamental frequency that is two or more multiples of 20kHz.

15 CLAIM 9. The apparatus according to Claim 1 wherein the upper and lower
inductors are both wound on the same core.

CLAIM 10. The apparatus according to Claim 9 wherein the core is an E-core.

CLAIM 11. The apparatus according to Claim 9 wherein the core is a torroid.

CLAIM 12. The apparatus according to Claim 1 further comprising an upper

20 current sensing circuit coupled to the upper power driver and structured to measure
current output of the upper power driver and to provide feedback to the phase
modulator to provide over current protection.

CLAIM 13. The apparatus according to Claim 12 further comprising a lower
current sensing circuit coupled to the lower power driver and structured to measure

25 current output of the lower power driver and to provide feedback to the phase
modulator to provide over current protection.

CLAIM 14. The apparatus according to Claim 1 further comprising an error
correction circuit coupled between the fully balanced differential output and the
phase modulator and structured to reduce distortion and correct balance.

30 CLAIM 15. The apparatus according to Claim 14 further comprising a power

factor correction circuit and a damping control coupled between the error correction
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and first and second secondary w ndi ngs; a primary circuit that

i ncl udes a phase nodulator circuit having an input structured to receive a
sour ce siwoabiiais@obo out put first and second nodul at ed earnBari/siigesal s
having a rel ative phase difference that can be shifted, and first and 20
second resonator circuits coupled to the phase nodulator to received the

first an8redtand thipawar tastergariastiogicypuit andisiructured de agiuspthaiDlorailhe
respecti i i i | f the first and second
transfor \r@}gdcél?%tﬁ?lpgyﬁ%geg/epféd@?%r&d;ﬂh%g@nd secondary circuits coupl ed
to the respecCiLdMi16.4Caaodlesecondary wi ndi ngs of the first and second

transforners, he first and 25second secondary circuits including a
rectifier st agm@d%ra ﬁ'ﬁ\?%@t% aqeef 'PBF%@L&@'BT 1 &'}%E'&'&h?d’@%ﬁé@ﬁ%@ﬁ or
and sg r ugdagriedstagebaye s?ruERfré;on FE<pRERNG d%HB%tt?\@tda?tliéryfr&% ! ﬁées @hﬂ@ a

frequency of the“source sign and 'l ess than a frequency irst and
second nhitstilaad s¢cond cagiersigmals $qurehioithefuppkeeand lewersetopdaondradtsondar y

circuits further, j.n ing respective first, and second swtches structured
Co provide a SoAUL e pAARER ARITRES AL ! SRS dHe PP APA Ve | ¢ or
of the frécffffieﬁ%gt%@%@é‘%rﬁ%‘cmﬁﬁ?)é SLFy bedistlet Higged to be nmagnetically
coupled to one another and the Tirst 2011/ 154792PCT/ 1B2011/ 001168 and

second swi t che$AdMrit(Gaeseled) be physical |y di sposed within a magnetic
field,generat magnet ical ly coupled i.nductors sych that .the first
and g%cond sweﬁémgd;ﬁ@es%%?mse%%%&agé? gﬂ@”big%?‘ﬁé?'ﬁﬂﬁ?é)lupvti%r o-vol t age
zer o- cur sendturst tocduritilice braREdtoraP cGRBSILRIW BUE tE e miteradhish antHealipper
conplinentary times and 5generate a fully bal anced di fferential output

si gnal aBndiAwrshigspeadissmispnfurteswitdiasandhesurnearaaddower inductaral M 22.
The circyit o044 h@gﬂéggﬁ?}%}e%%%g%& | ow pass filter inductors are wound

about a common ave a coupling factor of at |east 0.99, and
wherein the nByAEVIZ1 A erclibsbaiprisiiged by the | ow pass filter inductors
sui t bhe. - CLATINE 289 SERBNGABSIor ST CBPUI I IO S A8 aoRB0 RS IT BG8neNGeer
oo BTN OB Tl 87 O 1S 0L, 20 e e T
circuit of claipmn®ry citheit ghat intledés agthasadnsdated ciaiit bheimgaareinput
structured to receive a source signal and to output first and second modulated
carrier signals having a relative phase difference that can be shifted, and first and
20  second resonator circuits coupled to the phase modulator to received the first and
second modulated carrier signals and further coupled to the respective first and
second primary windings of the first and second transformer circuits; and
first and second secondary circuits coupled to the respective first and
secondary windings of the first and second transformers, each of the first and
25 second secondary circuits including a rectifier stage and a low pass filter formed of a
capacitor and inductor and structured to have a corner frequency substantially
greater than a frequency of the source signal and less than a frequency of the first
and second modulated carrier signals, each of the first and second secondary
circuits further including respective first and second switches structured to provide a
30  return path to ground, the inductors of each low pass filter of the first and second

secondary circuits structured to be magnetically coupled to one another and the first
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15structured to provide bi-directional high frequency current flow froma
first node between the | ow pass filter inductor and rectifier stage of the
first secwoartyiseioecuit to ground and froma second nodechaBraemiiése | ow
pass filter inductor and rectifier stage of the second secondary circuit to

d, t CLAIM 25. Th t of cl 21, furth

i 7t an8ndGee BBHERETBNEAES & he BhrScabi PR mNE HAGESOARAt o
t t

i gnal s HEREREE) BF thIRARERCEN HFurled FlosfRie SEER NarthP Ml AL

primary eﬂvﬁdlnesgareosﬁtrWdieredetsprerate%é sulsdtamtiallysecovaditagaasfocumentci rcui ts.
CLAI M 26. '{emrcwt of ¢ whe rebnthe phase nodul ator is

st ruct ur SW'oHPg ERMBNS thFé’“%PP%?“’é‘?fH 3§e°'é' @NHBBUFABiMeRtaTY é'mesﬁ Yhl s that
are sybshantian bt BhlaAted LifdioRtdl B ngg{a? af Bt 1 fiRbIaEAndg BRGREE and

89 degreés out of phase wth one anot d arelative p ase erence
of one dyr passafiterg8o degrees Wil | result i n maxi mum vol tage gain in the

fully bal t._signal and.,a 45 d : i h
Gt 1o once wi PEAMEE. e Stalriinse Fotie BB PR IR kS S6Bur ot
si gnal . wwna%%@é%m@/cé%%a/hg%Jaﬁ&nuplmg fa&bAbbetZ@astT@@eChﬁ&u' t of

claim2l1l, further conprising a source sig generator having an out put
coupl ed wbefen@ tfm]awneba @rej;? establishad by th%'@“@ﬂﬁﬁscfdt%llwtOFQG‘ﬁélﬂltﬁtQﬁ a

stru ur e signal. CLAI M 28.
The g(li reurt a'lhr?nérg? Q$df€'§é8%fm% ﬁg S%C%?%&Jrqug%cond sensi ng

Scircuits COUQIL@\diVIt% tThhe cfltdLﬁtofajmilmSE@G/merewme l6Vvi pers fittief frdiucsors are
respectively rovide a feedback |oop to the phase nmodul ator_ that in

turn is wmée@e&ﬁp@@"ﬁr@aﬁd%tm/eemcaﬂﬂéh@ lrm@tamei Sfithedow easeier to the
feeo'baCklrJd%ﬁEferrsOé’utSjs‘?QntFM%|8§nt%St and second current sensing circuits.

CLAI M 29 circurt o further conprising an output error

10correction ClLAtMi24. Meeedirduitdfataim@ltwiidreirdihkffiesteatd sécand puitctassgaral and
i t he phase nodul ator circui{ to provide a

h t | ed .t
F cedbackorUapabIorIRUE RideshonEr ahaeBbePeLrBRMdRE T AT RIS IeThe
Cireuit gl WeAB ERENIGF RAch CHPIERRISAB00 Lt e ) Lol Loy &

out put of the error rection circult and ng an out put cou Ied
ground and from a second node between the low pass filter inductor and rectifier
stage of the second secondary circuit to ground, respectively.
CLAIM 25. The circuit of claim 21, further comprising first and second power
20  driver circuits coupled to the phase modulator circuit to receive the respective first
and second modulated carrier signals and having respective outputs coupled to the
first and second primary windings of the respective first and second transformer
circuits.
CLAIM 26. The circuit of claim 21, wherein the phase modulator is structured
25  to output the first and second modulated carrier signals that are substantially similar
alternating signals that are between 1 degree and 89 degrees out of phase with one
another, and a relative phase difference of one degree and 89 degrees will result in
maximum voltage gain in the fully balanced differential output signal and a 45
degree relative phase difference will result in substantially no output voltage in the

30 output signal.
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15power factor correction circuit coupled to the phase nodulator circuit

and the first and second power driver circuits, the danping control circuit
struct ur edoo1vese®2ve an error signal fromthe error corceaB2ano@iéscuit and
to control a danping factor for adjusting voltage at an output of the power

factor correcti qn, Cl it.. CLAIM31. A tem canprising: 20a circuit
structured tobﬂr%vi eclg‘ep?ﬂﬁé‘r‘t Qflﬁ'?imzl‘rrf;ég?'i ?%HT'QBS BSUHEF C¥ A gnal , the
sour ce _SQGHéf'até\QYé\);‘rg% ﬁn%&%&u§W¥’pﬁa@,rﬁerg%ﬂéto?‘éﬁreuﬂ, tﬁﬁrs%ﬁ'rée signal

conpri si ng: ase nodul ator structu to receive the sourcgnm gnal
and t o ogepenatdr stasctuned togemedatedhalsatieat signaliasra singnatbee signdl.i ve first and
second power driver.,ci-tcui.ts.t i tur are coupled to, first, and. second
o rary i ni (oA TR b Haim 27 JHHBer S PofRHR IR dfltadope SEPSing

t ransg or gRguiti duplddto Miefirst and sétdrid paREr 8HEANG LRS! r'efsPééti\i%ﬂﬁ%%r&ﬁé'@' ed
to first and second secondary w ndi ngs, respectively, of the respective

fir st Sna feedhnnk lppaite the pease masiuiater, thet 'rrsturnaisq?tste@um tlom/r,omigi@spmeir1f ters
1St “and LRl CHERRERF htEend P up IR ORI AT B0 BT T B eRhad G

W th a capaenitsynsanfcisduitsct ured to have a corner frequency WO
2011/ 154792PCT/ 1B2011/ 001168 subst anti al | % greater than a frequency of the
source si gnal C&MIM 2 JShengirpuit aficdajiedtfughet ermprisisg aareuteec®ifer nodul at ed

carri@r Ebﬁ@@ioﬁi CiPdthﬂerfekém gaé;% gﬁ%?ﬂ{’éd%iﬁ]é/iér&#&?éufb%yﬂqﬁgl 584 rh‘a?ﬂ?aggéri Sout

junct1 ons between I'rs secon OW pass rnduct o and

respect i veupled $¢ tfeenphase orodiutatot cifdudrtogabeigesa feedpaok iatp to redube t o ground,
the swi tah s..havi aﬂgq?con éogpterm' nal s coupled to the respective first and
second sEEHIHSP NG (ﬂrieﬁ&) a8@Cfhe first and second transformers to

al ternatingl yceamuss, THe &ifffit &tcuéwl]ﬁ Mg gidg\?@iggcemre irdf" M nal s on

i
the low pass filters to provide a f 'y bal ance ent1 al out put
si gnal , ctowpled teanandpgteafdhe esnar cotrestian cinetitard havinganptytputedupleditsposed

i thi tic 10field t the first ' : [
the H r cPORAG kel HERr EBpBEAdY e Brot Rodlieof FFERt apdtechBha "
SW t chesapg 8esdhdipbWerdriler ARRIt! heafarapiRgicdntrofbirdliZgF tyRldited8ceive an
zero-current switchi nggel enents, and wheréein the phase nodul ator circuit is

st r uct ur 8ot sigpabivermdha ereirgorestipn aiseuitiand ¢o eorteoiredarping fastarifest
adjusting voltage at an output of the power factor correction circuit.

CLAIM 31. A system, comprising:

20 a circuit structured to provide a power output proportional to a source signal,
the source signal having a source frequency, the power output circuit comprising:

a phase modulator structured to receive the source signal and to output first
and second modulated carrier signals to drive first and second power driver circuits
that, in turn, are coupled to first and second primary windings, respectively, of first

25 and second respective transformer circuits; and

first and second rectifier stages coupled to first and second secondary
windings, respectively, of the respective first and second transformer circuits;

first and second low pass filters coupled to the respective first and second
rectifier stages, each of the first and second low pass filters having an inductor

30 coupled in series with a capacitor and structured to have a corner frequency

20



and second nodul ated carrier signals that can be shifted to adjust a gain
in the 15differential output signal. CLAIM 32. The systemof claim
31, wher evo 20heispoeer output circuit includes first andpseaprdi/powes driver
circuits coupled in seri es to respective first and second resonat or
circuits that arlﬁ/ coupl ed between the phase nodul ator circuit and the

respect i YHO$APURIVGrgalesdBam affeanengy Wi g rercarsignat andrigss hiad aBieawency
t r ansf Ofgpfher%t 55&1 LSond mo fu %&\I %4 rst 'Qa'*éﬁs SRt em of claim 32, wherein the

first and second uct ors 'second | ow pass fi I ters are
wound about afn@raadcsmcend(sv\aﬂohes noapledgoemp]eomloemhmm@néa@weemthé)fn% or
greater. AlLM 34, The %/I tem of, cl ai the phase m)dgj at or

31,
circuit P8 f@&?%k%f’éas rslﬁpfl@tofé}]@ng]@%{qspgc{g @t anffsecend &elieheen t he
firsts aneta'@%@cw%rémelél a3 A t&@?édrﬁf tihé GRALS %é F?a\ﬂﬁ 'cBnﬁoFt%%?naflé Qgﬂlﬂieg?&r ee

to and i ncl'uding 89 degrees, wherein t put circurt
st ruct ur the respebli fnrsaandﬁenuml gaccbndafywhedndgs béthmi]nsalandlsemmd si gnal when
the rel aLrl Ve hase di Iferen e bet

_ f | th(te L rst,.and se ond atn
carrier ?8?18 'efstog %nﬁ%@%gogﬂﬂc é:tur@@ gLgrraRUmsAtAry "ﬁo@t%ﬂ? o vol tage
at the didririgignahe Mol Pidss Filteralo praeidetRilly @lafdriced difaemntidl éutgﬁﬁﬁigﬁal

between the first and second nodul ated carrier signals is at degr ees.

the first and second switches structured to be physically disposed within a magnetlc

10 field generated by the first and second inductors in the first and second low pass
filters, such that the first and second switches are structured to operate as
substantially zero-voltage zero-current switching elements, and wherein the phase
modulator circuit is structured to provide a relative phase difference between the first
and second modulated carrier signals that can be shifted to adjust a gain in the

15  differential output signal.

CLAIM 32. The system of claim 31, wherein the power output circuit includes
first and second power driver circuits coupled in series to respective first and second
resonator circuits that are coupled between the phase modulator circuit and the
respective first and second primary windings of the first and second transformer

20  circuits.

CLAIM 33. The system of claim 32, wherein the first and second inductors of
the first and second low pass filtérs are wound about a same core to obtain a
magnetic coupling factor of 0.99 or greater.

CLAIM 34. The system of claim 31, wherein the phase modulator circuit is

25  structured to shift the relative phase difference between the first and second
modulated carrier signals to be in a range from 1 degree to and including 89
degrees, and wherein the power output circuit is structured to obtain a maximum
gain in the differential output signal when the relative phase difference between the
first and second modulated carrier signals is at 1 degree and at 89 degrees and to

30 output no voltage at the differential output signal when the relative phase difference

between the first and second modulated carrier signals is at 45 degrees.
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