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switch el ectMeEnfan bR gagdia dinedyns’ ffae output voltage. Yet, because the phase
modulator preferably utilizes carriers with fixed predetermined duty cycles, the

20 complexity of the modulator and the rest of the circuitry is avoided. Furthermore,
phase shift power conversion in the present disclosure does not generally
generate any cross-over distortion especially in comparison with most previous
power amp topologies.

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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present di sPEREeset disslosuife all @f therfiwiighing 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 voitage 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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of each tr asrgihais e tHeaviad thtd ktee erimsnyiviinding bﬂa respectwe transformer. The
transformer provides isolation and may also be used in some implementations to
provide gain (i.e., step-up or step-down transformer). The two modulated high-
20 frequency signals are thus coupled to the secondary circuit.

The secondary circuit output is substantially symmetrical, meaning two
ouputs in the secondary circuit are used for a fully balanced differential output
signal. Diodes in the secondary provide that the current only flows forward out of
both ends of the secondary winding of each transformer toward the circuit output,

25  ensuring current flow during nearly all of the cycle. The diodes convert both
positive and negative pulses to positive pulses. As result, the carrier frequency is
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 (.5 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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capacitor O forns a second node which is a first of two output
termn a?% elggfriggl connection between the Iower inductor L10 and the corresponding

lower capacitor C2 forms a fourth node, which is a second of two output

terminals. The differential output signal of the circuit is output on to these two

output terminals.

The secondary stage of FIG. 1A also includes semiconductor switches M1

25  and M2, which are preferably high-speed n-type MOSFETs (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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frequency of the carrier signals.
A phase modulator 106 generates alternating, periodic signals (also
25 referred to herein as carrier signals or carriers) that have substantially the same
duty cycle and frequency, with power driver outputs 108a and 110a indicating the
HIGH output terminal of each respective power driver, and outputs 108b and
110b indicating the low output terminal, respectively. Each power driver is driven
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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100. 20  full-bridge circuit, a half-bridge cwcunt, or the like. In yet another embodiment, the
power drivers 108 and 110 may also be configured to produce other types of
periodic signals (not limited to square wave) so long as each phase modulator
106 provides substantially the same periodic signal with substantially the same
duty cycle and same fundamental frequency.

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



Square wave drivers are well-known in the art, and it is contenpl ated
t hat any W?ﬁéllélfs4§’quare wave-driver nmay be used. For i n$CAAB2011/6¢id68
power driver may be :a push pull circuit utilizing MOSFETs (or other

field eff eroWér%H?Lo?ﬁ HSDC ﬁ’gr%@fdﬁhbu&{ L%n?nééﬁr‘]@werd hét é‘mﬁar%lél vers

circuit, or the I n yet” anot her~ e t he
108 and 1105%&96&133@!%%@?%!@9# ed to produce other types of periodic

Sodna e O AR PER IS h 1801 e A SBASS R WiAdiRg

106 provides subs same perio
subst anti al LY, t&hepesaly cdobgctey td er@pdcmmmvmrdd[amemaalﬂﬂrmEﬂcy

25Th h t O ' fy t ' th I

2O g AL AR e U B8l Sp TR oI B8R o0
nonguldat i on stade nreihatsie‘ﬁenqcifimsﬁhdsettlémgefbrma tH, HEFerIdestrlthHSMMn
enbodi nent , no | refera 1 ta hase
rodul ator { BNEATRYT SUEHGT 4GS E Syerly B oS hd sy et iedios ¢ ne
si gnal sour getefist o@ér @olﬁ@@%ﬂb@ﬁdﬁ aeRe 6§€p@t 12‘U\38y3.ﬁ|h§|ﬂ§'lﬂ*|é ¥ $etaPatiRy
be used, as it need not be related to the frequencies used in any of

t he system Edmgiomeais I 14wl th aﬁubh%ala@%ﬁﬁﬂlﬁefgnv PePUbisi 3180 pelievad sbthen
order tq)achi&Meas AREl Qh@ér@fobbébg tRdseliRgnd Qr@% bélhﬁ’é@)‘ od'tBﬁ‘t s HQSIF’aﬂJIe

alternative enbodi rent, an anal ase nodul at or
i nst ead. | nbesaysentrpangrethersft narr@ts e uswlmm@ahlﬁamrdemdm | s

al so shown %cﬁgﬁtﬂﬂy to BOWR{F Aofsk OFRib @p%tﬁé%%nﬁﬁeg%’ﬂ%d

conterrpl ated that a’separate power source r ovi
Each swi tchamlcahmwIaegthymWem'anqmleSlenabesy i ncl udes a pri mary

110, and & ssecandipy M HEPRERTE A0S Se Rl BOPE kIS ) S rariont s 5P

f or war dibi attlaresinstfaite asluugmgl metshmeﬂ?.mnt:]mlam‘ windirigss eloiveaers tos rr]\cer s
114, 118 : . : . . .

the suppl y GO TBE\Ee, R el T G dRie ShbanttiRitboar® T O
vol t age si tmaisfamens, ih hmmu:ta’mtthébﬂmaayamd sddontay w:hélngs\moamvet e
transf or ner dlfferetlal s also

en ovod B aEE pum by tas BY e e Gumbeb SR o Rt Botsrodnds ot

a bal anced 914 U8B fhe aﬂwrﬂ@bb nBief §€the UM 120 b Be indredidart s t he
use of Ion er cables while reducing susceptibility to external noise.

This is q)ar@%%@%ﬁdup OFiRT AR PAEYE 3 deRired uplRas FRNIL atTPER DetiPY R Ry
power transg Hstchthd b@@ét |rﬂﬁéd5h& abAna} BE dBSitIY orRBAtcSS6RRE bMplete

wi ndi ngs of the transforners

isolation, it is also deswab!e that the primary and secondary winding of each
switching transformer 114, 118 be separated by a minimum physical distance
that is considered sufficient to provide isolation up to 3000V AC. In one

25  embodiment, the transformers 114, 118 may also utilize a ferrite core, although
other cores may also be used, including but not limited to air cores. It is also
contemplated that the internal stfay elements of the transformers may be used to
aid in filtering noise,

The operation of the system 100 is as follows. The phase modulator 106

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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Furthermore, any signal received on the signal source 104 by the phase
20 modulator 106 modulates the carrier waves relative to the signal source 104.
The above-described circuit design can be utilized to efficiently provide
amplification of an external power source, invert a DC signal to an AC signal,
motor drive, or the like. The use of phase shifting to control the gain of the output
signal also provides numerous advantages. For example, it enables the system
25  to provide highly efficient power conversion. it also virtually 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
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filter, such as an EMC filter 20 he sig source IS provi
si ne wave JBAELPEEFING®Esistor. As a result full over current protection can be achleveg/
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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to control the damping factor of the amplifier, which can then be used to adjust
25  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
30 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
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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

ilustrated 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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diagrams are complementary in a manner substantially refiective of the 10°
phase shift in this illustrative example. Under these conditions, C1 is going to be
charged to a higher potential than C2.

The systems described above may be utilized in any application that
utilizes a power inverter, converter, amplifier, or the like. However, the present
disclosure is particularly suited to those applications in which efficiency or energy
conservation is a primary concern. For instance, it is contemplated that the
present disclosure may be utilized for DC-AC conversion in battery-powered
vehicles, hi'gh power AC power supplies, solar power generators, high power AC
power supplies, motor control applications, space and aviation technologies, and
any other energy saving DC-AC power conversion applications. The present
disclosure may also be utilized for audio power amplifier applications, and to
provide efficient car power amplification.

Further advantages and modifications of the above described system and
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
the present disclosure cover alt 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.

FIG. 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
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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FIG. 4 shows voltage and current waveforms across the output as
produced by LTspice 1V software modeling of one particular implementation of
the circuit of FIG. 1A,

FIG. 5 shows a current waveform through L2 as zero voltage and zero
current switching produced by LTspice |V software modeling of one particular
implementation of the circuit of FIG. 1A; and

FIG. 6 shows voltage waveforms at various nodes in one particular
implementation of the circuit of FIG. 1A, as produced by LTspice IV software.

Skilled artisans will appreciate that elements in the figures are illustrated
for simplicity and clarity and have not necessarily been drawn to scale. For
example, the dimensions and/or relative positioning of some of the elements in
the figures may be exaggerated relative to other elements to help improve the
understanding of various embodiments of the present disclosure. Also, common
but well-understood elements that are useful or necessary in a commercially
feasible embodiment are not often depicted in order to facilitate a less obstructed
view of these various embodiments of the present disclosure. It will be further
appreciated that certain actions and/or steps may be described or depicted in a
particular order of occurrence while those skilled in the art will understand that
such specificity with respect to sequence is not actually required. It will also be
understood 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,
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

This application claims the benefit under 35 U.‘S.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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R6 100k ohms R7 100k ohnms 5As shown in FIG 4 this conbination of
vari ables create a periodic output voltage and current that are
substantially in phase. The output voltage is nearly at 1:1 ratio to
the input voltage because the transformers 114, 118 provi ded

i solation only and the phase difference was quite small (i.e., 10).
The output current was nodel ed at the output by placing a 4 ohm

resi stor across the output 10term nals (not shown), which resulted in
the current waveformaccording to SPp.&pvs! G 5 shows the current

t hrough the inductor L6, which is substantially sinusoidal with the
m nor exception of the short zero current plateaus caused by

zero-vol tage crossings. This del i, verifies the power driver stage
operates in a substa iaB?ﬂfﬁf“%g)?Br‘Vb‘{]g%\gBO‘é{?ch%’F B"OBB]F‘PEﬁIt“’é\RP‘FEWﬁ@a

condi fiQRurct AR &Uﬁlg‘é%ﬁﬁg%%qﬁ@iéy,'tﬂéjéﬁﬁfva?ﬁ doﬁlphklﬁgaxes | abel's) are
depicted in the voltage vs. tine graphs of FIG 6. The three mddle

wavef or ns depi ct phise mddulagiristueured 00 gereragfiat andmavend datrier squds eachdmeing

hift 100 h b dth
o ver SR RG] e AR SR T e AR, LR e s A Cepdgcond
phase .o dtibiad 44 ha]v% a BYati¢® prat Hffﬂaréﬂ&@ th@ﬁl’f%@ ho@fﬂlqtoiz G, BRE LIRSl o

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

i n a wodelate/the fizsgendsecomd earricrivtels Ay thdsouregtsighhloahd oBfput first imtsecortdhese
vol t age g r ans arg_conplenentary in a manner substantially

ref | 8193 m e "'EBY phase shift in this illustrative exanple. Under

E Ees e C<2:0ndl ti ongn ufder trins@Ghieg aldPa RRvef RaG IS thel, ShdupdpeBhRlstRRE LRV an upper
an
transformer primary winding and an upper transformer secondary winding and the lower

transformer having a lower transformer primary winding and a lower transformer secondary
winding, the upper and lower transformers structured to be substantially electromagnetically
identical to one another and to provide electrical isolation between primary and secondary stages of
the apparatus;

an upper power driver circuit structured to be driven by the first modulated carrier
signal and drawing power from a DC supply to output a powered modulated carrier signal to the
upper transformer primary winding, the upper power driver circuit operably coupled to an upper
resonator circuit, the upper power driver circuit structured to operate as a substantially zero-voltage
zero-current switching element;

a lower power driver circuit structured to be driven by the second modulated carrier
signal and drawing power from the DC supply to output a powered modulated carrier signal to the
lower transformer primary winding, the lower power driver circuit operably coupled to a lower
resonator circuit, the lower power driver circuit structured to operate as a substantially zero-voltage
zero-current switching element;

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 corner
frequency greater than the source frequency and less than the first and second carrier signals, the

upper low pass filter further structured to integrate a voltage proportional to the source signal, an
15



The systens descri bed above nmay be utilized in any application that
Sutilizes a power inverter, converter, anplifier, or the |iKke.
However, the present disclosure is particularly suited to those
applications in which efficiency or energy conservation is a primary
concern. For instance, it is contenplated t hat the present disclosure

may be utilized,f ersio batt omere vehi ¢

T SRRt B R G i shls e B PP e P torand
10poveRe 1§ipePlck ®For stBE 8hd Rt toFRRHIC AR D%ath%&alﬁéh -ARGuAYY Atk to
technologles and any ot her energy saving power conversion

appl i geaundran upPhieoyipw stementicaipled$o p ecarny nadesteetwesnuhé ppeethdfigpr anddhe
power q%|lfl% applications, and to provide efficient car power
aan|PPB PR O ur t her advant ages and nodifications of the above

descri bed syst egi@ng sdnBirh ot &dupfeﬁaéi tHeMo@&QthsfoﬁnéﬂeéﬁldW Wwih&elg| the
the art. The disclosure, in its broader aspects, is therefore not

| i m t éevarsecondarysiciif ingludisteai lpwer neetpfier stage eauipled to yé@mnlmtm proigs with a
Hlustrattve

o 1 I B AR s T Bl A0 SRS e Ser gulteS submsigly

Wi t hoUfeatl® ﬂﬁihtth@g)ufd’eqmqh%y%ﬁ@ RRs Ban 8 firktan@fsedone c%@ﬁﬁ@ﬁal @ﬂe&ﬁ‘én@ﬁ!}' "tRe
and it is intended that 20thegfresent di scl osure cover all such

modi f levearilom passddtey Birthat stowsirgt lovntdgdtetaojtagoprepertionsl o thheom@pen@,fa

e TSRO TS RO s RO o R et BredbPamapies il ihe owd ™

descr irdt@ifier Yoo s@hict@red RPhBvIdAB laYetuid fafh fc@h@h&ﬂéﬁ@eﬁ@ duRenta6 ¢RIMRAYIoWer
figures. 25FI G 1A shows_ one enbodi ment of a systemin accordance

wi t h cheupelesenicowplad togsigpeh node between the lower inductor and lower capacitor;

wherein the upper and lower inductors are structured to be magnetically coupled to
one another, and the upper and lower semiconductor switches are structured to be physically
disposed within a magnetic field generated by the upper and lower inductors such that both the
upper and lower semiconductor switches are structured to operate as substantially zero-voltage
zero-current switching elements, with the upper and lower semiconductor 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 secondary windings; and

output terminals at the upper and lower output elements on which a fully balanced

differential output signal is generated.

2. The apparatus according to Claim 1 wherein the upper and lower

transformers have coil turn ratios that are substantiaily the same.

3. The apparatus according to Claim | wherein coil tums ratios for the upper and

lower transformers are structured to achieve a desired output voltage range.

4, The apparatus according to Claim 3 wherein the output is structured as a fully
differential output and the coil turns ratios are further structured to match a desired impedance on

the fully balanced differential output signal.
16



FIG 1B shows one enbodi nent of a coupled inductor for use in the

present disclosure; FIG 1C shows one enbodi nent of a
coupl ed inductor for use in the 30present disclosure; FIG 2
shows one enbodi nent of a single stage, high efficiency, DC AC
inverter in accordance with the present disclosure; FIG 3
shows one enbodlnent ingl e

efficien lifLer in
accordance with>t he Eﬁ%%’ﬂ?ﬂt‘bﬁ a§8‘?§ ?%Clalm Where"lfilﬂltﬁ reﬁ‘%%g% gg#efeé‘@‘léls
and c taajh@ﬂame\e@u&ﬁ@feraﬁiea%mﬁpﬁt Q@lt&‘étrmge vﬁﬁle%ﬁﬂuﬁ;ﬁ% Aoa'esiréf@mp%aadc%n the

sof tware nodel i ng of one particular inplenentation of the circuit of
FI G flly balanced diiferin@ial Gitghieigmala current waveformthrough L2 as zero
vol tage and zero 5 current switching produced by LTspice |V software
nodel i ng of one particular inplenmentation of the circuit of FIG 1A

and FI G 6 showg. vol ragg,pamef RERindto @aﬁmq%hé}aﬁ%&l hﬂn&%ﬁo@@ﬁhé E]&Heﬁﬁnd
i npl enentation of the circuit of FI 1A, as produced by LTspicel

sof t wéeveer t@Rifotreets arctsirvetnedid hatchpplesicidatpeddnae oe therfehiy balanzed Héferentlal
figures_are il lustrated 10for S|an|C|ty and clarity and have not
neces§3W”F§gﬁgen drawn to scale. For exanple, the dinensions and/or
rel ative positioning of sone of the elenents in the figures may be
exaggerated relative to other elenents to help inprove the

under st andi ng of/- var Theigpperdtsdicoding toflaild wharsie the fiistanideseond camies o,

comon. b ood e re useful or necessary in a
comre?lén%\rglg?/nq%?‘gggﬁlglp aseerFB%‘Jd’?ag@ﬂ}ang ‘xﬁ%? U¥FYSH depicted in order to
facilitate a | ess obstructed view of these various enbodi nents of the

present disclosure. |t will be further appreciated that certain
actions and/or 8t epsTh@%pB@M@@@Qrﬁm@do Gian@épﬂ@tr@d thensoar‘:pa@iﬂoah data signal

order courrence skllled under st and
Chat " e PR DR e Moot o 3082 hy a0l 1 Mt B P
requi Iﬁﬁiﬂamlehtall\frbdueﬁiysmathﬁmo or more multiples of 20kHz.

9. The apparatus according to Claim 1 wherein the upper and lower inductors

are both wound on a same core.
10.  The apparatus according to Claim 9 wherein the core is an E-core.
11.  The apparatus according to Claim 9 wherein the core is a toroid .

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

13.  The apparatus according to Claim 12 further comprising a lower current
sensing circuit coupled to the lower power driver and structured to measure current output of the
lower power driver and to provide feedback to the phase modulator to provide over current

protection.
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20 understood that the terns and expressions used herein are to be
defined with respect to their correspondi ng respective areas of

i nquiry and study except where specific neaning have ot herw se been
set forth herein. Thr oughout the specification and clains, the
phrase "in one enbodi nent” does not necessarily refer to the sane
enbodi nent, although_jt may. Siml arl 25 the phrase "in another |
enbodi ment " as ﬂlg'ed ‘h’éfr‘ a?m%&&eagc Stngﬁé(?é%@érﬁﬁbgrcgmﬂsw ap eFpT qOBEEHAN
SO dic FBH cqupldiftRHitiniike MY batlcc LA ONEH S dhal'Hal BU S S RRHLIRAL
of the disclosure may be readily conbi ned, t hout departing fromthe
scope stwuctseil te tedode distertibn sod oswcebal BRESS- REFERENCE TO RELATED

APPLI CATI ON 30This application clains the benefit under 35 U S. C
119(e) of U. S. Provisional Patent Application No. 61/352,820 filed

June 08, 2010, yhichrps aaﬁaﬁawh%&o@\@%g& e8iinq9 ﬂlﬁhére&%ggg@% gsﬁw 15154

by reference in its entirety. CL 1. An appar at us oviding a

power comuggioh cprwpard 4 dangling congrobcampted eivgralihe drive cementios csewjnaid the power
havi ng a source frequency, the apparat conpri si ng: a
phas o RN FPPGon AT I Abi Secfsed @it £ DF; FLYOliagh oUBubhgthe apwpifactor

si gnal.s+&aeh chayt ng substantially identical carrier waveforns,

carrier frequencies, and duty cycles, the first and second carrier
signals having a rel ative phase difference, the phase nodul at or
further structured tg nodul ate the first .and second carrier, signal

by the source sﬁﬁnal?gﬁﬂmﬁ' J?C?§V§ﬁ°g%ﬁ“@é@%ﬂﬁ“ﬁ%ﬂﬁ?ﬁ% loweprte #%r
si gnak@ges are structured tARsp¢RRRIly SANSTHOCABIEr RbFheRcitONBRe hFPRARI RECRIcarridpe
upper transforner having an upper transforner primary w nding and an
upper signals $fupdne theswoerrd lywe spelindgryamduitsae | ower transforner having
a lower transformer primary wi nding and a | ower transforner secondary
w ndi ng, the upper and | ower transforners structured to be
substantial |y elgct r onBgipatanGalctordind @9 tlfm!1 6twheRNS tRNPHEEInd d\ertrbetifier
provide electrical isolation between primary and secondary stages of
t he aptpaesareprmed using a pluralgy ofiigereteslindes. driver circuit structured to
be driven by the first nodul ated carrier signal and draw ng power
froma DC supply to output a powered nodul ated carrier signal to the
upper transforngs. prTh®dppavinitcBddinkhe CHRRE! vARYENR I duyRit isGkristdied to
operably coupled to an upper resonator circuit, the upper power

dri verorducthirdirestionad ewrrand flow dyp &y the éntergetipnsafisls unper and lpwersenisontveige

zer o- cur.rent itchin | enent : . .a |l ower power .driver

o r ourt G ad el g o uterqns e e i o oSl BREGOUSH 1 o1

signal and drawi ng power fromthe DC supply to output a powered

nodul ated carrier signal to the |ower transfornmer primry w nding,
the | ower power 1%ri v&rcitenit.c@mprisipgr abl y coupl ed to a | ower resonat or
circurt, . the | OWRS: alP 5ncfjtrl'zin\§§)l;‘mgxl éirccldit% hés\:[iﬁ uﬁltsy gneddseto%do errga%tf %ir?d?ng% and
substantially zero-voltage zero-curren :mm%chlng ar eIrent ;

an uppgiest afésebadisatondat¢Widdigdsectrically coupled to the upper
transforner secondary w nding, the upper secondary circuit w nding
havi ng an upper 2 PEBRIY §ispit dhad gneludes a phase madylatos gaFebhavingan inpyspructured to
i nduct.or.: | LS. . i f : .

11t or DBk Sl bt R HBR: £ERERN Hodh oo R R BP Ehy LLRAR
and | ghssetdiffereridaehdt ictibe dhifleds aadfitht SRl Jet@id rédopRdl Sircuit owtidetto thophase
pass filter further structured to integrate a voltage proportional to

t he sé&ndebtaitgFpgrivedthefist and second modulafed 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 second secondary circuits

including a rectifier stage and a low pass filter formed of a capacitor and inductor and structured to
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upper sem conductor switch coupled to ground and to a first node

bet ween the upper inductor and the upper rectifier stage and
structured to provide a return path for high-frequency current to
ground, an upper output elenent coupled to a second node between the
upper inductor and the upper capacitor; a | ower secondary
circuit coupled. to the | r..transfornmer, second wi ndi.n t | ower
oYy ST AR RGP BGET BPRE rom R O G sough P i g than
| ower plehekaey OF the Tirftahd 8ol B‘Bdﬁ‘laie@‘é@ﬁ-iefﬁ?ﬂ}é, bRlh JOhd QM stQMased PMary
pass filter structured to have a corner frequency substantially

gr eat eircuitsdinrthen égnodwiingrssfacbvpibrstandamcbrndesstchdsatructhedftd psividendesecpatidto

i i gpal_f ies, the.l | filter finth
st r ucETPRH g Mo B ok SEehIoY e 5F Bi5dPYaBA Arcons SteRRIAEy TS sirypiued to
a | owgg nﬁgmtfeempwp&ﬁ t§ \Im'lé btk URd 84 i@ afd bRbohd sWRARs BaIHREN RS hysically

| ower inductor and the lower rectifier stage and structured to
provi dispesed etithima pagieticdieldgaghrataddyubhmyersticalbntoupled grduateds, sueh thatwe first

out put el enent .coupled tqg a.fourth node between the |ower inductaor,.
and | BUGTRKpRETs @ sacturdd to opeggle pesibsprelly semvolioee P Qe
are stlehehidt@eortddcRRrRON ShlsEAthYy SRAMPINRGd-P PR aRNOhBRle 2 ANY bhced
upper and | ower sem conductor switches are structured to be

physi didforentigl eyipyetinal atlebpubtermaigale formeflioplte ywrmssafikers.by t he upper

and | ower inductors such that both the upper and | ower sem conduct or
switches are structured to operate as substantially zero-voltage
zero-current swpg.chi Tige @fcRIRAERIm W, thdrdIf tHEIBR padi Blidr MREtors are wound about
sem conductor switches structured to conduct at substantially

conpl afeRmenyors andhayhepoupbng fastdr ol atdgasaf 9P rand edweein theprapingtic/Beld

Secondary PR TREEE b eReFinlocbifactiRES W Bt £S5 bR R P

| owner agdicpbiid shieent s on which a fully bal anced differential output
signal is generated. 2. The apparatus according to Claim1l
wherein the upper and |ower transformers have coil turn ratios that
are substant i fal ﬁy t et of {;].aim 2?, whe t%fn thﬁﬁgw‘j;%&afg?t %Insdugtggsoa'}g{vggncf shout
Caiml wherein coil turns ratios for the upper an T oner

t r anspaalEisgsaif ¢hesdokd) abd R dnduRtaachibielow SRS Filtedn@utidabils subdtirdfy identical.
range. 4. The apparatus according to Claim3 wherein the
output is structured as a fully differential output and the coi

turns rati os areg, furher r ' ' C

the Tul Iy bal ancbd diiear el EpHhTe iR il 8SLGE shBRY Al
appar ai previde dodideanigndl high fhéquedeywheesd ffovi iemraefirgf node bphase tidilbk pasiier
is adjustable to_achieve_a desired output volta%e range whil e

mei nt SHPIRGY GEEier ser AbbaARY secoRdaT SIS ORI BHIARE S@TR forerdinde dptween
out pu{hesibxg_ri') s filter inductor and re?tif% -Fgf:éé@gpt‘% @écgﬁ(ii @&%Q&fﬁ# @ch;itqro %cﬁfnﬁ} 1

wher el n CO|?éturns ratios o pper an ower ansto rs are

st r uctegpextivelg. mat ch a desired i npedance on the fully bal anced
differential output signal. 7. The apparatus according to
Claim1 wherein the first and second carrier signals generated by the

phase nodul at or 2lh. averge Jlfcﬁﬁ @f ?lﬁfn?[ 1&,%1'1&1’ comy ri?inffr glrsz‘gl arcljdzsec ﬁlﬁpoﬁ%ﬁ ﬂﬁ@éru S

according to Caim1 whereln e source sigha ata sig
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.

24.  The circuit of claim 19, wherein the phase modulator is structured to output

the first and second modulated carrier signals that are substantially similar alternating signals that
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contai ning frequencies of |ess than 20kHz, and the phase nodulator is
structured to run at a fundanental frequency that is two or nore

mul tiples of 20kHz. 9. The apparatus according to Caiml
wherein the upper and | ower inductors are both wound on a same core.
10. The apparatus according to Claim9 wherein the core is an E-core.

11. The .apparatus accordi.ng to Caim9 erein the core i.s torqld
12. THE ‘%Eg‘g%ﬁlgt %é_re&aeg 54 degfetsueplpnmea v Pehatels APy Ve sipference
cur r ek o et dd%hna 80 Qdbrec CRUREQE: ithOndxkiRu RBRIZRANEN (A fuY§haRRGd differential

structured to neasure current output of the upper power driver and t
provi detpheagizhaid & 45 ttgeqiehsiee plxda didtepence ovilp rasvit desubstentiatlymoentput voltage
protectj on. . 13. The apparatus according to Caim12

furt hé‘}thﬁgﬂﬁfl?aé‘imﬁ@d differspdp! QY & 5)lsensi ng circuit coupled to the

| ower power driver and structured to neasure current output of the

| ower power driver and to provide feedback to the phase nodul ator to
provi de over cuB$.ent The dtoagtof ohim 19, further comprising a kdurcd$igna gparaduisving

according to Caim1 further conprising an en-or correction circuit
coupl &8 OBRRLRBRI ﬁ%tjfmﬁﬁi? TR o P SR e BSOS THFTEd 40 B
phase gindiakRhaeRad sileWRkuWlad t 0 reduce distortion and correct

bal ance. 15. The apparatus according to Caim 14 further

conprising a power factor correction circuit and a danpi ng control
coupl ed bet ween éhe rar corrﬁcti?n ci,rcuit and:ghe gover fact or
1 Jrst gn

correction circoft antt SIPHS GPER 17 o MIHFLmBIsHE frsfand se5ond genspigcigpits

by t heoMeh thaftsPindRESRIGIMRR dildribilits, respectively, to provide A REIRPRPRoB ¢ the
according to Claim1l wherein the upper andplomer rectifier stages are

st r uc phase anadylatarghas én fuyelsysirdgutsddo providsanvei-enreht prgtestion mgegponsdie the
first .a cond carrje i gnal,s found in the upper and | ower
s econgefagaci(ﬁ?%?rpgﬁeé by the'first 35 S?LG?PH?Wée“éf)%’é’rnﬁtc U cording to daim

16 wherein the upper and lower rectifier stages are forned using a

plurality of discrete diodes. 18. The apparatus according
to Oaimi17 wheRéi n Thecisuitpdiclain 281 fugbergemgrisivg o awgut error correction circuit
bi -directional. cyrre

[ flow due to the,interaction of %pe er an
ower "Esn et gt Clipenfl st Bl A bR dusilafon G SHERESs fidgutator
are hicgliytoGRei €4 fde@bRR 0PN tdMREe distortion and correckBalafeeSi r CUi t,
conpri si ng:

28.  The circuit of claim 27, comprising a damping control circuit coupled to an
output of the error correction circuit and having an output coupled to a power factor correction
circuit coupled to the phase modulator circuit and the first and second power driver circuits, the

damping control circuit structured to receive an error signal from the error correction circuit and to

control a damping factor for adjusting voltage at an output of the power factor correction circuit.

29. A system, comprising:
a circuit structured to provide a power output proportional to a source signal, the
source signal having a source frequency, the power output ¢ircuit 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 and second respective

transformer circuits; and
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first and second transformer circuits having first and second prinmary
wi ndi ngs and first and second secondary w ndi ngs; a
primary circuit that includes a phase nodulator circuit having an

i nput structured to receive a source signal and to output first and
second nodul ated carrier signals having a relative phase difference

that can be shifted, _.and first, and second resona or circuits coupled
to the phase nodul at Bt aRf jeeeus sgetdfiarstagss Goupled fylsbasigconsrsraday

carri mc‘ﬁh%g?ésﬁec%g f g thé'fe"s e%ﬂvfhr%@aﬁcps %&% 43 %ﬁ&' qfRphd;r st and
second prifary w n ryng i3 I'rst and secon trans?or mer circuits;
and fi r st fimnandecandosguentilzary caiptedito tie regepiedirtiant Becond

respective first and %gcondary w ndings Qf the first and second

t r ans FEstiveF HagegcfRah of the fisstpngd ﬁcoa%)“s%&ﬁhe@ L yldewpfcfeﬂuy&ed n scries
inclu

ooeer DS SpbAE L et 1800, Bob s ARSA LAl By Syl gy of
subst alit doatck \gi @aleemﬂdess ttlhmra feequesgyuod nioyfief aﬂdheccmdmmmhlasemahera@dalbmﬂ

than a frequency of the first and second dul ated carrier sig )
each of the first anHs§ aowwgs% %Pueleggm%mflﬁ? Pﬁ‘étﬂoqs rbeﬁwmv ﬂ“@ first
res pegha V&ohd L3 p R0 #1:SSAANGLS Wd FRES SRS Lhd écencpfeeif Stdbed RigHblde o
path to ground ?he I nductors of eacﬁ oW pass |Iter 0 I rst

and seethnd gBIHOd),I’tH@.S\ythi‘ICS banitscatoleimeld cbuplbrbtorthgreepecuaé ﬁ;st eelgetadl

to one angther. and %h %lrst and seco d switches structures to be

physi ESPPYMERIRRLIPE Hishard %ﬂ}@éﬁn& OFmeEs ip gimatingly Fopduct Fuent at
magnethaafih¥ntaURh&do 'O%H%Hﬁﬁa@ W6 Bnd 18@ pabd Eiedrd fosﬂroﬂﬁéja ?Lﬁﬁﬂ?ﬁganced
switches are structured to operate as substanti al zero-vol t age

zer o- differential swipttcignaly thel féﬁmmtisectand(smdhﬂststmmneé m b@ph}smbﬁy dimpasad within a

conpl i ment a i mes and er at bala dlfferen ial o ut
o oharmaane ok peReEn thae tr Anbarond il o Pledisian piogd low pass S,
20. T@ﬁ»‘chcthétct}ﬂé tirsPindCdeBdrd® shich¥het Siribuirbetd ﬁé&a?@%ssu&téﬁtﬁﬂy ‘z%%ﬁt%eszero-
are wound about a common core and have a coupling factor of at |east

0. 99, camdltmeclenglel@mgnma@de’thecenﬁ ihelpdhagshadbilatehmnuiyjs tteturahio passde a

filter |ndu t or aci ljtates turn of an,i.nternal i od f
the. TR e S BERRRe St Pt st R0 m3ShysrCd S8 sialnioa s by e
20, WReighdl aloB ih o RAS Salhhdct A drBAHE bObe: Bl Wwound about paral | el

legs of the core, and the inductance of the low pass filter inductors
is substantially identical. 22. The circuit of claim19,

wherein the fir sec nd i.tches,are structured. to

b1 airect i onal | ign § PERSERLS PR RIetRE PR SRRl frand
the | gwoRdpswti drlv%l‘ cﬁ‘d’iﬁj@ 6& ecBinGefi &CH irésh8dtive it Bnd®EechbMerekbrlabdr circuits that
secondary circuit to ground and froma second node between the | ow
pass fIdqoapleil heyeen thephasormaedultprgircyit agé thefresphetivedisgadd serood gumypry
CIFCUIt 23. The circuit of

clai m1 mgsgorf?lﬁe rst ?%lggcoéld tban?%%?mérﬁalt%cond power driver circuits
coupled to the phase nodulator circuit to receive the respective
first and second nodul ated carrier_ signals and having respective

out put s coupl ed3to t Ree pistest olaphaimsis wharepy therkirsy and seapnbjadetons jgéthe first
respegt a cond tr.ansformer. circu Chr

ci o ot Eand 8 P RS RENOHIRRPA TRe SIS ol Fiens Tt Sl dretor 1
fIrSt0@0¢r%ﬁﬁQﬁﬂ nDduIated carrier signals that are substantially
simlar alternating signals that 19 are between 1 degree and 89
degrees out of phase with one another, and a relative phase

differ ence. of . Og?hge? E‘l ?tgcﬁaégigﬁa Iw?l?reln th az}esg u dufa or cm:mm r&ruc&urgd to

voltage gain in srent SUEPEt T s ghal

45 degrigehs rilaik pﬁadamﬁ@exdjefbfe@vaeﬂ €le: fivst dndrse@ahtmddmawbﬁhmtsigablk Yo Bin a
output voltage in the fully bal anced differential output signal.

25, Tregeifiosy| degsee iolanr pclinling 87 dagaves capdprliessim thepowsripwputsiigwals stractured
to obtain a maximum gain in the fully balanced differential output signal when the relative phase
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29. A system conpri sing: a circuit structured to provide
a power output proportional to a source signal, the source signa
havi ng a source frequency, the power output circuit conprising:

a phase nodul ator structured to receive the source signal and to
output first and second nodul ated carrier signals to drive first and
second. power .driver, circuits that, jn turn, are coupled to first, and
econd BT PEMEHR eyt sdosad frouloed BT b ST BEshand BBty
t r ansf,9d RsutltneWoltdge AME fully balanced differential outpltisighhl Wi (§€FPi e phase
rectifier stages coupled to Tirst and second secondary w ndi ngs,

r espediffareriop betyfeen Hie frrstsind sedond niddulptedanadtios sigonld istat 4h depreeser

circuits; first and second | ow pass filters
coupled to the respective first and second rectifier stages, each of
the first and second | ow pass filters having an inductor coupled in
series wwth a capacitor and structured to have a corner frequency
substantially greater than a frequency of the source signal and | ess
than a frequency of the first and second nodul ated carrier signals;
and first and second switches coupled to
respective junctions between the first and second | ow pass filter

i nductors and the respective first and second rectifier stages to
provide a path to ground, the switches having control termnals
coupled to the respective first and second secondary w ndi ngs of the
first and second transformers to altematingly conduct current at
conplinentary tinmes to output termnals on the |low pass filters to
provide a fully balanced differential output signal, the first and
second switches structured to be physically disposed within a
magnetic field generated by the first and second inductors in the
first and second | ow pass filters, such that the first and second
switches are structured to operate as substantially zero-voltage
zero-current switching elenents, and wherein the phase nodul at or
circuit is structured to provide a relative phase difference between
the first and second nodul ated carrier signals that can be shifted to
adjust a gain in the fully balanced differential output signal.

30. The system of claim 29, wherein the power output circuit includes
first and second power driver circuits coupled in series to
respective first and second resonator circuits that are coupl ed

bet ween t he phase nodulator circuit and the respective first and
second primary wi ndings of the first and second transforner circuits.
31. The system of claim 30, wherein the first and second inductors of
the first and second | ow pass filters are wound about a sane core to
obtain a magnetic coupling factor of 0.99 or greater.

32. The system of claim 29, wherein the phase nodulator circuit is
structured to shift the relative phase difference between the first
and second nodul ated 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 nmaximumgain in the fully bal anced
differential output signal when the relative phase 2]. difference
between the first and second nodul ated carrier signals is at 1 degree
and at 89 degrees and to output no voltage at the fully bal anced
differential output signal when the relative phase difference between
the first and second nodul ated carrier signals is at 45 degrees.
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