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Heading
BACKGROUND OF THE INVENTION

[Para 3] High quality audio power amplifiers are traditionally large, heavy, and
inefficient. Typically these equipments are capable of high power audio output with very low
total harmonic distortion (THD). However, these equipments achieve only approximately
25% efficiency under normal audio operating conditions because they typically use

inefficient linear or quasi-linear amplifiers (e.g. Class A, B, G, and H).

[Para 4] In recent years, the demand for more efficient audio power amplifiers has

increased. Thus the shift from Class B to Class D amplifiers for sound reproduction.

[Para 5] Class D amplifiers provide high efficiency, but typically have limited
bandwidths, resulting in high THD at high audio frequencies.



supply uses pul se-wi dth nodul ati on (PW) to control
the ONV OFF duty cycle of power swi tching transistor(s)
W0 bat/oprse®i de power to a | oad. The efficiency PST/OEDNG6/029595
because the switches are not operated in their |inear
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1E con@ﬁle% étyigeO%WE@%g S"i's used for both switches. Alternate
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quadrm\k/ﬁ?"}fémﬁgt ?Shm plogy shewve i Fighterlgis @alexareplefetré@dmy of a class D
amphﬁegr%{eile &E] a.ljflg E@%'MBSEE‘}? |1§ ﬁsg?l %Jrq)o(t)h gv%?ch%‘sj uﬁtlepngte emq)od1ments

include usmg complementary transistors, e.g. one p- type and one n-type MOSFET. For this

reason the MOSFET symbol used shows no polarity.

[Para 9] Output filter 140 is typically a second order low-pass, e.g., LC configuration
filter. The output filter 140 is essential for low pass filtering, or integrating, the carrier's
varying pulse width duty cycle for reproduction of the original audio content while

attenuating the switching carrier frequency.

[Para 10]  For high fidelity audio reproduction, the operating (i.e. switching) frequency
of the Class D power amplifier must be significantly higher than the bandwidth of the audio
being reproduced. Thus, to reproduce higher bandwidth audio with higher fidelity requires
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of the Cass D power anplifier nust be significantly
hi gher than the bandw dth of the audi o being
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qgquasi -square wave to the ter formed by out put

i nductor L1 and output capacitor Cl. Node 201, shared
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3. This voltage | OW- pass
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i s e M GG s
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out put voltage, is represen he trirangul ar
wavef orm 320 of Figure 3. Tri angul ar waveform 320 is a
[Para 13 pI &he induetvlr cwinérnt IQILp)rab didle,ahatds, g asro-omipul Solitadr) is represented

by the @aﬁ%ﬂ% %%%Z 370 effiea e o0 Owg%ép@g Jel %Sa?g"éppq? oygrent
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problens with radi atéd em Ssions. For this reason the
capacitgrCu ell$ outpat lmlmlp veltagadiue 839, must bs liketed it ngignidudsuag tthere can

nt,to so act.ion
be probfosf} Vigh B ol r P ST BV ongb R el i
kept highéetBgh kd Buit@heripsle @frrétlio Sérh@ b eI fraétidnher the hial pewns Buiput
etween ripple current and | oad current.
current, typlcally 20% as a rule of thumb. Figure 4 is an illustration of the relationship

between ripple current and load current.

[Para 14]  Asillustrated in Figure 4, the current at idle is shown by waveform 410 while
the current at 1/8 power is shown by waveform 420. As shown in both waveforms 410 and
420, the ripple characteristic causes a non-steady disturbance in the output current about the
steady state value. At idle, the average current is zero and the ripple characteristic of the
Class D results in the non-steady negative and positive current oscillations. Since the

amplitude of the oscillation (i.e. ripple) is controlled by the size of inductor L;, similar ripple



[Para 14] As illustrated in Figure 4, the current at

idle is showmn by waveform 410 while the current at 1/8
W@ewen16438 shown by waveform 420. As shown i n bp¢1US2006/029595

wavefornms 410 and 420, the ripple characteristic
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shown igJigen e, thepeadtieplogesit wilnetie 100%h efficpit ecunsd of ardgictf of

s BB PERLS BB R b ety e
and in the1WRclahLtrdidtatt eNbésed @ thy ftbS&Ra 'hﬁé%vcfii ERRchd aﬂdtcpssen

circuit shown in Figure 2, the practical circuit wl
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o RSP E8 V10 A0 Rt [ firtomace,
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fFici switching transitions, leading to switching |osses. It
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D amplifies al lossyi(or havd)eswiethirigcir@sitivh ek Rervwehar dutpidlch@ntds high, This
1 syst ens tr.adegff bandw dt h for_effi ci e_nc_:]il.1 [ Para fG
0SSy SWHCOHE THESIHGR 06 e fdpesnfiopeoflass P applifippis i Bustedivsing thar
Wavefoﬂstoqumgqh_i onal Class D anplifier, a lossy (or hard)

swtching transition exists when output current is

high. This lossy switching transition of the
[Para 17dnv eAs ilwahted) st tinDwatg),i if ity ONSstdté {ius tHeadaRkuplyNBltage
v @Ee vvavef%rrrs of Figﬁre 14. [Para 17] As illustrated,

s 140235 ghealgr thap hereshold el ataggq postiveinrenfalie 1403 floyving
throu v ' g !
B PR e o046 Rl £ ST Rrance from

source t6 rami, vghichisauigativedeattaxeptetentddiey Ipgugoer current 1L 1

1403 flows through 2" s ON resistance from

[Para 18] At time t1, Q, is turned OFF and the inductor current I; ; moves from Q2’s ON
resistance to Dy, which is either Q,’s intrinsic diode or an external diode with lower drop.
The voltage across Q,, i.e. Vasqz 1406, cannot rise until time 2, when Q; turns ON, but this
will cause a large reverse recovery current (Ip2 1405) to flow through D; and Q;, since D5 has
a finite turn off time represented by the period between t2 and t3. Thus, the reverse recovery
period lasts until time t3. Therefore, from t2 to t3, transistor Qq sees high current (Ip, 1405)
and high voltage (Vqsqz 1406) simultaneously, the product of which will be high switching

loss (i.e. dissipated power).



source to drain, which is a negative val ue represented
by I 8Q 1404. [Para 18] At tinme tl, Q is turned OFF
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e 140 and hi gh voI t age_ (VdSQ2 1406)
[Para 20, &ﬁé&b@é CQEBHRPIB S sefipiahy o83 béet%th@ Ruman ear, its
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perfornjapge. aTRG)} anyt soiesingito rédachisyhiclfing tpsessapust iafspladdiiess high frequency
riople. 9ENET ally inaudible to the human ear, its presence is

PP Sti11 undesirable for several reasons: (1) it is an
- em ssions problem for instance, it appears as
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interferingavigesther éledifoRic dduiffimerd Bp &Rt ARl fe@@i‘v'&@ Modulation
smntchlng | osses nust al so address high frequency

schemep jipyyhich themgyitehine frequeney is yasaidel arstnaviéculaghiissublesoBR0
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In order to At GUr T ent away
fundamental in relative terms, they can st111 present problems if their magnitude is too large in

absolute terms.

[Para 23]  Another prior art method of reducing ripple would be to add another second
order filter to the output, creating a fourth order filter. Some of the disadvantages of this
method include that the inductor must be sized to handle the full output current, and the filter
may add distortion due to nonlinearity in the devices used, and the filtered output is outside

of the control of any feedback loop.



Cl, whose inpedance at the switching frequency is

al ready well below an Chm Second, the trap is only
webdeoidisee at a single frequency. The hi gher tPer/Qs2006r629595

| ess effective the trap will be if the swtching

;L‘iequenc%l is variable. The trap is also not very
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filter to the output, creating a fourth order filter.
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effect oftipplend acoepblelieveld. | ter may add distortion due to

nonlinearity in the devices used, and the filtered

out put Headisigi de of the control of any feedback

| oop.[Para 24] Another prior art nethod to handling

the rippl e proBSUMMARY OFHAEIANVENHON C | ow pass

filter in the output thus effectively increasing the

order of the output filter fromtwo to four. However,

[Para Z@lur t ThOfehtid ik b MeFhRPOSR :ﬁ)?ﬁraﬁﬁlﬂ)lﬂxgﬂkélﬁ% s@fibhing losses in class
linearity EiObl ens. Li addition, the higher or der
D amplifiers: eh Glase Deampléfiariebastnally atswiteh mode gbstosupphndr{vehiby.a high
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[Para 26]. The invention is a nethod and apparatus for
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_ . CETP Ry . "t eh
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ripple (e.g. high frequency switching noise) is
of the IO@Gﬁ’ﬁHﬁ‘Er ace in conventional class D anplifiers.

Because of the negative effects of high frequency
P 1ppl j - ' I tigon i.nqthe audi .
[ a.lra 2?Qpr ogl[ﬂecl{ugg hgafélpllggs(rj&gerr %%% reduced eé{é%?lbcﬁ i % cf"gc}% thedampsistors
switchirlgoglien( the oltagecapiculterghes siplRiicousiyt péhipdsRRE&Res resulting
. rwchje by sizing the ou,tggut i nductor | arge enough to
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large indyPSrafic 4 pbASIY i St
MBIt clen é%lzpz‘lggdgﬁi‘sgﬂgﬁglt%@gg BEL{E bt i YRS,
embodiments of the present invention take advantage of the ripple at the switching transistors

to significantly reduce the power loss thus allowing either an improvement in efficiency or

increase in switching frequency, or both.

[Para 28]  Furthermore, embodiments of the present invention apply coupled inductor
methods to steer ripple away from the output of the class D amplifier thus eliminating any

undesirable artifacts of the increased ripple in audio performance.
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swi tching when the voltage and current are
si mul taneously at peak positive values resulting in
w@owsnimks ch nust be di ssipated. The hi gh posi PCT®S2006/029595

current is a product of the relatively |large inductor

val ue, which also limts the swtching frequency
[Para 29 dwfigune 1 Transi]lugratiodiofe siepligfediGlassdd tapotgyi nvent i on

t ake advantage of the ripple at the swtching

nsiistors.to .significantl e .the paower |.0ss

1Para 35° Kt it iBionst F e BAEREdke Calls areliBs or
configurAHon&AREsliBnSrisait dembitgquency, or both. [Para 2 8]

Furt hernore, "'enbodi nents of the present invention

apply coupl ed i nductor nethods to steer ripple away
[Para 3 f]g m Flesrodiisant illodtratiba of thessavefanslof hipeior filb dkiss D amplifier
howi el impating any undesirable artifacts of the increased
SHOWIng PB‘BPQ“Pme'audi o performance. Headi ng BRI EF DESCRI PTI ON

OF THE DRAW NGS[ Para 29] Figure 1 is an illustration

a g h£d : Fiqure, 2

[Para 21 2 TR A0 BRSO eTBER alile il ifiorora
typical elagd D finptifienednifiguratibhon with salient parasitic

elements. [Para 3 1] Figure 3 is an illustration of

%ﬁa waveforns of a prior art class D anplifier show ng
[Para pufigurgp san iflpsirasion of 2 Fpupledindugter eircuit as@stidead framsformer
: e : i.nduct or of

with e ity SEMen B0 0% R 9B 48 Bithed BE] Bnaeed
Figure 5 is an illustration of a coupled inductor

[Para 34]r cuFigugss truniitledtatibh RSk @otEIed MduBtok UFBBEreRAwASH trélect Ly,
el eqents bei ng shown with two AC vol tage sources

to the secopday silg Tox etien visuglizatiguetkthe vpkaserdividewst r at i on of
the coupled inductor circuit redrawmn to reflect LMto

e s y. si,de f.or tter .visualjzation.of th ..

[Para 3317, ZEGAR T I a3 slPh of o Blnrfh ifiolof Boagionto rppfe steering in
the halfibridge comfigi@mticdl. t he coupl ed i nductor approach to

ripple steering in the hal f-bridge configuration.

Para 36] Figure 8 is an illustration of the full

[Para 3] dgBigseend isgariBesteationbf theduld bridgecbrifigdrativnof the coupled
. di:nent. to ripple steering. [Para 37] Figure 9 is
mduCtOIZ%H??4lrl?§{ltrt3ﬂp8!16 sg%nénger o ripple half bridge

configuration using a tapped inductor approach.
[Para 37]  Figure 9 is an illustration of a zero ripple half bridge configuration using a

tapped inductor approach.

[Para 38]  Figure 10 is an illustration of the full bridge version of the tapped inductor

embodiment to ripple steering.

[Para 39]  Figure 11 is an illustration of a zero ripple half bridge class D amplifier using

back-wound coupled inductor configuration.

[Para 40]  Figure 12 is an illustration of the full bridge version of the alternate coupled

inductor embodiment to ripple steering.

[Para 41]  Figure 13 is an illustration of sample waveforms of a zero ripple class D

amplifier in accordance with an embodiment of the present invention.



[Para 38] Figure 10 is an illustration of the ful
bri dge version of the tapped inductor enbodi nent to

WO 2@plogs4st eering. [Para 39] Figure 11 is an  PCT/US2006/029595
illustration of a zero ripple half bridge class D

%gpllfler usi ng back-wound coupl ed i nduct or
[Para 4ehf i Higus 14 anfikesatioopf thie gossis switching elrarpdteristics af then
I ge version of the alternate coupl ed
Convenﬁénc?zgﬁsgﬁ ahjg%%ﬂent to ripple steering. [Para 4 1]
Figure 13 is an illustration of sanple waveforns of a
[Para 43 0 Figad B R8lad3BusRaBORbT thi @lrredt VASCRITARRE fieWulght Bluctor of a
enbodi ment of the present invention.[Para 42] Figure
class D pmpliienef the present anvestiompriete rippissfessinigt chi ng
characteristics of the conventional class D anplifier.

[Para ar agfél“;}]é gé%tuaﬁglll b{sﬂg Wlallﬁé g]twgt t1n% f&(‘gt%l.rl%cgg% trhgrc]:}assD
amplifi@i¥lah feh@odPhent BEthR HPESBMintdRyBAL i On prior to ripple
steering. [Para 44] Figure 16 is an illustration of
the soft switching characteristics of the class D
anplifier of an enbodi nent of the present invention.
Headi ngy DEJALLED DESCRI PTI ON OF THE | NVENTI ON [ Par a
45] The 1 nvention conprises a nethod and apparatus for
reduci ng SPrAGED DEERBITON &F 888 RrepRiridNers, | the
foll ow ng description, numerous specific details are
set forth in order to provide a nore thorough

SCr lon t he resen i,nventi on L1l be. .
[Para ‘ﬁﬁpar ‘gﬁ mvﬁ%%\/cé)gnpr{g? HHE hé)Ql ﬁgapz}rﬁtuf hoé ré\éllh’t‘“nfﬂ't $ygchingdosses
in Clas§9D @&®lifietsn 1€ fHel followity deScripfid! hGedod épﬁ@i!ﬁk deta$l8 Gre set forth in
specific details hi other instances, [ 1-known

order torpagyide agngiatherensh desasiptiga o€ thecréasenhmaemtmm Iswilbbe anparent,

vient \[A 46 ener.a
howeveié,r%r% gglé ?rléﬂ‘?% fng:ﬁe %]ﬂ, etﬁgtrthg Eretsénlt ) VVeerl’]l 10 rnnag ;bg\]?rad:gc?dog/g}l%lg ghese
speciﬁcaimiteﬁksh mother iastandds awell-khover feanirbd e nohBeen@ldadribéd in detail so
fect s of ripple. Switching | osses of prior art class

aSHO”‘DO}éSﬁBTq h¢ Byventiescri bed with respect to QL turning on
agai nst di ode D2) are only subst antl aI due to t he

igyduct o n LtiV
IPara 46 <k fenfl LBDoqGiplo MRF st 4Mlen i glab R fjtese ytcnine
class D afnplifiersiwithoat e negative @ffem bﬁnﬁﬁ]f@?@bﬂ@}lﬂl@{ld)d%@s dtprfor art class D
turn of f wou et th

chln transition
amphﬁ?rﬁ&{fé é’GFhrfé?HeCEWan@H@@ on AgeiTtgicded) At arfesubstantial due
to the imiibiof BirPéht BAHE p¥Qliv@88he time of transition (see waveform I; 1403 in

Figure 14). Thus, if the inductor current were negative during this switching transition, Q,

turn off would let the inductor current charge Cq1 and Cq, causing the switching node voltage
to resonantly increase until D; conducts. Thus, Q1 would turn on without incurring reverse
recovery loss, and without discharging the energy in Cq; and Cq; into Q;. As illustrated in
Figure 4, negative current conditions for the conventional class D amplifiers only occur at, or
very near, idle power conditions (i.e. waveform 410) and not during most load conditions

(e.g. waveform 420).

[Para 47]  The range of output load current over which soft switching, that is, nearly

lossless switching, can be obtained, may be increased by reducing inductor L, thereby



to resonantly increase until D1 conducts. Thus, Q
woul d turn on without incurring reverse recovery | oss,
wapah7wid4bout di scharging the energy in CQL andpCRS1006/029595
QL. As illustrated in Figure 4, negative current
. conditions for the conventional class D anplifiers )
increasiggthe dugipr mHpple sprens fq/a Righer fracgion op yedpad eipreant.iag ildustrated in
Figure {4.e. waveform 410) and not during nost | oad
conditions (e.g. waveform 420). [Para 47] The range of
out put | oad current over which soft swtching, that
[Para 48] n®mky/14 RS BEForiMibEBMIUustEion PElaidishipRewediBippRSand
i ncreased by reducing i nductor L1 therebyincreasing

steady st3{e crugRml iy refngedlcatpytindaptenees Eherpugient atfidlg s tepreserted by
. r el il L Flgure 1 Par a

wavetolg s O SAIE ELSREns A5 Lottt £k S 8y 1528

illustrated;| th¢ tippis ok pedkefowsak amplinide ofiild cteatsclladibe iscittdiethan the

.Wth reduced output inductance. The current at idle is
ma@nﬁ%@m? é‘_%?e‘ﬁti‘i gumsntaialieh srrppreserted it T Frewlging pestageesiaf] |
negativy Bl B LoR PR K N B b of Spogl Bl fftor

current,dbe disbipsted powsr wilklat vy tfi@imai.ne nmagni t ude of the | oad
current, which is represented by In DC resulting in
| st ances of negative current at | oad. Thus, if )
[Para ‘L% t chherg ivHe sigpiicant difaengrdaower digsptioneipht sapeconventional

s D L8y LSRRI Ll BBty o
the present ippewiondilssh fomtdsawitokingbe acae mithrt snoribrhegati@smdittor current
anpli.fiers. and odi nent s of . the present invention
thus feSBEE’&dg g lsttﬂ@egﬁﬂgr%?se Pl PRIEHNg peer 3P sgtentled apenef gtput
current W SihpdrOd ffifie S¥AVCRRSNT clas E%ﬁi;ﬂliﬂ?é‘ir.t R the S0R/hti g &lakdS
__inductor current thus resulting in what Is ternmed
amplifigretheiswitghing sothatd"swienahitmy comrent eaneedx b emdB valuabgeausé of the

out put . current as .conpared.to.the conventional .class D
targe PR P RS Fifen i AR roonarenRithy gt posiire vilfgge
across BNt OGhiSres@h S in MWARHoKr Bk nfudl BEdbsiPHEE AR Dt switching

smal | val ue because of the |arge E05|t|ve i nduct or

operatiqay freaihodithendholbtbe presers dirventide i fatther illistrated usingbe waveforms
. I 1] t r the trgnsistor thus resulting
of Fi gull%gl% dld {fre %lg%/\s/e ]? gﬁ%ﬁ re(&iso%totgiz gtgleg

large mus 5i pated. The soft
switching operation of enbodi ments of the present

[Para 501venfisehs inshé HardR@itchdd 488, Rk SsHaliOWsthREwnB ighQiBBQ, in
of Figure 16 and the class D configuration of Figure

the ON .gt_ate[. 1s5§j}ni1m yeoliage Wwefqﬁgs N@m 1402 m\.égqnh@é,ar@ fppdied at
o sk pUTMARATR A5, Ry OB s

present aivaéniverb&dler 1ddriciragt. applligeht@t, the inductor current Ij; 1603 in

embodiments of the present invention is now a small negative value compared to inductor

current I1; 1403 in the hard-switched case. This makes the drain to source current on

transistor Qa, i.e. Igsq2 1604, a small positive current.

[Para 51]  When transistor Q, is switched OFF at time t1, diode D, turns ON. Thus, the
current is diverted to intrinsic capacitance Cq, (and Cq;) where it is in the proper direction to
charge these capacitances positively until D; conducts at time t2. At time t3, transistor Q is

turned ON and current is diverted from D; to Q;. Thus, the interval of simultaneous high



the gates of transistors @ and Ql, respectively, to
illustrate the benefit of nethods of the present
WO poenidseof over the prior art. As illustrated, Pehes2006/029595
i nductor current IL1 1603 in enbodi nents of the
present invention is nqQw a .snall  negative_ val ue
ment@ﬁﬁﬁ@ia@& 3CE9SF MRS Qeshoman thq prior hiexample (e Figure 5) does
not exiﬁ.a'l‘ﬁer%i’Mré,%kiﬁQhﬁl%?l@ss i Eﬂeﬁtlﬁﬁhﬁ@ecﬁ he drain to source
current on transistor -, i.e. 1ds@ 1604, a snal
positive current. [Para 5 1] Wen transistor Q2 is
[Para 52} t cAbus, EFBodimdnisaf thé presind tiereRRort prionile Qirs{Tdtass indpf®rement
1 offi curr%ﬁé is diverted to intrjnsic capacitance CQQ (and
1n eLic G s SWilching Freqiensys p‘g‘era%tlﬂé(c he gy itching Hegeyency may be
increa i Y 3 . .
B AR PO Il of RS Bhgeion.
current is diverted fromDl to QL. Thus, the interval
[Para 53] si Hiolteaere inogeabing et iipde turserd by ah badie oBEia@sisude results in
transistor QL shown in the prior art exanple (see o
corresppRing ICEPSGiEIhe Hppleypjtage Olrrtﬁé PRIPYE ‘é%pagwr{ah iSrael this sipple is in
I lo¥; T i: he .
e o ol T P P STy B BE MGk e
voltageahing cimbodiments ¢fithe pmsent Smichtidn whichreauisniaythe order of magnitude
ternately, th W tchin requency nmay be increased
of ten vt i be ShdkispythFle i Vet ks 00h TSP HeN RENenpRnd
erfornfafi€e MBS @itfio YR TRk, e i NGt il &Pfﬂ
? the ripple cu??ent by’aﬁﬁgéggéﬁ%% nagn?%%gggﬁgsu g@%}%w
increasedginide pongl theginphesteaing teehnidues disppised hartinage on t he
out put capacitor ClL. Since this ripple is in the order

ara 1, O et RS SAATS .
conven@dHAPElhgEED taﬁlfp!ﬁﬁelt. Mg is{o® B8 s B e %ﬂxﬂ‘ﬂibé&htﬁﬂ%e% ahg Pgler

the order of magnitude often volts may unaccept a
useful fhggntion ewespit éa senwive theagpps fromrbe udimgutpetd i Bitedd1febridgs ichiss D
formance in the audi stem. Thus, enbodi ment.s
contiguROp AEE SRLABRESY hitelt Ve B el o el drinEaa o fppiay
outputs Ushiol naly®elcopdirfedShomt MsdniC EbsiRendl SEHSIRALLRALE R0
. [Para 54] Zero ripple is essentially achieved by
ripple copfpgurriionnthg sreandausilignt puiputtaay brecapdiguendtas arfloating astpuD
anplifier. It is not necessary that the auxiliary

t t ful f ti . t to,
para 31 Py G R KB e B G B o
circuit ib adeld o sieditip sk away RoBORE B &b bHMES 198D %gh?é@ "M
av WO

. .output while the full bridge circuit may h
visualizg iqv|a coppled indngtos cirgiit stheraaippleawayfiion e grimaryowpet, the

' . full -brid . rippl
coupledAUTRIETPAPHOEE oo eyl 45 ou i ekl e
configured as a floating output. [Para 55] In one or

[Para S_ﬁ](r_je fﬁhﬁ@irﬁf@@}tﬁe pindipes Bf £&5pled iA¥EAS! 01 mAy GOMBlREhted as
) i nductor )
an ideal transformer with turns ratio Np:Ns. Where Np is the number of turns on the primary

side winding and N is the number of turns on the secondary side winding. The transformer
has a finite magnetizing inductance Ly; a finite uncoupled inductance Lp on the primary side

510; and a finite uncoupled inductance Lg on the secondary side 520.

[Para 57]  In practice, uncoupled inductance Lg may be characterized as the combination

of the coupled inductor leakage inductance and a larger discrete inductor. The two sides of

10



circuit is used to steer ripple anay fromthe main

output of the class D anplifier. To visualize how a
wa@onploeci2g nductor circuit steers ripple away fPODUS2006/029595

primary output, the coupled inductor is represented as

an ideal transfornmer as shown in Figure 5. [Para 56

the coupled jndpeter prgrdeiyen Witk Afy ivakiagsisesrces, Y g (s, aderendsi@ey pe

| t r anst
cons&algg&tos'ﬁya %’c%la(‘ ﬁﬁlﬁt@g E‘{*ﬂﬁej N%% $h eVFl uﬁl‘% ggﬁ%@%ﬁ%@?gﬁ:ﬁed be
imposed &g VRahdB%Hythas tﬂﬁy malydiang a@;ﬂdaVﬁbm afidspeoniiiae I’l‘h@ie \tdlltrags
n the secondar& si de w nd e. transf or ner
%

0
sources Cf3fq QUieREntetand s fhat Hawcniedbe C‘EIqudamfl}lﬁP’f %Olun%swlecvoltage
[
across thﬁglo tl\lﬁagg @(Il bdgt{ﬂg %)ﬁ?na Sécgﬁé tﬁ(ﬁiaggéfg ﬂgr} ;f/}fége fo vr(‘)g[ﬁge drop
across @Bar;ﬂeéfﬁﬁucttmnqerlac aridcthe prinmoyigitie durrend licis ahlmefoteseqmyzdnte
characteri zed as the conbi nation of the coupl ed
duct or | eakage i nductance and a |arger discrete

[Para Sﬂd ucien thysecendarsyoltage soype Ve duisricd dowaut the valtage divider
created ﬁghﬁg@p‘#gﬁg r&%n\rég l(Ij,t Igquﬁgcg me erfcl"f}? Yﬁduc%ﬁ%é? en scaled
up by tﬁér:turrs rgtio NMdsAt HM}K)SGM volt:igerondbmpmmalrmmdn@dﬂp thet can be made

nposed qn Vs and Vp, ihus_ they_pma ave wavef.gr m
equal toYy tseetising therse ﬂvafetcaaeﬂeeu Fiedte @}S@é&l UEAPR of the
coupledI iR c!n%ulttr&ﬁfﬁwﬁ koMb Be ﬁﬁ@n&&ﬂ@ 1ﬁ@udt£¥ﬂ:‘é(}l fo tﬁ@ gecondary

When the voltage across winding Np i's equal
side 52(bfqr eiter Woahiseionalf thayeoltags diviven. Zhl@rr@plscomh‘wl wélgteust on the

across .uncoupl ed |n uct nce, L nd the
primars RIS R AR Sl Bt Te ditreRondthy sitpgpRids B afe cquat
so long \mﬁ{éré i@@m%ﬁ?ﬁiﬁby aokd e %nﬁﬁb'}? Fend¥SesiG, 5.6 2k 6KhE NN BGuals
the voltage divider created by uncoupled i nduct ance Ls

to primagygidetvoliped Ve cTeaizara ginple condigon ioiiethemitlastrated bolew.
scaled up by the turns ratio Np:Ns, it inposes a

para §80 258 s BT 20 DRy ks BB o e

seconddz 9 Bidie 500 By a'ﬁaﬂ%ﬁnﬁ:drﬁeq@ﬁhﬁé fh %&ﬁaﬁté bPihe Yhrnk RfioC ORIV Hage on
i nduct or CI rcuit redrawn to reflect the magnetizing

the secandancvimding Novdenptech¥Ns aman Haealcdpigé with(he sgsubbimgtveltage divider

vi sual i zation of the voltage divider. Zero ripple

condition will exist on the primary w ndi ngs when the

pri mary, e voltage Vp and secondary side voltage Vs
are Qw{ﬂ:go long as there is no voltage drop across

VNS = e Pri wi ndings Np, i.e., voltage on Np equals to
rprmry Iﬁu vol tage Vp. The zero ripple condition is
furLJf}eLmlT Ftrat ed below. [Para 59] As shown in
Figure 6 e magneti zi ng i nductance may be refl ected
to the secondary side 520 by a transformati on equaling
the square of the turns ratio. The voltage on the

[Para Gﬁ]c ondhe yoldgadrrogs fiis pridesmy teatinvg\bp, deaptedd/ Nl is odlatlaidd by

ransformind VGBS Hitd Ad,vol tage divider

as:

Ns
N Lm( N j
VNp = [—NBJQ Vp 2 5
'S
Ls+ Lm(&J
Np

[Para 61]  Since the voltage across Np must equal Vp for zero ripple, setting VNp to Vp

and simplifying terms gives:

11



as: [Para 60] The voltage across the primary w nding
Np, denoted VNp, is calculated by transform ng VNs by
WO b@7hwes ratio. [Para 6 1] Since the vol t agePer/uss®6/029595
Np nmust equal Vp for zero ripple, setting VNp to Vp
and sipplifying ternms gives:[Para 62] Further
sinpliffying and rearranging: [Para 63] And solving for
ar a 6}5!7]1 Finally, solving for the case when a =
%gj =—V¥p: [Para 65] Under these conditions,
orl,ﬁ;{ Q'gy,;z at the primary w nding. Thus, the
coupl nelsict or approach is one way of solving the
ripple problemwith class D anplifiers. It would be
obvious to those of ordinary skill in the arts that
[Para 6R]her Fimgieinhsigying 06 wavahgib: net hodol ogi es and
circuits may al so be enployed. [Para 66] As is
Np\ il lusnpafed herein, one or nore enbodinents of the
jg‘adﬁés gg'lﬁ@éﬁﬁlon enploy the coupl ed inductor approach
to elim’nate ripple artifacts in class D anplifiers.
Figure 7 is an illustration of the coupl ed inductor

proach to.ri e steering in the hal fbridge class D
[P"’lraéﬂ:’g{pli?"{“gr’g lgyg}gfj]%gl‘:ﬁation As illustrated, the main

et ory 710 conprises a primary winding L1A and a
@dlsecondary winding Lie in parallel. A first end
Ls Ln@m ndi ngs L1A and Lie, i-e., shown as the end
wi ttigut the dot in Figure 7, is coupled to swtching
nodey2Pl (i.e., the connection of MOSFET switches Q
an ) . The second end of winding L1Ais coupled to
capacitor G, which is then coupled to ground. Thus,

[Para 6044”0“13 gl BRAERRAR! L0 G, LRI, 6 oMo ot

ui va ow—pass Tiite Fior art
Zg%c 2) with an addition of an auxiliary output
;‘E dary wi nding L1C[Para 67] The secondary
of the coupled inductor 710 forns the

baS| s of the auxiliary output conprising capacitor C2,
and i nductor L2 in which output capacitor C2 is used

[Para héf tlzl&'é cghd’iﬁ{)ﬁé 9& rrig@[é o%c tﬂeg)glrén%e;r? gvrlﬂ%gg A"ghus the
coupledl 1hd1u£$¢rr@pﬂﬂph fmemf dobfﬁtdg tthfs n%&@rﬂ@eﬁl@ﬂﬁcl@@@ be@lifiers.

I 1‘£ ne end of inductor which is coupled to
t would b ohvigysyto ghose pf primagy Sle%lglaé}etaéﬁs theg oty nt?@n@tv@kly equiyglent
method 6O 8nd Jifhts nERREG! Steers ripple away fromthe
prlglmary out put . [Parae Zl%{nthls illustration, the
| ow frequency vol tages on the main output capacitor Cl
[Para 66] As is illustrated herein, one or more embodiments of the present invention

employ the coupled inductor approach to eliminate ripple artifacts in class D amplifiers.
Figure 7 is an illustration of the coupled inductor approach to ripple steering in the half-
bridge class D amplifier configuration. As illustrated, the main inductor 710 comprises a
primary winding L4 and a coupled secondary winding L;c in parallel. A first end of both
windings L4 and Lc, i.e., shown as the end without the dot in Figure 7, is coupled to
switching node 201 (i.e., the connection of MOSFET switches Q; and Q,). The second end
of winding L4 is coupled to capacitor Ci, which is then coupled to ground. Thus, winding
L1a and capacitor C; remain configured as the equivalent of the low-pass filter of the prior art

(See Figure 2) with an addition of an auxiliary output using secondary winding Lic.
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and the second output capacitor C2 are identical,
because both outputs track the DC val ue of the
waemorohiseg node 201 . Assumi ng no substantial PACI/US2006/029595
voltage is present on either output capacitor, the AC
vol tage at switching node 201 is anal ogous to both Vp
[Para @Ay \dheseconduy sgudingilahof the counledmduetponil (ofords therbasis 5 the

e SR L PR b LR
used prididrilpfor diveltiny 8bpid a&aydroanthe nfein beblifet @6, 9&%&9}1&5%%@ at

side voltage across Np are equal. [Para 69] Figure

capaciterCia i WusiEateds thavecend enseoffwinding Liiqisecouplefl iteyomeenidof inductor
L v SRR Sk AENGICr RIRBELERONoA LPRL ) 2061 s

ust
capaciton Cx sdeerigpplb awha fifonbihe paienagy cltptitect ure of Figure 7 and
conmbi ning the two sides. However, when two hal f bridge

conf i Er;”at‘i ons are coupl ed together, the resulting _

[Para 8k cufn thig ilstratips, thadow Sreiwangk voltages ad thawaigutput capacitor Cy
i . r. . ' ts.of th r nt

ot SERBEGAT o B, B R FRAETPY) bl B BESC Ve o

the switching@lotlel 20 EdAtntihgab eutstatihnAQcblthigd i paddentidntsithéPoutput
.resulting C2 capacitors_are consolidated into one

capacit@ra g SPliees shsWErRmNPde 4 1d6 pralazoys e pathAd] andsVs as discussed

it o DRSS G 6 o0t oSN S MGl 00 st

conditigwint thhipnignany déndifgs. sifedhe prématyhsidef valage ¥adnd thewefietitaiy

ﬁkrm be cou dtogl&eihher wth the first end of

dL1 ! p
secondggy gide YG11936aCEor NBSR °d¥lswi t chi ng node 201. A second
coupl ed i nductor 820 conprising L1B and L1D is coupl ed

£ . . . p . i
Para 64 FfRLs S Ao\ o s
inducto€dmbddimedbtoatipndtedringn Axfillbatateds tepful drid pel vatftyusativh@nvolves

. _.an are in the sane.direction and as shown in_the
mircorigY Vi BA AR IUGR SPIERUE PLFE0T 2 SR COPmaIi e P i (owever,

. . . : i ¢

v o S5 o )RR s o
L, indugtorsgandiiwd .C:loapaditiess. fnone or mbhecrssaiimente of thefpredentdinnention,

L1B.of .coupl ed induct or Q is coupl.ed to the ot her :
the two e 10T o PSR P STBGUBRI Ot dD] P geulting
C; capaéiddrs BRY cdnbB&lidked ihicddnk capidabt €5 ad iRwiEaFIsegd of

wi ndi ng L1C of coupl ed 1 nductor 710 is coupled to one

end of inductor L3, which is coupled to one end of
[Para ZQixi | Aarijustrategun Figupas,a st @Biplediindidtor, 7 10emptisiag Iendnd Lic

s couo B TS R0 S SR PR 5P AR S s
coupled together with the first end of winding L;¢ and then to switching node 201. A second
coupled inductor 820 comprising Lip and Lip is coupled at a first end to switching node 401.
Switching node 401 is the coupling point of MOSFET switches Q3 and Q4. The dot-
orientation of both coupled inductors 710 and 820 are in the same direction and as shown in

the illustration.

[Para 71]  The second end of winding ;4 of coupled inductor 710 is coupled to one end
of capacitor C;. The other end of capacitor C; is coupled to ground. In like manner, the
second end of winding L of coupled inductor 820 is coupled to the other end of capacitor

C1, which is coupled to ground.
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[Para 73] Those of skill in the arts would recogni ze

that the coupled i nductor wi ndings LiA L1B, L1C and
whid7mesa2@l | exi st on the sanme core as a si ngl BCT/US2006/029595

integrated magneti c structure, and only a single

%gf Ied |nductor L3 and secondary output capacitor
[Para ar Eomibe geeliany iruts dpwecortens ofayindiog Innof @mpylﬂdeuductor

710 is é_yﬁ?l%@&c%éxée eI ch uﬁcﬁ%{oqu hlICIJIA% &%ﬁeﬁqg oL:L B c{g‘%JJ]D dpx I{aﬁ%i)utput
capacitért(ey. eFinally, diehﬁhlertendl bf guxihdry @aput b@iaci’m’)cghe coupled to the second

netjcal |y q jvalent to those discussed with
end Of‘V’é’gB@cftlDtoéc? BefPhedt s of Figures 7 and 8. That
is, there may be magnetically other ways to achieve
S | ect to.Figure 7, ..
[Para j,i__jne ; F:l‘“ %e%?gﬁl\ﬁslﬁn%egérgsﬁvg&rzﬁ 9 gJ%JQ%{}}aﬁ CRBPI%& ém%f:{otr Wéndmgs

Lia, Ligdup h@dﬂlew hlb exikiSorCihe Rhigel cé@@@h@ﬁfgleﬁhtég?@ecﬁﬁﬁ@ldﬁ@ deucture,
t he, vol tage on the output side of the secondary

and only g fiRglcincppled fndugior &e Andesgordary RUPHL 9apSCiFGase Tased. Other
embodiMi2his ﬁs@tt\'lvg cgﬁ%iﬁe AlfeBR, k nogqlllétgn%g,v\? ﬁ\dﬁlh ean&‘idé L' on of

a sinple tap on mai n 7 nductor
illustrated in Figures 9 and 10. This conflguratlon

[Para 7dly b&hese oFaRilldn thd deh wghll eecdBRiué Bt thee 4rBdthek Bafigurations
di scussed wth respect to Figure 7. [Para 75] Figure 9

that may be graepically eguiveanide thpss érseusspﬁb Pt respeet tthajgpabodiments of
F 1gures°70‘1?1fd' GUfiiat | Oﬁleﬁ;sxhgﬂb@ et %gllir Gglléf:?vrg% t%%ﬁ%@g Bre s’/'\%e behavior

ustrat e I NVo
discussebwith mspgcttt@&gmmfheF orahstamﬂensndiémte mleeof&ﬂﬁh wai@mgs of the

oS Bl PG S secenry v, T e
secondéi\‘y irttuktdr 9811 BE H&eﬁﬂ-lged 9? the tﬁﬁﬁ A3 Tk 90 92%% rétio ﬁﬁ? Iso be

first end of the induc L1E 1s coupl ed osvvltc
realizedpyibe 2®Cllt101PDf1a sioplatap Dhéh@ﬁlhmmémﬂomﬁfmldmgua& Iblmsttétﬁ 1n§ igures

0 o _one end, of nmaiLn au itor Cl, The
9 and 1P pl ST BAY b R MPORE 7 OB6/50 R it Beuseed
with re BQltﬁlFquré-‘i and auxiliary output capacitor C2. [Para
g%] The principle of the tapped inductor configuration

may be expl ai ned using the coupl ed inductor enbodi nent
[Para 705] Fi Higuee ¥is aBoHustsetinpbéa zérb rippte lmliftiratgeabnfiguraton wsing a

d . NP th | ed t
appoc 355 BL R b el B S oe
combinitightBé AGEbdrof MRS HAt 5@ léqul(veleﬁt beven thB PANPEaliuHREdaPf

equi valent turns is twenty four. Using the above
windingsy Jikps.s illustraiedobie ﬁmbpélmemacoreme@ym hduttap padwith three pins

r [ a t duct o
910, 90% e(gr()rg P?n 2?63 %%e 11' IlSlC.) g}d ofqﬁ? qﬁg t8r i 18 Fguqlﬁ(f‘ ﬁsswnchmg node
201. Pih @0‘1\@611115 Ioﬂfer Qﬁ)dloﬁﬁdu&@ﬁh pAs 6AHNANB e AP of Main it @8bacitor
pin 902, which is |ocated between pins 901
C. The aux111ary output is tapped from pin 902 and coupled to inductor L, and auxiliary

output capacitor C,.

[Para 76]  The principle of the tapped inductor configuration may be explained using the
coupled inductor embodiment of Figure 7. For example, if the number of turns in the primary
windings (e.g. Np) of the coupled inductor 710 is thirty and the number of turns in the
secondary windings is twenty four (e.g. Ni), then the number of equivalent turns is twenty
four. Using the above example, in embodiments that employ the tapped inductor

configuration, the main inductor L;g (referring to Figure 9) will have thirty turns between
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and 903 to represent the nunber of turns of the

secondary winding OL1CG | me current exanple, the
woam7aiesps n 902 is | ocated such that there is P@EDE3006/029595

four turns between pins 902 and 903. Thus, instead of

. he i ndi ngs .of . t.h di t illustrat in .
pins 90 g 08 X' B8P iodTudP RN TP PyCtR lasale ebpep gins 901
and 903 RIS GRS AMAL SV ErsE IR oA BS Y vindid S B/ Th tHel GHER:

10 i's an illustration of the full” bridge version of

example,like tap@ppih 902d s tncated endhotiattbere is bvanipfoue tisheletivaen pias 902

j | . he full..bri i.on _i.nvol yes. .
and 903, TS 5T e b Ty Vil TR ARbSREnL TRl Fimge Zoprly
one tapFedRindid}dnb{Be Liltzcd it@ﬁﬁFnétEﬁﬂy 8hievehBO sdOrebat.f bri dge

configurations are coupled together, the resulting
circuit will have two L2 inductors and two C2
[Para Z&pacFigurs10 isrmndHestrationrof the dutb bddgereversion bf thedappeé swtuttor
.nventio the t resul t] i.nductors.ar .
embodifriER RN wetie: e ba e Mo FRS TeSRdtiaies proring the
half-brifl @S schiteur&d s F@@m bR GonhBThRg MEARES! TR wdw3r, Fhe RRYRalf
. in Figure 10. Tapped inductor L1F has a plurality of
bridge gpinfiguragions are gouple@®Bethan theowsiltimpeirduiisviditvee oLk owiunigrs

the sane ex | e di scussed abov t he number,.of .turns
and twe) Qe Bl or B BRRSRrRART b Mo HRER 0 el e,
resultin@ L, induforH &lewosblidhtas tOBate dde RMcir 1), ah@tHeWrd trysult@id C,

[Para 78] Those of skill in the arts would recogni ze

capacitqrp 4ito PRe canasieidCi #dhersin Righen HysTapped aycion Eimkay agilyrality

_ . o - : .
o pios 4904908 NE4S90° G5, R, e b 8L 00 SRRUEH e
the nuntbes ofiglres tetwédn Eny9Eund 06 cafideithioly 263 tley gunitee @€ thirns between

. h i ments_may use two tapped inductors in

pms 90?@5‘2{)‘&?&%@@? Beenty Ut st ance, L1E and L1F. [Para 79]

. As further illustrated in Figure 10, a first tapped

ygnduc i1S; in ' ' :

Y T L LR
Lig, an®Df: thay slietistuntye samakecetd is a dingledafegrutddanb@ictio stradtutepidd only

. . tapped inductors L1E and L1F are in the sane direction
2 Slnglealwa%tge%wémor Fe 1 singlg spxidienyortytoapasitgnt s miermester. Sother

embodihRRR gj&@%%@éaﬁg&o'dﬁcﬁ%ﬁ!s garrﬁ% cBfES, fof %s?%lg&?pg%& Plr.

Cl. T ot her capacit 1 1s coup
ground. In Iike manner, pin 904 of tapped inductor L1F

[Para 78] couplfethdrallidnated ihBiguentl, of firsipgsadtinductalr, Ly &dupled at pin
caupl ed to ﬁround. [Para 8 1] For the auxiliar Lo
903 to yyyitchinediods 2R 1 9 dosegand; tapisd dndlusderdeis is qoppled gt pig H6da syiching
n of: . i hs 7CO d ‘ :
node 46;0%11%:%3:} ;Blhg%ttgtgﬁf&fgdggggapP%@n%gqbéiIHSF#{I/ ’Elpt :{%’g PR s8R aRbction
and as shown in the illustration.

[Para 80]  Pin 901 of tapped inductor L;g is coupled to one end of capacitor C;. The
other end of capacitor C; is coupled to ground. In like manner, pin 904 of tapped inductor

L;r is coupled to the other end of capacitor C;, which is coupled to ground.

[Para 81]  For the auxiliary outputs, pin 902 of tapped inductor L,z is coupled to one end
of inductor L3, which is coupled to one end of auxiliary output capacitor Cs. Finally, the

other end of auxiliary output capacitor Cs is coupled to pin 905 of tapped inductor L.
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ot her end of auxiliary output capacitor C3 is coupled

to pin 905 of tapped inductor L1F.[Para 82] In another
wenpdoadident, a nmagnetical ly equi val ent circui t P€TIVS100€629595

coupling a winding for the auxiliary output to t he

T L L —
wmdm%iﬂﬁl tﬂezauxﬁiﬂy' 5@2&9{0"(& @‘ﬂFﬁlj didkSdRe hlgﬂxblﬁﬁlﬁcqog Ghd \x)iﬂdglgp)g od

bridge class D a fier usin wound co
backwardsdn @tb(gpklug rﬁﬁshgmreatshmmn indBigintes U $ tandiﬂ 2dFigubel idian illustration of

e P 0 B B 008, A SRS S e,
As illuswated] 1he malfinduetBr 11 ﬁi‘lﬁé’@ ea‘rg e\’ll(f(ﬁ?g M é&#ﬁedtﬁ% Iﬁiﬁl*lal class D

i S coupled to switching nod e connect
circuit. Jthapocfinst god £ winginiL @ik Qhpwn a?ih]E @Eimmhtbwﬂm dmlt is coupled

o swie 907 0, LBl Gt BRI T BTG Mo S
end or anammend of wisHin DRI i8 cE@Md 18Wapstitds CY h%ﬁlﬁ’i’é"tﬁé}?&lfplédttg lsround.
the prior art (See Figure 2). [FS 83]

Thus, Wé%dﬂ%&ser 3ndgapafitien O 14ib comfigumed asetbe lpvoi)assrfdteaoﬁtﬂe ipgioy art
(Saﬂﬁ%# It conprising capacitor C2, and inductor L2 in
Ich output capacitor C2 is used prinmarily for
diverting ripple away fromthe main anplifier output,
[Para 88] capacideofidaSlwiing 1| UsthatiRbasitd f
ondary w naglng ngG l(dtJ%e end Wt h?%l%ia%g{gfti)rf%ﬁ} comprising
CaPacltCE&fzpfFfé’dn&éﬁ?lﬂea ig mlmh ogpet cepaditer Ge isorsed pmr(anbefor dowesging

ripple a@&% %rbrg t?ﬁ %aﬁl‘? &%tﬂr.ﬂ tt??praéﬁge (F]]g o%? 11“5%%{;:«# dﬂiaecg%d end of

secondacywpldeug E.o; (dfeeendrwiﬂoﬂleldﬁt) dct@ipldddo tMé'ld)lﬁﬁutl hd ©F URuB@r L9, (i.c.
capaci tar be coupled to

node 11@%3&%{’3 ‘M%und?&nal l%@rco@w"ﬁl é@l’-@}ng t[plp%/ ogthe sy epd.olhe fiest end
of wmdﬁ"g'Lr]B iYcd Pfeﬁ% oné B & 1§é110t<#5|1 Ji8s & Te det)é%ggzlh aftof Cs §

before w the primary si uctor
Finally, cagasgor €hmag be oogded/tosgraend. riﬂuufsl @padittisd, 3td@ﬁﬁh7pwaw@ from
the pri SiX turns thus resulting in effectively twenty four
P mta{yr?%tp This configuration produces nearly the sane
effect as if twenty four turns of the secondary

d ql
[Para 84)ducyQne ’t’lﬁ%@m%%% inple 6 o %;@P@ngﬂ"tﬁe r&?dje 1%%0 rr%mng thirty

confi guratl on of he e
turns, thi |s¢qg>gdara(tsai¢ 1n<ﬂud’é'0rglut;%babk veochd 2 RInSOthid RYUERS i &I&ctlvely
e ratiq, but wth far fewer turns added

twenty HRTEEY Recopegtian Pipdyetsipesy the semere fisaas igpwenty four turns
of the sc@BRAEY Indudbol WefeR: EEH td 916 sk}}?thﬁl Mhoth Ps%ls 'agr)l( ﬂﬁ 3@%\% 7).

t he back-wound net ter
| eakage field reductlon on the coupled |nductor if a

[Para 86r oi el entedinért ilhssereted ThFizuis Hepausalidyrosioe tesame
di.ng can a smaller portion of the
voltage Jiaglp,gt?lﬁ %vrm far fewer fns a&dceg these turns opt1onarfly being of a much smaller

ampacity with respect to the main winding. In addition, the back-wound method may be

better for external leakage field reduction on the coupled inductor if a toroidal core is used.
This is because the smaller bucking winding can occupy a smaller portion of the toroid
circumference, such that each winding, L; and L;g, both have almost the ideal 360 degree

winding coverage, which will reduce leakage flux.

[Para 86]  Figure 12 is an illustration of the full bridge version of the alternate coupled

inductor embodiment to ripple steering. As in other embodiments discussed herein, the full
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circunference, such that each wi nding, L1A and L1Q
bot h have al nbst the ideal 360 degree w nding

wa@owenages which will reduce | eakage fl ux. [ Parer/883006/029595
F| gure 12 is an illustration of the full bridge

onose i By B B b ARG R e TR R e

two side§1 €T Rcordaey Wil didsi ad@eonpRidstr@n thevinpiuanded 110drandd20 hinstead
hal f-bridge architecture of Figure 11 and conbi ni ng

of the s“mblmgmdgﬂ HdsandAQd. é%m@r};alﬁmﬂcg%% copRled ingsthey ﬂ#er om
i Gy DS 08 1% RO RS, Sl g r mor
embodingéidfate pregat hefentidm eonseliddids thetves resuliting W, lindub@veintorme

i nductors L2 and two ca?am tors C2. Hovzgver one ]g‘r
inductor g 2ad EheHeiTABIILS 6f CAPASIIGE BXQ ARC FARREATi (oS shawd I ighed 2-
t
Those of A1 e B Holdlifhdefie B TOLchol A iRARAGR NalAEL B, bk Lio
and L,y fidyal esloum then;a]Ene guorees hZSmgTdnmsS@ratéd slaghétici structuee, and enly a

woul d [eco hat the coupl ed ctor dji.ngs
single wnERpIed WO L e 1000 4Ry ORPHL GRPSIT ot T E-SEeOBBT e as
embodirRertd MY Gsd MW gk@%&ﬁé%@tfbﬁn%ﬁééctﬁ[ £ &L QLY. a

si ngl e uncoupl ed 1 nductor L3 and seconé%ry out put

capacitor C3 are needed. O her enbodi nents nay use two
[Para 8@duplReghrt r]ﬁl umﬁroﬂ]slstrétmn dfsahplecesveldrds of aame rippldslassiIMH-

P 87 1 | f |
N T TEN ERERC N T R
from a fAE GRESARESriPhIE Qnﬁ)ﬂdﬁﬁ@ﬂ@ KB B Huro8) Itu!ﬂﬁmgra@ $§(§1€Hz from a 100-

I nventi on e waveforns are froma full bridge zero
200VDG sypplye Bretuatis ibeircufsie eptiinized é018)1ght pwmmglddow p8dietandwidth

and i s 5 BT Y G SO oARLOE Sl SaTS Bamade Fies o

the priod dtt. ST W thaih cldds D'utsit et ts deaRmlist06f Q@(D(ﬁjfﬁinkiﬁé’toﬂh ddden SuF
waveforns illustrated in Figure 3 for_the prlor art.

film capF¢itor Gai he Izergs’lp[plfowmﬂmg qomprises Ne =GOl sl Lor= 2006kuH

d
resultmg, ﬁ%p%ﬁ%tggqﬂamﬁlﬁ u%col%fréld Sntédsdcﬁnggﬁg 3t2ﬁél Cﬂﬂf jgﬁ%ﬁégfzsg% H
uncouplé®Hidbétbite Lsrboﬁlrﬁﬁésﬁﬁpiﬁémwteﬁi}ﬁm talpteitdinshietaad Qsullls

= 32uH. The secondary si de uncoupl ed i nductance Ls
discrete gnsstanese s-sadpr SXPHEAE PytPVU%PP@HK&}én%h%WHé’@t gwide

{: I
range (eég%g%r} Lgﬁf{ogg\% lﬁ% ﬁ'%“ ol eth@o r!a:tt’l:‘on @f&gg Eérng %@%&gb
amplifiek.r om 5uF to IuF) W|th no |n'pact on the operation of
the zero ripple class D anplifier. [Para 88] As

illustrated, a square wave vol tage 1310&}{5% gener t ed
[Para 88 ooAs ilivelisted e sause qeavs volagn 13 15ns emerapdiearnduckes Lua as

aresult %}ﬂgg e alao% 1%%1%%@ thé %Qt@sc’ b%ﬂs&térmbgﬁ@rs%l QIWQ;QThe

current at the output of inductor L, is shown as waveform 1320. And finally, the voltage

output at capacitor C; is shown as waveform 1330. In contrast to waveform 330 of Figure 3
(prior art class D), the ripple characteristic is all but eliminated from waveform 1330. The

plots in both Figure 3 and Figure 13 are of the same scale.

[Para 89] Note that the values of inductance and capacitance used herein are for
illustrative purposes only. Specifically, the circuit used to generate the waveforms of Figure
13 was optimized for high power and low bandwidth, and thus has a relatively low switching

frequency of 130 kHz. And the values of inductance and capacitance reflect this low
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current at the output of inductor L1A is shown as
waveform 1320. And finally, the voltage output at
w@apaoidses Cl is shown as waveform 1330. | n coPCT/@S1006/029595
waveform 330 of Figure 3 (prior art class D), the
swuumﬁ. al, ted m :
e Dy PTABG RS iy el ofich ke B TIBLSE Ry ige
circuits pgpligasions. t he sane scale. [Para 89] Note that the
val ues of inductance and capacitance used herein are

Y | S f [y, th
IPara 481 .14 555G, o ol reonmeeametes mteope @Qéefamger
functioN\8fth@ I%Eﬂorﬁﬁﬁéjda@é' D fi%? ﬂﬁ%ﬁ@@ﬁm cgﬂv 't ’P@ %ﬂg}nfg ]res?%ﬁlce may

thus has a'relative ows
be due fotie aditionah éndveton el afpacitutic tienmeilang oﬁp@tﬁ}faitﬁ aqies additional

ect thi u ui.ig irequency. inese val ues may

resonansE el e TaPSETATFN DU AP LN sy dh we@backums, it
may be ApgHableAoirARig the 3620 ks élﬂsé’t@%g VQIIE]ChI QCE'% }; %,)s Jossible i.e.,

resonance may exist in the open oop t
out of tlyf weyef the closed lopp eysGirass D anpl i fier inpl ementati on.
Thi s additional resonance may be due to the additional

IPara 41 R Bhriicindhe Fib bdsrcdostd) cahomentspibe Ertaﬁéoﬁﬁ%?aﬁxmary
output dapdife@ cg@e £ Odfbt fBPJthetfl?ff bedsL)aud Bwherdhag 111&,] O YScHid
may be S 15" e

ay esirable to nove“t’he resonanceé as cl ose
voltage gigplecm @Egﬂlfelf@mﬂ emthﬂeae I’lpplSS)pbdaHQn i Thus, simply ajusting Cy@ay not
l 00 1 Referring to the
be adeqfto I i f e R P RtRo Aedke e bIE ishygiivy o gy b musiching
frequen@t)XI ]Hd)\ﬁé\}er Ot Pagbnmep o 4166 b%o@@d Ey sﬁﬁﬂlfaﬁ’ ou% ovnag the

gll-brldge)ls at its lower limt” when t
number pf g im the prspradasy Wiing Ne veor desevp tire mentwer Df mnhﬂn the prlmary

e , dj,ustin may not . be
vinding 04 AR QLR LR UAP 13RS 0 gonancemay o
moved tdeasmmcﬂﬁh ghdrifequeangywiftelittle efibe oiVﬂei&ﬁp[ﬂg Cflafs§ gﬂﬁﬁﬂi’ﬁer

However, the resonance can al so be noved

OPEratioj | t aneousl y noving the nunber of turns |n t he
secondary winding Ns very close to the nunber of turns

pn the [ 'n in nd reas the sonan
Para 920 o TR et 0 SRS RSL S 20 g
ripple cinmene alrnphtuae walhedh 1B hedeedary (RAURRE ¥oRkstitchihd Wito&d 1{‘1@]']%5811%]&16
pIe Class D arrpllfler operation. [Para
output Vgﬁ ff ©rindmagssptapleleveli ppl e t echni que her ein allows
use of the nmuch hi gher rlpple current anplitude which
[Para QBT nggg?lggé %(l"hc{e?stg Ccp tbfl Vtgg pﬁ%@ e\é\gf b Bénigggmeélaqut)suéf apparatus and
the methodabareﬁﬂ(bm hk@mb&‘il;eillustratlve of applications of the principles of this invention

ot

and many other embodiments and modifications may be made without departing from the

spirit and scope of the invention as defined in the claims.
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[Para 93] It will be understood that the above
descri bed arrangenents of apparatus and the nethod

wo b@veidiesn are nerely illustrative of applicat PONESING/029595
the principles of this invention and many ot her
enbodi nents and nodi fications my be made w t hout
departing fromthe spirit and scope of the invention
as defined in the clains. Wat is claimed is: [Oaim1]

A cliass D,anplifier conprising: a first set of
What §§vict|@i'|g§e%d3pl ed together to forma first swtching

n w-an.output induct.or circuit coupled to said first
sm%@n&?néﬁg@sg\/ﬁmgl SEPBMEut inductor is sized
b Girf s ONVA fEGitdhés| ddRpRA GoPettRPto Rl Al firdbiRvit@sid dddeg i n

i nstances of negative current at non-idle power
g byt iodectorgircpiicoupled ta saéd figsbspitehangapden wherepugaid output

. capaci.tor and said output i tor;.and.a. rippl .

inductof RS bR 7 B0l S B b RUE RS PP pggetive

current bf ©oh-Rigd povasitopditieanaci tor. [Cai m2 | The class D
anplifier of claim1, wherein each of said first set
ait oulpit Bl SorpRBINE SR SUBUE papasitertagd said ouinutimsluptoraad

S A Bl kI 0 S0 e 3y i

class D anplifier of claim1, wherein said ripple
current anplitude provides soft switching up to a

déSilabm 2] eddg clasa ifier of elan i wherewreagh pf seedifirspsat of

[ i The D anplifier of claim4, wherein
s%vgc?%yxcgglppggsoa%%%’spog\?\er condition. [Claim6 ] A

nmet hod for reducing switching losses in class D
anplifiers conprising:. coupling a first set of _ _
s\Cd 8 hass 31 o Jdeistass Doanipdifier af ¢lams 1, whireinrsaivgfingbste of switches is

coupli an ut inductor circuit to said first
S\%Iﬂteﬁpgﬁ%oggga?&mher ein said output inductor is sized

to provide a ripple current anplitude resulting in
i nstances of negative current at non-idle power
cdEdaimodd; Thewtdss Popnaplifien bpcibine dpwheértinrsatdorigaé current

° %%ﬁ))ﬂttude%gg\% gsrso%nsgvi‘gcﬁin%ru%l%g g;des%?e% steady state power condition for a
fixed load.

[Claim 5] The class D amplifier of claim 4, wherein said fixed load 1/8 power

condition.

[Claim 6] A method for reducing switching losses in class D amplifiers
comprising:
coupling a first set of switches together to form a first switching node;
coupling an output inductor circuit to said first switching node, wherein said output
inductor is sized to provide a ripple current amplitude resulting in instances of negative
current at non-idle power conditions;
coupling an output capacitor to said output inductor and to ground; and
coupling a ripple steering circuit to said output inductor circuit to steer said ripple

current away from said output capacitor.
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coupling a ripple steering circuit to said output
i nductor circuit to steer said ripple current away

wé camosakel out put capacitor.[Caim7 ] The nethoDust006/029595
claim®6, wherein each of said first set of switches
conprises a transistor. [Claim8 ] The nethod of claim
6, vvherein said first set of switches is driven by a

EEIR G oTie el of AR CumbR Bl €F Fid G pstof wtches

S)%Ih d t4Rsikigr @ desired steady state power condition
felgxe Tl r [Caim1l 0] The nethod of claim?9,

V\,her ein said f| xed | oad 1/8 power condition.

[Claim 8] The method of claim 6, wherein said first set of switches is driven by

a modulator.

[Claim 9] The method of claim 6, wherein said ripple current amplitude results

in soft switching up to a desired steady state power condition for a fixed load.

[Claim 10] The method of claim 9, wherein said fixed load 1/8 power condition.
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