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with particular relevance within high definition

swi tching audi o power anmplification. 5 Background of
the invention Switching C ass audi o anplifiers have
found increasing use in the industry in recent years,
due to the inprovenents in output stage sw tching
devi ces and equally smuekaprcemeerwh fEB®MDack contro
nmet hods. The cl assical swi tching power 10 anplifier
system consi sts of the pul se nodul ator, converting an
anal og or digital source into a pul se nodul ated
signal, following anplified by a sw tching power
stage. A passive denodulation filter reproduces the

power rlr:'pci | at.ed power signal. Mdst switching class D
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(I;/bd ul atThiinvdiittoncleBikdseo gesfidld oBE'fC;-Dﬁi and DO C power conversion,
S| ; te,to. 15.R 1S4 1N . ect . a . . .

it B S e g mH beecPice lstibe.andiopgug amptification

supply variable. This is equivalent to zero power
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diinreseatysass due tathe improverenty imowputdéies switching esices and
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Si nllf; cant addi tion t?xf g{rﬁg)lée C derglendent ouf put . ital

i r?g%ﬁi 58 &YStep cepsists o g puls Haldr, ePIvgHIng fanalpg of digdt

C asotifce Iint?falliullse mekaked sigodgfolibiving aifhlgliﬁm]\w? Szlagérlaqg power stage.

passi tar, an nect a
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possi bIMost|switghing ctass Doamplifievyare Pasedomrvariants of Rblse Vidth
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effectiyve fee

ack control sysitens have proven vi | .
Co T oackie s oameqNEr SBES ISt REoTbaUng R gopiyibutions,
| esrce\posieaMosBBT aigptd garasitics aAl aeed tocedivivek by difiérentiated turn-off

Ca/ncm%?o&ﬁél%)i zed to drive efficiency up and conplexity
down, as effici ency and conplexity are determnmned b

the powkhe cotpudliants nosrlineal aklconirftkasayith significant addition of
2%@&%&&%&?&{ b&%&%ﬁ%@%@?wmch counters the desire for ideal voltage

control of the speaker load.

EMI. The power stage, passive filter and the connecting cables (although
filtered) source EMI. Perfect demodulation is not possible, leaving residuals on
connected cables.

Achiving Robust Stability & Excellent audio performance is complicated,
given the real world and test bench parameter space for load perturbations, input
stimuli and power supply range.

In general, effective feedback control systems have proven vital to reach
performance and robustness on par with legacy class AB amplifiers. Also, feedback
control can be utilized to drive efficiency up and complexity down, as efficiency and
complexity are determined by the power stage and demodulation filter.
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carrier based PWM swi tching power anplifiers have been
extensively covered in the Ph.D thesis "Audi o power
anplifier technlques W th ener?y efficient power 5
conversion' 'by the inventor n order to overcone
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€ PP e BrifrBARdwigHh el PYPH B HeBInH sy distortion

cwmxdldlxtmmadpaiaaénislmmlmned he system unl ess t he
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| oleterpvining panllat1on@ondla1@s$, 15:61@11: essplstign ngndltaoms bqume filter Q
8&2@&}1&@ "ﬁfstée aﬁS/ éﬁt?&itfcgg 4 Rlad @aﬂﬂdiﬁailledf s"teﬁﬂh‘l?/rlﬁ Yhel SYstem, unless

enera
i rthe §ercis ampefapww v/ qtthw%@@npwﬁ%é psroéber FReaps.dn

t hséxﬁmlérqeamﬁmuﬁ@{s opdrElabe efzaapa&ﬁ% Idadi, ldéﬁ'eafx 0423 to a full

o1 1406 Bfise'at Eliﬁi@h Gaiel fFrabenptiasee b rder, will
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F T QSR E¥ter to prevent the undesired 2™ state oscillation around the filter natural
frequency.
A second disadvantage of global loop oscillation modulators is that the

feedback differentiation needed in order to improve stability, generally disturbs
control system implementation. Feedback differentiators pick up noise and feed it to
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di sturbs control systeminplenentation. Feedback
differentiators pick up noise and feed it to WO
2007/099442 PCT/ |1 B2007/ 000493 33 the control system
ty ically consisting of |inear opanps. A further
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(bj ectives of the invention Accordingly, an object of

the invention is tqQ prqvide a new oscillating
modul at%hl_lt‘ﬁ&g&lsm&_i@%dback Controlled Oscillation
Modul atAdcofdifady) an oWjédt of fhlibvehtibals toghr&Mans ﬁewfbscﬂlatmg

SR 5 SR e DS B RAE AR v

pqmﬁtcuiﬂradeyamemswﬁdm ¢lassD dngpdiiers, thal Pravides enhanced wide

ar gﬂ&\%ﬁﬂ? %tr%’lr &Jﬁnaqgnga{hoﬁ b%mkﬁrb§¥19€cﬁbd%%ka%§hpo%er su;gplz and local to
offilten gelatad éﬁpmmth@@npplpwmogwat mm#wre dmﬁpgom

Irrg\éﬁlngltsgeo r Ve gﬁtsh%gnrr\l%‘hﬁgh %nﬁgrédmﬁlpﬁﬁ@ﬁghcants own
SRy 19{15‘/‘38@ 1§ ﬁ%l'iotﬂr wéaa%%%pgedc@ﬁg laior d mro? system, that

Orputes dﬁ?@credksyabﬂ&sz fah<1l:/ encrmtdﬂﬁ)%ne&\fsthbl@ ld:bnﬁrd&l&)fmﬁé?&tf)ﬁlf filter by
excgessi ve e rentl a

£ RS e, FRG0Te BBl PO Gte BTk DRRaRtDT of Bassive RC
elfilter dampinghAnfobjectve off the sfventiéniisdo ebminatenthe tfiltgs tradmfer function
fﬁ‘%%?‘?“(?ﬁ‘ﬂé’%aa%ﬂdqgﬁf‘%%%@%%ﬁ°% GO Sy SR A ARRIGH.

enahl e Thitdapr e@e@rew aiveriions thenable qméa@qedud@n@dulﬁtwn

s tydikout fhé ERcleRSY, S@pilBN E}S‘e?%?x%@ﬁ@esc%ﬁaﬁémﬁéé prrﬂfrtart thus

Itﬁg%mvngr:%pg\?e\flaﬂ%ﬁyer aII 0 Sumary of

Summary of the invention

-

These and other objects of the invention are achieved by a self-oscillating
amplifier system, comprising a pulse modulator for modulating an input signal to
form a pulse modulated signal, a switching power amplification stage for
amplification of the pulse modulated signal, and a passive filter to demodulate the
switching output signal. The system further comprises a first feedback path applied
from the switching stage output, a second feedback path applied from the filter
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forma pul se nodul ated signal, a sw tching power
anplification stage for 35 anplification of the pulse
nodul ated signal, and a passivg filter to denodul ate
the swi t chi ng output signal. The systemfurther
tmeans fox fosminecncsws rigpalhy subpheting signaliremesaid two
S\/feédbﬁblﬂﬁatﬁé S0 8 it si 1saﬁfaoml>r\fv§¢% arkonadtih dighl
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efénded m\rtpui smgtesl Tlam ﬁm Emﬂ.)udln{elnt)ﬂf hainventibmofiershaange of

Lg%lg%lg?éeé £ cigef C’Hg I;c t s 8? F1§qphqe a’uorr}1 Ir%bugf) %%IP ‘Lll[y A increased

top@racﬂgwfonmameo the 15 art, is realizable with only a
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t Hbat implampengationris ppssible w&h@é O@Pfatla Hewever, thedforward

arﬁaxh tdh 189 EBinpise sl dBRIpehdativh bRk wlﬂbyﬁlbréé@mm trinsféunction,
2}%@“%15@% gveral | performance. The forward path can

V#age O er function, or a constant gain,
such Zthrmbaembasmhmn’e rbatarofurther pasaidanee imnprovethent, by the

0 pa%dﬁfon o'}%, 3 ‘afggéiﬂack %023 fe{&%‘ﬁ@’ﬁog f{( tfr‘f a%%fl?@ O%t%l&%ﬁ fe?e%ﬂag this
t rta nsa‘“ epre&mpbﬁﬂmtage prider foi implesnentihightenerdeteontrol $3tsm and full
b%@‘&?ﬂ@ ?H&lérymrgﬁ uf& aEf’ﬂ ’ﬁ%ﬁ%ﬁn rovement,

Ioo eedback Ioop
from arfpffrthes Pmbefhmﬁnt a%@efr@@anwgcwp@s thesimplerentagon of the

PrIg@OM bhtp&f ﬁmraﬁlng}@{fF@F lrets@naéﬁla bRdRAtural m&@éncy lofffization for
syst u exi bjli in
G e e i APy S et B A gment of overall
endeautidoiation ahd theechiyriMdhperformzoceer ns t he
| Pl eMeQ ke hvRhib R particular in that adaptive feedback control is applied to
general self-oscillation switching amplifier systems, whereby performance can be

optimized based on the operation mode and load situation.

Brief description of the drawings

The invention will be further described with reference to the drawings, in
which:



HCOM output filter utilizing filter resonance and

natural frequency optimzation for both performance,
webdoropmmry i nprovenment, and in particul ar i NnpPC/EBRBE000493

of overall 30 denodul ati on and thereby EM

performance. A further invention is particular in that

adapti ve feedback control is applied to genera

self-oscillation switching anplifier systens, whereby

per formance can be optinized based on the operation

i awi nobiErt AR griopgae i ERRP R oF rsd o e, basea
r ebaveliege feedbiable fronmethe Igrsphmg PO atdlge WO 2007/ 099442
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sel f-0s ati1on
5 v oPpeiliione with dlagcoscil nhesing the fikierrag apamégralsp@'ge Fi g.

2 i1l USFIgaB §Bustraf¥sia®lock dlaérﬁﬂnfdfgsg%héﬁ@HC@M%mﬁtb&hfer according

oscillation, with
i‘? &Fgﬁ%%nﬁ’ga}m@?f’ﬁ@wfwwnas an integr aI part Fi g.
3 i | | usFigat éBustratels acletailied iorndidgran o€ ae preferid@hbodiment of the
ar ghi. [‘1&&{ ure according to the first enbodi nent of the
invention. Fig. 4 illustrates a detailed bl ock di agram
10 of an pFig &iillesiratesthent) transfer Sinctinas L1 sy d:2(s)oh(s) i@ aRiegample

5 n L1(s L2(s
Hd@!ﬁtréﬁlz%ﬁoﬁa@tﬁ%Qfﬁﬁﬁeggi:‘ﬁ‘giaa%ll‘&gs;e L gh) - o( 1) -

L(s) f
Fhe opoFis Bl<aass Toon tgmstsr Ficiens hieh 1260pl6h fireheample
1;: gllﬂldggmnzaﬁéxsm ~0U2 (Bthe nbfrSal i6¥d cake. egagglsz HCOM .

s I Al S i e

1 ewit [( dl t 4
S o S ke oo LB AT
a Ssg r 1q or an example

syst emt an exa

r e 1§%ﬂ<md’ﬁﬂv\f3f(hl Reith loadg# phm, 8 alim andcﬂmn 1®dohm and
open | op, 9 Filktrafds a/blotkdidhn of R4 %a{farﬁég%%é@%&lidéﬁi%%ooﬂhe

advant ageous enbodi nent of the 1nvention
i | YSEH es | oop transfer functions L1(s), L2(s), L(s)

20 I gr andFigl @ flusattes lcﬁpafmkﬁr fiinctibyes 131(8), F,lﬂ@@?l@)ff& alt‘ikf illustrate
i | lustrates the
r eg)ﬁa ngHs}}g? @WF?‘@F{? te?fotg% HE’FF%?P ﬁt]ﬁgfp?lbﬁ) adn exanpl e
realiz aFlgo hl dlustrates thedestingriysent traxfsfdr fendtion (k) fon an example
Fi &aII%IOPl(Jf et Zfrﬁteﬁﬁ)ohﬂfferﬁ ‘3?#4&1@@?@5‘ ase of L2(s) for

an exa e realil zation or d enbodi nent of

the i nvEigt 1DHMusirates theaemltingihese of b}(g) fonan epample aealization or the
25  3rd embodiment of the invention with loads 4 ohm, 8 ochm and open load.

Fig. 13 illustrates a block diagram of a fourth embodiment of the invention
with a 3rd feedback loop from the filter output.
Fig. 14 illustrates a block diagram of a fourth embodiment in a simplified
version.
30 Fig. 15 illustrates a block diagram of a fourth embodiment in a further
simplified version.

Fig. 16 illustrates an invention concerning load adaptive control in general
switching amplifier systems.

35 Detailed Description
A prior art self-oscillating switching amplifier 1 based on Controlled
Oscillation Modulation (COM) is illustrated in Fig 1, realized by a switching output



Fig. 13 illustrates a block diagramof a fourth
enbodi nent of the invention wth a 3rd feedback | oop
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di agram of a fourth enbodinment in a sinplified
version. 30 Fig. 15 illustrates a block diagramof a
fourth enbodiment in a further sinplified version.
Fig. 16 illustrates an inventi & concer ni ng | oad

ad aa%é Y& &gﬁ%e Féedbe[bk%ﬂ% Hith Sbfef hineﬂo@m)l 4 Ed?tvard path 4

syst og\?@ Description, A prior i
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path 4 having transfer function B(s), a

non- hysteresi s conparator 5 to enable pu s

modul at izgs) = BaIKp(OM(Li ng a pul sE(spd 2 |F (kP

the switching stagé 2.” The output of Ith¥sHRsIEng

stage is connected to a output passive filter 6 for 5

denodul ation. The | oop transfer function L(s)_ and
cl osed e Kpeshistthe averagad; gaimsofpuse mpdulgtorand SWltchmg power

B( §t11§@ @)qﬁéxﬁ')y Sndett BieSth R fﬂ)evfe(b?e) propagafioh )d@fa? olétf) pulse

p(’s he ave ul's at or
o Bty in R A MEsh D shschvorleBm B fepealpL Ry toling the
toph*ﬁécrcrfiéwqf@l@%eqﬁy agation delay of the pul se
nmodul ator. In this prior art nethod, the oscillation
is controlled by contrall.in he ph e crossover
f r equencyLE@,) —If((IA(b%)B-‘\J@o%ﬁéJf’ WiBY a 0)K(J wo )) =
180 15 The overall reduction of forward path errors
can be described by the SenS|t|V|ty function S(s &
cor r espdhg Pﬁif‘fa]tl ﬁ%iué’ﬂﬁﬂb?f forwardrmath qregte eabbe dascebed Ry ther

angend¥§Vityful d’i']%ersﬁ&i&@gjthb RrioP fahsFeranétiddadiiall e2fdr and
hef&xwa\& |s defined to ease the

anaﬁwbgtwdnfe%ﬁ%s st | oop

characteristics: 25 NL = d(In(L) Loop transfer

function Slopei d(In(cv
2 L Sopet d(in(ev))

25

30

1+ L(s)

The following is defined to ease the analysis and comparison of control loop

characteristics:

d(n(L)
L~ d(n(@))

Loop transfer function Slope

St

The advantages of the COM method of this type is well known and well
described in W098/19391 and WO 02/25357 by the inventor. An example realization
with a first order loop compensator B(s) is illustrated in Fig 1b, 1c in terms of open
loop and system transfer functions. In this illustrative case example fo=500kHz and
fn=35kHz, and the remaining loop components are optimized to maximize loop gain
bandwidth. Loop gain bandwidth is excellent, however one of the unsolved problems
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02/ 25357 by the inventor. An exanple realization wth

a first order |oop conpensator B(s) is illustrated in
Fig Ilb, Icin terns of open Zop and system transfer
functions. In this illustrative case exanple fo=500kHz
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over al %\ést em transfer
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s mtqmmtmn fdteeh i gtdleytoelmlnﬂﬁﬁusaelpménﬁ 1n|thfe$elfi3>scﬂlatmg loop.
dependency. A prior art nethod described in

addressing this is illustrated in Fpe,2a F\/cp}erethe
f eedback(pat B(SMW)Mm)WahsfH(sﬁm%mzz;Tl nst ead
based on an output fromthe 10 dbmeI B W (Dt er 6

in order to include this elenent in the

self-oscillating | oo L(s) = B(s)K( s) F( H(s) =

B('5) K( SPFeaytroling e SharesoFRpey T ASIBRe Yo ieEh ﬁ%@l%‘*ﬁ% elements

phﬁhstﬁe %‘d RIFRARS ﬁiftﬁ:ﬁ&u %@&naﬁ@n fshemized ADRIBRNVE loop transfer
nment s

f
Re (6% bttt 13 85 aoPreprprpli S Fealip Vsrtedp Fig 20
f u(miplmidd) @ﬁd Figirsphasehvsalod®impedaace.l oop conpensat or
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Fig 2c Imtation
of inflwescenm mblhtbrtané opeiblatin ¢h§racmstwmldf in|thig pagigular case

Stg le, A SHRRACH d?ﬂ’y §EI§IE” éohHﬁloﬁQ&’ﬂﬁ?ﬁie'lbéH is %Bt capacitive or open.

char a erlstlcs and t hi parti cul ar

o x ARpREDIERES IS WI(%beowbysté? ableest opemipee s Sisfaien, igge open load

t h eﬂf&ﬁ;&nb@wnpbe Sabatid Boe irtthe &€ b buhalgo amfheiréalavorld by e.g
ust to at | east open |oad

f qﬁgm sho d .be ro
SHeBFy, © t‘ﬁefés S Plad performance will be
ev al uat BrbnbBig 2t andtXeet isewted thit theitoopl gein handwidsh islpwer than for

N BRSPS RO REREELS 8 v Oy
i s suppressed foaithis prior arsmethed Bwaides dhe easpbiation ofdgweserror
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suppr ess prior._art net Besi des 't

CoRbTARIRES et e PRV i Pass s fﬁl@erw&basga‘fiﬁwd latency
b alﬁﬂéﬁc?t befvietthé arréhoriabisgeheratedoaisn sadubesmvor tshgpréssixin capability

t h a}. this global oscillation modulator type.
It is desirable to have minimum passive damping in the output LC filter in

order to maximize efficiency and reduce system cost. With minimum damping, the
filter phase lag will approach 180deg at the filter natural frequency f,. With such

under-damped filters, it is clear that the overall loop transfer function slope N, needs

to be 0 or even positive, in order to prevent conditioned stability around the filter



power stage related error sources have to pass the
filter wwth associated |atency |atency, before the

weeoogngieynal i s generated, al so reduces errorPCT/IB2007/000493
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suppression capability 30 of this global oscillation
nodul ator type. It is desirable to have m ni num
passive danping in the output kC filter in order to
mexi m ze efficiency and reduce systemcost. Wth

minahuralnfcapmndyng, . Thisebuts stringent png@@on%@ the minigyyE} gigyable S,

gty S rhpd L RotaEloop LS AMEREY vhere overar o
| oop tré& aen‘oad disadeniage of floppriti arhexstian B5he mflyene afjthe feedback

ﬁ@l {iﬁ%&éﬁl\éﬁon gﬁ lﬁﬁéiiﬁ()i)]% g?f?srvf%yfgﬂg%ud/ip Qéjﬂfuk@zﬁ&!jm Figure 2d.

quzbity Gtie4d depcad PRAY Y SIERLEARS ﬁmcﬁon isryjrtyalhy gliminated,
Stthé ﬁQ&féH féddphdladiffereatihtfor diewidebindusadiatrbéveld b @ols.in the closed
3{9 t hi sf rfugr art method or the global |oop
osePP frahy B A second disadvantage of this prior
ar t sys&émth@ dts}aévannéfgle iethe deatbatihdiffesatibtiorkcausingmoise pickup

EH mcl lia d%[h.l:ﬁgrb @etﬁgg&sb%&?id'bgaﬁf)&ﬁ tin;éri?féeﬁ% thidSummation

d ejprnid Emd}vadﬁn@wseam sungressash and;thet piyard ﬁatbmrwasmg/blocks
el dg{ﬁg 1§§ gf %pahﬂ)% a8 R Parh R ‘aﬁaééhsﬂ‘vtt%ﬁf Rich |hi9,§li ﬁ?équ@ﬁcy noise,

ntroduces . a n
{ renvsing raha%% @ﬁ s angl ipfpqduces %W@&%%?ﬁ&‘&@r%? ‘%fﬂgn R atlifacts. Tt is
f e@draslk t6lkédp &iHabla*slgﬂﬂs glebisi Nng noi se pi ckup and

{ngt :nlt I fdé% &or I on ]]_lfn&%tlse% Iotsé:lYgt (Er,:E‘ %%ﬁ %hhre itis
nodigiécy fstomh@a}aﬁﬁgggtgal %fwan%} magnitude

Pr B&RRE ikl dattsal FRIQE LY ﬂﬁb&ﬁu&ﬂﬁ‘mc@nﬂﬂn@hg af power stage
are sensitivity to such hi

frequen% noi se f@lﬁ %
al andsfiliey. Wis destrabla feircaph b@@&éélﬂ%ﬁm tien arshiavadwl flexibility in
di &h?ﬁﬁér%&ﬁ‘ﬁétéﬁ@%‘rﬁzatioh is desirable to keep

feedibac nal s Athird disa a
limt at1 15 d %@Lﬁltﬁf’vﬁfﬁowmgﬁ lgﬁ{éh gﬁ anélre?tPCtﬂ(gls with
15psldf drt, (wlﬁcth is the gathary@bjeetios of the present ifivemtjorncy f 0

nore than an order of magnitude beyond the filter

natural frequency f" because of the conbi ned Iag~
power sinhe folkwdng thetinvention will bgalssaribst end exqmapiitied by certain

be tation and have full flexibility in
b bbbl

paramater optim zation. In all, it is
desirable to overcone the above limtati ons and

rg,stritCFi&ﬂ?nitu'ﬁHtmﬂ?tfbf%éMve@ﬁ?p whi ::h its t he pri nary

obj ect i 0 e entipn. In

Che” nvbieT Gt e S ceePresamantmsRLifife pieaty B senerc
C eHybiid Cmﬁeﬂaf@aﬁll&nﬁdﬁodﬂa&sH@ﬂwFi rst Enbodi ment of

the 1 nv %'ceg{t]raf nglsé’3 ld{x ok afld ?ﬁltélﬁﬁg}éb%&lst%q{a@é b&& simplified

enbodl nven I on,
Cotnt & syistesal g@o bldckaili wﬁhmaﬁﬂeaf\mptwmm), consisting of the equivalent

modulator and power stage averaged gain Kp and the total propagation delay of

comparator, drive and power stage, tpd:
Kp(s) = Kp-e ™"

Note that the comparator may be of a non-hysteresis or hysteresis type in
terms of e.g. a Schmitt trigger. The objectives of the invention are related to the state
feedback architecture introduced in the following, and this can be applied on a range



The central pul se nodul ator and sw tchi ng power stage
have been sinplified to a systemagain block 11, with

wo ec@n®den2 f uncti on Kp(s), consisting of the eqedCTE2001000493
30 nodul at or and power stage averaged gain Kp and the
total propagation deI ay of conparator, drive and power
stage, tpd: Kp(s) = Kp , e- trd& 35 Note that the
conparator nmay be of a non-hysteresis or hysteresis

t y palst modustorEmethods, @s lo@g 26 ¥ rbdulingd Eﬂﬁémeﬁmﬁ’on can be expressed

obj the i nt | r.e to the stat
fejejgbacés‘%%m ?VSE"{%?E nrﬁ“ﬁglaﬁé’ detingdaboyg) | owi ng, and
t hi s cardhbeukppiddathtanpewerastape aMd)aEﬂ]fé?AD,%rﬁlﬂﬁansfer function F(s),

PC—H ér@?dggg lo? 9&%91%;3&%'&2 H}cﬁ.ﬁ c{ﬁgu&ﬁfsﬁﬁ%ﬁggf Q ?‘d fdca ec!lb%@ﬂ path 13

S o SR H P o Pt e w1t 1 - s utuce spktelsigape calied the local

a b Mbaé[d’}ﬁaﬂﬁ) uh Sﬁlﬂﬂﬁﬂﬁﬂfﬁftfﬁﬁo‘ucﬁ%\ﬁﬁ) §1t1di9 Q“dqgéiibﬁcl{ t}AtB ¢4 from the

wi t.h nsf tjon_ F(s 0
B e, BB e ickisgle 15 Bobe Gedback padh 14, with
f etrdhsfekfupetidn A3(sh Bothrfeddbacksvighalh arrgproessd ifagdback blocks
vol4 ageny¥ R, (HhN the future for reference called the
| ocal = feedback path 13, with transfer function Al(s),
10and a 2d feedback path 14 fromthe filtered output
vo, hencg{ort BKf dr (s)ef erence cal | ed the gl obal
feedback path 14, with transfer function A2(s). Both
feedback signals are processed by feedback bl ocks Al
(s) and 42)=K,4,,(80 A (s) _ /JKAAtn (s) A2 (s) =
KAA2n (s) 15 Each feedback path 13, 14 consists of a
normal i zed feedback transfer functions Al n(s) and
15 A2 n( s) Eas.li fegdhacktpgthm ddiconsisinof shatmlizabitbaisdck Bensfer

$§1d2 2 lﬂl% srterln ain K
SRRLE Rk el b ma e

adder 15 to form a common state feedback Si gnal of

In thi S.Ifi'(é t preferred enbodi ment, this feedback
g %

si gnal O,lzﬁact ed fromthe |nput in a subtractor 16
gener at ii&d0and error signal ve, which is feed through
20 @ forward path 17, optionally conprising a conpensator
bl ock 25 18 with transfer function B(s). The resulting
| oop tr Ehstver fele(lba)ckisigndksrai‘e/ﬁﬂbséquemlfis@eﬁaosed-{rﬁén adder 15 to form

B( & kéBifrohlsthte fe%hba'ék':s(g%hﬁg (ﬁl)tlus-lfﬂﬁgbpﬁ‘lef%ﬁ@ eﬁ‘BQ%n’%Yn? ttl‘ﬁ%nfeedback

is forced into oscillati ni n
signal is subtracted from the input in a subtractor 16 generatmg and error signal ve,

which is feed through a forward path 17, optionally comprising a compensator block
25 18 with transfer function B(s). The resulting loop transfer L(s) is derived from Fig 3:

L(s) = B(s)Kp(s)[ 4, (s) + F (5)4,(s)]

The closed loop system is forced into oscillation, by combining the delay of
30 the pulse modulator and power stage, with one or several poles in the HCOM loop to
implement a loop transfer function phase lag of 180 degrees at the desired switching
frequency.
The HCOM system transfer function is generated from Fig 3:

K, (s)B(s)F(s)

3
’ O 1% »IBS)K 1[4, (5) + 43, (5)F (5)]




30 the pul se nodul ator and power stage, with one or
several poles in the HCOM | oop to inplenent a | oop
wo e@nsden2 f uncti on phase |ag of 180 degrees atPCTEB2007/000493

desired switching frequency. The HCOM sy @m@t nsfiegyu sy 3
function is generated fromFig 3: 35 H( )15 203

(s)B(s)F(s) 1 + Kp (s)B(s)KA [f g (s) + A2n
(s) F(s)] WD 2007/099442 PCT/ | le 07/ 000493 PCT/1B20 U 7
UUU4 Uj) 10 The fundanental advantages of this

]:)Is ci 11 annenuEBept ol SFtbiscist Gnbodfipgnt ol he invention istha
c orthe esicllation gonthdd casin ¢f£®d bepiimpaeityhcontioHed by thei I dfe¢dback path,
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tion
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f O fpassHasBC \wGefatioh bE tHeaful i filtbr, SWHEcHM dﬂ}bﬂresfdfﬁ&@ﬁoy, power
whi.ch. i s effic gower ban dth and l'owers
appPidy gﬁb @8&’?“ a)Rp} ?J‘Q’(‘%‘é’? tadvantage is that feedback
d| f f er edt frathepadviantages theidfestback Hifferasdton isamt gbawﬁnly needed
ootk eFREPEDE Shthetidh Bl SR ARTY R |- bl pRRE ARl
10p powdvaniagss that nervereiagsr rpgwar sIpply mén@certoma'c |cyrrec1cd1 locally
st
| Ngha B{sltahtly,aﬁﬂ a’%%u&&'ﬂﬁ 1*geabad %ﬁ??&?@r& uPﬁ&égf i? etfﬂ)rmance

i tsel er f ormance
pattinH ufg %@PE %&3‘%@ BPFRYS 8T oan@csfmmewflﬁ@e
d e$1le£1ﬁﬂl 1h§éis1§1lﬂ1$it§/ ity ﬁItM Q and flekible Hanawilith bentiddl e

rext bi 1 (5TheoutEissht Mk AOHBI T whEmorimBatR, withou
15r esestiicttons bstwiwen filtenndtintat fequeatyamd switchinpefrequeaoy
SW t chi ARGl ARGt wygg@{,%go%&pe{m{esﬁ%aﬁesa&ag&l tyipe

| oop synthesis can I Neer s
i n epgiacerskilledin theeart. &n ﬂ@\ﬁph@‘m@é ICeERin cabodimensnefsthe fnvention with

th%aﬁfemeba%tageshnula@ékplaaﬁé&r advantages wi || be
expl ained. 20 Z2"d Preferred Enbodi nent of the

I nvention A particular exanple of HCOMrealization is
20i | | ust rat“*elalrdfmsd @rﬂbodmenﬂ@ﬁtheflﬁedhﬁﬂ( path 23 here

and i t 1y PEARIaCRLANE SEREDM afaionty kil Sy 54 the -

detfeadhieki pegh 25 henediaaaﬂw passichhtacteristid tolmovide defndulation and with

T GofE TRt FORREBilop P it Rl SRR of 17 and 2

hastage feadhask erntribgion:

25
1
4,(s)= fK,
T oS +1
The 2™ feedback path 24 from the filter output here has a feedback lead
characteristic:

30

A,(s)=K, T,408 +1

TppS+1

Feedback block A2(s) is configured as a lead compensator, at a specified
center frequency f, with amount of © degrees, where the factor o is:

35



characteristic: 30 A2 (s) = KA zzA2s + 1 2pA2S+1
Feedback bl ock A2(s) is configured as a | ead

wa@oeopemsat or, at a specified center frequencyP€T/IBROT000493
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anmount of O degrees, where the factor ais: 35-W-v - - - -~ - -
2007/ 099442 PCT/1B2007/ 000493 11 1+sinO 1-sinO The
frequencies of the pole and the_zero are connected
with the center frequency fa ddd the factor a in the
fol |l ow nt?g_\kla)sinés fnm2 2912 A2 - faa fpA2 1 f, f 291
= pA2 The flapggd path 27, in this enbodinent is
realized as a lag conpensator 28, 10 with a 2nd pole
for enhanced control oscillation frequency
9|_ Ear aC;iI)hb ﬁbhﬁﬁici@_(o‘f}h(; df@aﬁdzﬁE _ §zé'r03aréc%llz;(éa_8d 1&;1@38 t&'lgter
CRNRENS, ilp% ably inplenente
i n%aeggi ngljg" oparrg%c%gg conft | éﬁlﬁggl{%%&&énd the 2nd pole
may be inplenmented with this opanp configuration.
Al ternatively,q B(s) y configured with only a single
pol e andfzzzergl—va?ifg)g?— B(s) configurations wll
enabl e controfled osé¢i¥ | ati on by pol e conbi nations and
forward ,.path #tlel ay_ . of—hysteresis. In this preferred
embodi mehiz, = g oﬁl‘"tf{m{;fi lter is assuned, standard 2nd
order 20 LCfi#ter, although the invention may be
conbi ned with higher order filter architectures as

describ l.at er dest. danpi.ng needs.tq be.applied

o ded e g paty P9y i B Skl i tiAed o ARP Piyhsator 28,
si mithta S polei forentiantedeontrebencillation Slequendy febaractaristidse

establ i shed guidelines, with special focus on the

operating regi nes \_Qhere the control loop is saturated

and canmgs) £ faf Tthe but put filter by the virtue of

the 25 control” systdm,FiHd main issue in this

situation is to prevent resonant over voltage on

out put capacitors. The overall transfer function of

t he out It B($) doatpeasutioh bbatkis prefdrhisly implemented in a single opamp

configuration, and the 2™ pole may be implemented with this opamp configuration.

Alternatively, B(s) may configured with only a single pole and zero. Various B(s)
configurations will enable controlled oscillation by pole combinations and forward
path delay or hysteresis.

In this preferred embodiment, the output filter is assumed standard 2™ order
LC filter, although the invention may be combined with higher order filter
architectures as described later. A modest damping needs to be applied in order to
control transient behavior in open load situations, i.e. filter resonance should follow
the established guidelines, with special focus on the operating regimes where the
control loop is saturated and cannot control the output filter by the virtue of the
control system. The main issue in this situation is to prevent resonant over voltage on
output capacitors. The overall transfer function of the output filter and load with the
Zoebel network is:

1
Scf+1+s%c +%
s
F(s)= .
st +

sC

Z

sCf+———+l
1+sR.C, R



Zoebel network is: 1 sCzZ 1 sCf + 1 +sRZCZ + R F(s)
= sLf+ 1 sCZ 1 sCf+1+sRZCZ+R WD 2007/ 099442

w7 BRED7/ 000493 12 The filter natural fregeentBoembo493
Q (w thout Zoebel network) is: 1 Rwn LC and
Q' =RCc,,=L0% 5 Assuming that all poles and zero
frequenci es are outside the target frequency band, in
order to have a constant in band system gain, we can
approximate the HCOM systemtransfer function:

H(s) 1 en band

't he coggRepmednl fpdiehd thd Qi BbAZoeb HERAGRY 1

equal, /3 =1, we have: H(s) 1 2K, within the target
frequen barid ]@ effeaﬁlve Ioop transfer
functlon"fo i eg Tee aclﬂ}_oop wi thin the target
frequency band can be approxi mdted by: L2 (s) =H,
5(s)F(s)Aa (s) = BsKs A1 + B(s)Kp(s)Al (s) F(s)A2 (s)

A, Azsumilif #at 40 pbles hiid £dr6 ?feq%&ﬁ:ﬁes{ are oﬂtsﬁ? lﬂ%eetgréepﬁequency

ef& Lve in Rand unity galn
arjdgin ordey tol ave awpwm 1} hand syptga gmm,ém@a@cqppmmme ‘the

AZHKK)MEQs&mﬂrahsﬁraﬁmhbnl s desirable to have nore
effective loop gain within the target frequency

1
10 H(s) ~ —————, within the target frequency band
K,(+5) S

In the case where, the feedback path weighting is equal, B =1, we have:

1 oy
H(s)~ T within the target frequency band

4
15

The effective loop transfer function for the 2™ feedback loop within the target
frequency band can be approximated by:

Ly(s) = Hy(s)F () 4y (5) = Bfgggg; (s) Fo)4y ()= 2((s)) e

20
It is clear that =1 causes the effective in band unity gain to be unity unity,
ie.

IR
IS, ()| = ~ —, within the target frequency band.

4,(s)
F(s)+1
A()() ‘

25

It is desirable to have more effective loop gain within the target frequency

band, and this can effectively be controlled by the weighting factor. In preferred case,
where 3 <<1, the following approximate relations hold:

1 |
~ —, within the target frequency band

4,() K,

30 H(s)~



band, and this can effectively be controlled by the
wei ghting factor. In preferred case, where /3 <<1,

wo b@7oed4toWi ng approxi nate rel ati ons hol d: 30 P{BE)B2007410493

10

15

20

25

30

(s) , K=, within the target frequency band WO

2007/ 099442 PCT/1B2007/000493 13 | S2 (S)I 1 As

such, systemtransfer functionsgain is exclusively
controll ed by the 2nd 5 feedback path according to
cIaSS|caI f eedback theory, and the error correcting

and 4 qggnﬁg response stabilizing 2d feedback path

| oop gdih ribution is unity and controlled by the
stage feedback weighting factor 8. It is furthernore
clear, th Lt r f t : BT nd
22" s o SStehl GRAF FulotOF Hals B tberfhly el e 2
d elieedhiapk path aofording te plessieal feedhagkehearynaid the errpeemstectingand
%ﬁw reEIsdn‘s@ Ko ﬁEﬁ’a\é'z@‘f foblitak Q!h)db@ﬂ %Juﬁ 2gtridulién Remity and

ver cont r ol r esonan I ter
c h‘é}nﬁ@u@} by thestage If?edéﬁﬁ%%m%‘é a@?"f( ctive suppression
of fil tlefs fth&Rtoré tiéhd, shat 88 tranbfer functien FQ) ofiteditee 2 is present

o gt b e 4 Winbhitag Ot S e tymctop, hence the

f uoutputcilter behasidrevtli vezying deads atill b vErowell h@tg;}]gdmesonant high
tr I

| O EleE BB i nflel i CrRlolive MARLRAUR ] icvity. s
flﬂlﬁé'ﬂteQQm@eaSé&I ized in close proxinmty to the tar get
frequency band, and 20 exhibiting a resonant nature,
by: fb <wf <2fp , Q,nom >1Th|s particular filter
realization couFt er conve onal filter design by

oved! conp at on fromthe 2nd

Pcrag\d”bggbggaﬁ"?rp ﬁ”:(ﬁ ségg Rtja, 3| in effect utilized

as 2nd order re shaplng function in the 2nd
| oop transfer fuUnction (s). Further advantages of
this particular filter realization is the increased

denodul ﬁmggm o1R Q%O AL Whlete B/, HPARGHERLEH hfiBtion is

Finally hafacterlst I C,
i ncﬁgﬁlatle'd:anwllﬁﬁ érommswt@mutta@@ﬁenﬁmctlml | provide

maxi m z ﬂiaﬂi&ibrﬁfoadfvﬁﬁgé%%ﬁl@ﬂffﬁﬂemblﬁaﬁﬂ ﬁ%ecﬁﬂo'tﬁé\‘lrﬂ%ntlon is

over ation”i ndex exceedi 1004) at t ta g0 d, and
frﬂ%%gﬁcﬁlteb%tﬁ Teslied 1 glose MGG (g BsastTpapency band, an
enbadbitiap b sesohadthatiré)bgnt i on nay be realized with both

f}; <a)f <2f;: 4 Qf,nom 21

This particular filter realization counter conventional filter design by proving
improved compensation from the 2nd feedback path since the filter is in effect
utilized as 2nd order resonant loop shaping function in the 2" 1oop transfer function
L2(s). Further advantages of this particular filter realization is the increased
demodulation, improving overall EMI characteristics. Finally this particular filter
characteristic, integrated in the HCOM architecture, will provide maximized high
frequency power, in effect allowing over modulation index exceeding 100% at the
target frequency band limit f, .

The above described embodiments of the invention may be realized with both
single ended and BTL output stage topologies. A particularly advantageous
implementation is with single ended output stage, where the HCOM state feedback



singl e ended and BTL out put stage topologies. A
particul arly advantageous inplenentation is with

wa@oglogo4ended out put stage, where the HCOM st aP@T/1B2007/000493
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f eedback WO 2007/099442 PCT/|1B2007/ 000493 14 path can

be i mpl emented by sinple passive R C neans, w thout

any active conponents. As a practical exanple

i npl enentation of the 2" a pref1 rred enbodi nent of the

I npathtdad e iBpRineardby siflepasaveR C meahs)egtHolt ddyeactive

ta% ’S‘PQ‘E W, Al'l frequencies are 5 nornmalized to the

tar Pt guency bandwi dth fb, in this exanple

f b=20k HAS 2 fPactabwemplaimpeGantsot of the 2fj‘wemd<emhd>dimem of the
[T SUGRGY is g1, e pBScbAY ek P %PT@. 485, R Hilncies are

aln
20:1?9%41526 d pthe targeifiramendpangwidih \ﬂp,tlh s expmple feye0kHz.

frequency band and furthernore controls 2"d | oop
bandw dth 1. T Resonant fifter _design to ennance
SZ(S%-UQ-@@%E@EL—H—&L” e bl fr pGﬂmmB%t set very |ow
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Table 1

It should be noted that these parameter settings are only illustrative, and that
the engineer skilled in the basic art of control systems design can devise alternative
parameter combinations, dependent upon the target specifications in a given
application.

Figure 5 and Figure 6 illustrates the effective loop transfer functions L1(s),
L2(s) and effective loop transfer function L(s) in both open load and nominal load
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A 3rd Preferred Enbodi nent of the Invention

30 A 3" Preferred Embodiment of the Invention
A further preferred embodiment of the invention is particular in that it offers
further simplification, having a forward path 17 with unity transfer function. The
possible realization is illustrated in Figure 9. In order to enable stable oscillation
determined by the 1% feedback path, A1(s) is here preferably of 2" order:

35
1 1

rpA1s+1 T, +1

4,(s)= K,
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Table 2 ‘

Figure 10 illustrates the resulting loop transfer functions L1(s), L2(s) and the
effective loop transfer function L(s) for the resulting HCOM system of this 3™
embodiment. The resulting loop transfer functions are now both 0™ order within the
target frequency band and the effective error correction will thus be reduced. Overall
stability and frequency response is excellent, as illustrated by Fig 11 and 12.

In single ended output stage realizations this third preferred embodiment may
realized without any operational amplifiers. The HCOM system thus only requires
passives and a comparator to enable either non-hysteresis or alternatively hysteresis
based oscillation. When considering silicon integration, this is very attractive, and in
many applications the resulting L(s) characteristics will be sufficient to compensate
for the errors introduced by power stage, power supply and output filter. The
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An Invention related to general switching amplifiers
An invention is disclosed related to general self-oscillation amplifiers.
Amplifier are generally designed to cope with a wide span of input stimuli and the
complete complex plane of load impedances. Furthermore, amplifiers need to comply
35  with extreme test bench situations. We can define two rather distinct states:



Conbi nations are obvious for the engineer skilled in
the art, the herein described exanples for

wenrhaieraent of the basic HCOM architecture arRCHEB200%000493

10 2

20

25

30

illustrative. 30 An Invention related to general
switching anplifiers An invention is disclosed rel ated

to general self-oscillation a ifiers. Anplifier are
eneral | y desi nnnrl to-cope Wit} i H

sit i mul |Stg¢ed the conpl ete conpl eXJO| ane of | oad

npeda Furt her nor ILiers need to conply 35
v+th e 1’5}% t est bencﬁpgﬂ?{gﬁigﬁ Sf)ns. We can define two
rlat her distinct s$tat esMﬁA@ﬂ'@mﬁi 099442

HCT/ 1 B2fQ7/ 000493 18 Lsp ker | oads
Musi c gfl mul i Tegt Squa | Fsgg Sr ggfegnse Conpl ex

oads, open, capaciti vélomplezaﬂ@aqi%aa?fh@éwglf‘? stimuli

t is quite chall Ien_gl NQveflostBfdc8erg8emannt rol  system
performmg optimal in pboth states. I n general,

conprom ses needs to be taken between performance and
st abi | i t ¥ quite@abllldnightg torletiBAbné bentaipystén gerfanningbptimal in both

1 gL RO SRS el Y ey b el sabis

st ssalsing Fi thatlifie atipli§ier atelyavillinoy perforonoptinaliin apyef the two
ar %tﬁtek ri)uéﬁéllgl%r %mé’rh hﬁ?éélkp%%ﬂhéﬂc% in GRIBIR ktaﬁebAC)

tween two or nore

(T anst eFigflérbustotes angpYqniipn agwite theAth ik egpe o fLoad Adaptive
o p@Bﬁ‘ttrblc(ﬁAC_WSeﬂll&ﬂ @nzﬂﬂﬁh@tshi‘fﬁb&ﬁeéﬂ o érehbredodstransfer functions

genquma}zé to ‘??Gb\é\?iﬁr tfﬂ ungg'flg/e 18?(? ?.(%aé)%éls F?rngog glimitllmq is general and

10niayFbe apﬁieafte mapkwitthiag kh@lifiers howevel ipsifenably ofithe @éf oscillation
two related |oop transfer functions, LS1(s) and
LS ?f‘. The obvi ous advantages is that adaptlve

f eedbacRrefaally theahAGdes o distinet stases angdworrelateddpomignster

|
m@*rfé#l?rltééh ggti (51?1 gﬁdr ‘ ﬂéﬁ%ﬂ(ﬁ%ﬁ?@fiﬁ@g% '1Mabﬁabtlve feedback loop

op pasReW bp optiaized ,’qﬁ? e oupli nggyv@ﬁhs 111810 o Pwp%lg pta‘%s,t eniancmg both

St @Eﬁ’oﬂﬁ%@@ SADRbES ALY BebbthSthtdsyad @Adseltoahd tanpromise design
ma out put current/voltage detection neans, input

KQFIOH%‘itectl on neans, analog or digital or
aI t er naSiavedetedtion@ar be parathfzed bebaddeteotion means, detpuicqurrent/voltage

St ?t t%ctg(%/ri I‘g‘g%% i)ﬂilgﬁ %ﬂ? ?Etgﬁ{ﬂe@@t &f@&o& SIS 8P §RdrR4tives. In one
s e Ipfefcxse;l linb'dlt)d m1toal¢f;ﬂct $tate bymasmg thg é‘waéd path loop compensator

D(s) voltage as illustrated in Fig 15. The self-oscillation amplifier may for example
HCOM in the embodiment shown in Figure 13, where load adaptive control can
advantageously be realized in the 3" Joop comprising the basic HCOM amplifier with
an additional C(s) feedback path and D(s) forward path to enable enhanced filter and
system transfer function control.

Given that LS1(s) is optimized to the normal state only, loop gain bandwidth
can be extended significantly, up to 10-15dB in state 1, compared to conventional
compromise loop transfer function designs. When entering state 2, the D(s) block
compensator will potentially initiate saturation since LS1(s) is not robust stable in
state 2. As soon as an out of nominal range voltage is detected, D(s) is set to state 2,

-O

generally a much lower gain and bandwidth compensator mode. After a timeout
period, the compensator is reset to state 1, and henceforth the resulting load adaptive
control system will always adapt to the actual state.
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4. A self oscillating amplifier system according to any one of the preceding
claims, wherein the 1% feedback path has a low pass or integrating characteristics.

30
5. A self oscillating amplifier system according to any one of the preceding
claims, wherein the 1% feedback path has a low pass characteristic and the 2m
feedback path has a phase lead characteristic
35 6. A self oscillating amplifier system according to any one of the preceding

claims, wherein the forward path compensation block has as lag characteristic, in
order to enhance system loop gain bandwidth within the audio band and enable a well

conditioned modulation signal.
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13. A self oscillating amplifier system according to claim 12, wherein said
adaptive means comprises a filter block in said forward path, said filter block being
arranged to be switchable between two states with different filter functions,
dependent upon the input stimuli and load characteristics.

14. A self oscillating amplifier system according to Claim 13, wherein said
state switching is determined by the output voltage of said forward path filter block.
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