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Pul se referenced control nethod for enhanced power

ampl i fivwelogeszef a pul se nodul at ed si gnal Techni cal, L hi s

i nvention relates to power anplification of pul se nodu- lPCtl.}[?%’%’e"@”Ei gnal s
by a swtching power stage. The invention may advant ageously be used
for inproved conversion of a digital signal directly to anal og power.

Appli cations arguyydh lAfferencdl %ddbrdlidheeRO¥CEoF OBMRLSERA and general
DC-DC or DC-AC 10 power _caonversion systens controlled fromthe digital

donai n. RAVRYr 8BRG 1 Eicarion, 9Faft RdSo Mo @tedignalat i on based on
a swi tching power stage are well known. The high efficiency provides
sev- 15 eral .adyaptages, in ternms of mninmal weight and vol une, hi gher
power ﬁ%ﬁﬁ%ﬁﬁg¥agéﬁggi ty and inproved reliability. The fundanent al

el efentThis Snivenhiong peiateanpld fpaear oampléficatibe wifidghatser ,mddie-

SWi t chi : e d,the. I E'Rr%;i' |1t t Itute the
nmodul atg t%‘?\é\%gﬁﬁs?%e lﬁ}gné-l %glgleﬂggg_i % y O t%tea%év\i tg ?ngnr‘%vg\%p’%g} a%aé’
pr esent3AEABLFECPHEANt Pe usemheEPFeAMPES VAR MAYREHORDAL! & Higpirdr nance

t hrough®idnal diteaubsegyerdindIOwr poRBYEr SASH] Dya i sHkt Gy ROWed St age.
Thi s pr‘$b et%is f undanent al and i ndependent, on t he anal og

se_ of
modul at A RO PARPSS, SHITRR L dars: | SRPetat PTG cof dgiAG
PCMOPWhawew ecesnvarsion sykhepsi opnarbllednmfewsaitihen digidaie dumeirdeal
behavi or has generally been attenpted with various feedback control
nmet h- ods. US Patent no. US4724396 and US Patent no. US5521549 dis- 30
cl oses Rx@RPFrevnadf this nethod with audi o power anplification as

speci f ith@ppkiveditiaes HoRepewer! |5Uif PEIDAGK ©aREROIon a MHIfIQLS Apquire
an anal og | ow freguency rgiegence. Jrh |?L&d§- . Sirable with a nore direct
di gi t al PLBLT cRE 8BS pBher WedhvEPSIFEn The PASh sifiqtency Ramsiidesh@8%ion in
t hat noesabaradweamYdgeon- i3> rertmr b netdidal Fuwe bghvorand aradgne,
nodul at,i LT CUj ad._C |80, r rs. W t requi.red.
I nter naliul(') n%* %lg“}e}r:)%t lélﬁfl dgggﬁi g{éagéll %wv%&% lﬁ‘)é%%&é't%g i]%‘t elra%g"tlil 4t
pat ent The Zppdrvantas mdemPp93/ 3R43¥iGrHdngs @ovierpesrdd Sisatcdm fare

the modulator, the switching power stage and the demodulation

filter to reconstitute the modulated signal. The non-
20 linearity of the switching power stage presents a significant

impediment to maintain the modulator performance throughout

the subsequent power conversion by a switching power stage.

This problem is fundamental and independent on the use of

analog modulation as analog PWM, or digital modulation as di-
25 rect digital PCM-PWM conversion.

In prior art, compensation for the non-ideal behavior has
generally been attempted with various feedback control meth-
ods. US Patent no. US47243%6 and US Patent no. USS521549 dis-
30 cloges examples of this method with audio power amplification
as specific application. However, linear feedback control
methods require an analog low frequency reference. It is de-
sirable with a more direct digital source to power conversion
to simplify the power conversion in that no separate D/A con-
35 verter 1is needed. Furthermore, analog modulation circuitry
and carrier generators will not be required. International
patent application no. W092/11699 and international patent
application no. W097/37433 discloses improved methods for
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digital PCM PWM conversion for digital digital to power am

plifi %g%“# n practice, these systens are hardly easypdPpkos/Go1spl enent,

si nce sation for the fundanergal error sources within the

swi tching power conversion are not pro- 5 vided. The application of digital

f eedback control referenced to the digital source is conplicated in

that aﬁgiﬁéh()QPCM pwm deghirakrseenv gorerdid tigedetgi fat heof kot h. This
ers .nor f eedback control ractica 10_.The publlshed

i nt erﬁgtt"rfdr‘fﬁtlﬁé’t gejfnaﬁﬁ 1%§ gFg‘s are Jxdly , eR&yibE@k net hod

| ocal itnplemenswyi t shihoe powausmpémmn fior whheh th@dmmfaxt agifr®pt put is
feed d .t h S t The resultlng
&1 gnaPOEcHE FPHEHES Bhb swi il Boles! BRI GE 4 Rati on
efd ecm@edhomeramﬂucamqn mﬁ ebigidrl tfaaﬁlzﬁqlf iqantralo mrmcezﬁre

| Mproyenerls awands agauﬁereorlssoeaﬁ@imated ﬂ:{l €Rge! Ofnald nvention
in prior art exist for general power i cation pul -odul at ed

si gnaPigif&l iGRIVFETERY pbf afeedernpite B gg?@???@epﬁégns @6%ﬂ¥%¢nate any
sour cde@k normadn-fddtRidk Yedrtkaloi ipractdiwaiswi t chi ng power anplification

st age. Accordingly, the primary objective of the present invention 25
is to enable inproved power anplification of a pul se nodu- | at ed
slaQgnaﬂ‘hemmrkahaahedarmtesn@tcesalepat:eatt épPPhd cpsien EP7iﬁla@e dingl-
demdeh%b%n g 1dd étﬂbaaiséa sygh chl&atsviﬁt%hmg 21085 @&fformﬂnce
can be maintal ne roug out the su se- uen nts al e way to

t he odfipyhri %&%rpw%cﬁeaeseutsfmt k& |fﬁ§gntbia§ﬂf 2 FEmRA deith

pract bcPuldiddi wadt PCbdulat edOWRIpRON VRS | PBsSYELAM stibakli Sid ngeagitive to

power st non-|i.near.i t ertur ation.on the power pl y_and any
ot her ¢ (J“"i‘q"r1‘t)‘f‘fa i oRg) S gﬁ&M F 3 RYT%e pf) OGQI efte @k cor di ng
tX5 cl aoweverand 11 bbelﬂmxﬂﬂdvasdoﬁttheidﬁ@ﬁﬁ¢uﬁt to aomtacdl evire by t he

intro | | L. l0- tween the pul se nodul ator and
t he s(‘jL ?ﬁ?’%é'%ﬁc?\%e%&r?p%% e sourcelf! SUBSTI TUTE SHEET

(RULE 26)
In conclusion, no invention in prior art exist for general

power amplification of a pulse-modulated signal, that incor-

20 porates simple and effective means to eliminate any source of
non-linearity and noise in the switching power amplification
stage.

Accordingly, the primary objective of the present invention
25 1is to enable improved power amplification of a pulse modu-
lated signal, where all error sources related to the power
stage and demodulation filter are eliminated, such that the
modulator performance can be maintained throughout the subse-
quent elements all the way to the output. Another objective
30 of the invention is to provide a practical digital PCM -
power convergion system, that is insensitive to power stage
non-linearity, perturbation on the power supply and any other
non-ideal elements. o

35 SUMMARY OF THE INVENTION
According to claims 1 and 2, the objectives of the invention
~are achieved by the introduction of a correction unit in-
between the pulse modulator and the switching power amplifi-
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3 cation stage. The correction unit provides conpensati on béh !
means WO 84625 re-timing on the pul se edges, said re-ti MGIGPKIB00 Nt r ol | ed i
to have a "predistorting" effect, such that the resulting swtching

power stage output is free fromdistor- 5 tion, noise or any other
undesi red contributio According to claim3, one preferred

enbodFRAEHPR oS HARE § n%‘Bﬁ- COrrgetirn supdkt iRHAVCAes cREPepgAtdone-byti ning

i R t heeansr o€ pulsd iﬁ@-tmﬂnind'_r;]xsoﬁ L?Hte@ullfsm%ﬁgés?f sléaderfé)-rtf«h | input.
Thi s | ant ageous in fhat .the resulfing_control systemis |Tn-

ear, %\%%?%%%igés[&eom %gégﬁi arkr opt PPt i dn Fgfﬁﬁpl i §¢ &ﬁ‘&t thepe

per f ore@ntelngpswismiving opever | abhge outputAcicor fireg tfxronl alisworit is
exped: 254, | 8L sbNBrPUbYe bR untidsiFAG° cEARY ikl em compri ses t he
foll owm ng fundanental éle- ments: - Aninput termnal taking a
pul se nodul at ed signal. - A Correction Unit with neans to correct the

del ayscebrdibag to cliaii Vi dushe DpkeEeLAGeSemboAtmehted Dy capfd,pl i nput.

20 -t%gtg e fa q:c%bca K with gg ensaltlon. - A reference-shapi ng bl ock

to noatTy the BRSS4f etBnedat PULSE pRRTSTHIMNIRT | 7Bl 88 FOBRG Tat i on.

- A diiomrentt bsoskliinvegenduartiam efr en srgoal sdrphad Goput. Thigensator
S e | . T | i [ n varj ous enbadi ments

+gari naivaneaplals 53 cnacliihe WER Chs MOHERSA (BVERY B e

cor r 23F onwherehy sysperodesign: andl apfimézagionhd s wiomlididddndles vari -

ous agly@nbegeervaffbodinpRralemedRCebRRe1NABNAVed digital - 30 anal og power
conversion suitable for audio power anplifica- tion. The

invention is a fundanentally new control nethod for im proved
anpl iAccatdingotoa qudise apditated expediesitgntiat Thke 3pulapplisation range

' d_in,.that t i | b d wt
T N RS R G S bt B TR AR e LY SN

f eed REHL$ bad where a pul sed power signal of controllable quality is
needed. pHl tingRitelderminal taking a pulse modul at-&PTd Il SHEET (RULE 26)

- A Correction Unit with means to correct the delays of the

individual pulse edges, controlled by a control input.
20 - A state feedback with compensation.
- A reference-shaping block to modify the pulsed reference
input for optimal error estimation.
- A difference block to generate an error signal and a com-
pensator to shape this error.
25
The invention includes various embodiments regarding actual
realization of the control function within the correction
unit. According to claims 6-10, the invention includes vari-
ous advantageous embodiments concerning improved digital -
30 analog power conversion suitable for audio power amplifica-

tion.

The invention is a fundamentally new control method for im- :
proved amplification of a pulse modulated input signal. The A
35 application range is extremely broad in that the invention
can be used with any pulse-modulated input, modulated in the
analog or digital domain, and feed any load where a pulsed
power signal of controllable quality is needed. Ultimately,
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principle of the invention may realize perfect reproduc- tion of the

pul sed, Q Ak&gce such that the output is a con- st aptTiIDKPSMOI3BE | nput,
i ndependent on any di sturbances that#? I s introduced during power

conver si on. BRI EF DESCRI PTI ON OF THE DRAW NGS The invention w ||
be further described with reference to the drawi ngs i n which: 10

Fig. thﬂupminciplecbﬁlehafﬂnunntﬂuqﬂmaycaeabhzbapeﬂfeatekeproduther
I . I h
anal o Q;ndéﬁ' EEE k»@ﬁ‘éteé fere JY@é %KBHM’EPE‘E tt'i‘x% acf&tp% S 130% nThS ows a

net ho ower VEr si on base |I'se
approa%,crﬁr}fs %‘F\ﬁskﬁé\m inputhe amlepggdent g . argy s@bﬂ@unbgnnesalthmdel of

the i neenirdtFbduced dikfngdpSWe¥sScanpeetesned enbodi ment of the invention,
in terms of a dual |npu pul se referenced control nethod based 20 on

state feedback fromthe power st age. Fig. 5 shows various enbodi nents
of thBRIBFEIMESCRIPYEONI 0P THE DRAWENGHge delay error correction methods.

22 emthe SRVEL L0, B | G DL 6 LAL, ORELBEERER! §YCBTBRELIBNL L end 0

i nvention regar Img e correc Fon-unrt
|nplemhﬁﬂ@JKheiekpeML@ht Ilnear control function, by operating on both
edges of the pul se. 30 Fig. 7 shows a systenrblock di agram for one

preferred i mpl e- nentatlon for a doubl e- ed edge del ay correction
uhPt. Fig. 1F§EPWB 8h &R S PGy + Lf3okeni based; aresdi-on, in
t er ms wfern dhfiddlor @ﬂg\&tazonupmsu anasysrsewerlmr kag@hotBUEhe3artROSes,
where the reference shaping block Ris unity and the f eedback bl ock A
has a constant attenuation characteristic. Fig. 9 shows a |inear
nmodel Hig. tReshdwantagmetbodppfi gaowen conversion based on digiS&BSTI TUTE

SHEETﬂJ%&éEéEaulation. This approach is well known to the art.
15

Fig. 3 shows a general model of the invention.

Fig. 4 shows a preferred embodiment of the invention, in
terms of a dual input pulse referenced control method based
20 on state feedback from the power stage.

Fig. 5 shows various embodiments of the invention regarding
pulse edge delay error correction methods.

25 Fig. 6 shows the principle for one preferred embodiment of
the invention regarding edge delay correction unit implemen-
tation that implements the expedient linear control function,
by operating on both edges of the pulse.

30 Fig. 7 shows a system block diagram for one preferred imple-
mentation for a double-sided edge delay correction unit.

Fig. 8 showg an advantageous application of the invention, in
terms of a digital - power conversion system for audio pur-
35 poses, where the reference shaping block R is unity and the

feedback block A has a constant attenuation characteristic.

Fig. 9 shows a linear model for the advantageous application
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the invention in Fig. 8. The nodel defines an appropriate conpensat or
for tNeosgplse€ati on. Fig. 10 shows yet another adbeHPXIEBU3

enbodi nent of the in- 5 vention, in"terns of a digital - power conversion
system for audi o purposes, where the reference shaping bl ock and feed-

back bl_oc have first order characterlstlcs to I nproved error

esti mii 10YRRTON 1 i0sds et HifothRde %uﬂ%§&%3%oﬁ§ 8RPsPpTdateof the

i n- compansan"qufmteu:m Qbphidagidal - power conversion system for

audi o purposes, where a global feedback source is used for error

correction. 15 Fig. 12 shows the control |oop characteristics for one

pre- Fig.f k¢ ezheis| yatapmothelr fagivantagacefs remubdirivat nefit thk Rirg. 8.

Fi t dlko  ¢ch r eferr
9. Lotheus, te @éﬁas lf 09P VI ChAad,e ef-éﬁ«}éfﬁ__{gﬁ gysté% Regf erre

desig proach for the i“men 4 §
Shove 3G dRUTRRISS o WHEHs AHOTBECERRER EBAPLESI dlock mﬂ/arf@seda i

deter mialad}étbl&:cpulr&ﬁ!é | fi PGt CHFQ@Ex SENAELCct 8ri 8185 €81 { mPLBYeROWS it agE.

The ex%t a_%pbodlnent of the inven- tion reduces the distortion

consi éﬁ} Fig. 15 shows a sinulation of the effects of power
supply perturbatlons The exanpl e enbodi nent of the invention elim- 30

CRSCRFA . SHRY] RV RnERaRE aBatetbl el ffene i JFBE dgvai scuss

t he fﬁfﬁ@é‘#@ﬂ:allfbh%mal ofi m ddisad thaowdrsconversiempsystdm ffioxati on of
a pul sedmRdubaisdsssInahdr p&"‘%‘lobﬁ‘le'ﬁeedﬂ&i}c souP&lel%”BuégJiatf%rto the _
switchin ower stage that serveés to anplify the pulses comng fromthe =
nodul &t ISCHEEHYi ent to divide the error sources in to pul se i
timng errors (PTE)

o R AT o

R e

15 Fig. 12 shows the control loop characteristics for one pre-

ferred design approach for the preferred embodiment of Fig.
8.

Fig. 13 shows the closed loop system characteristics for one

20 preferred design approach for the preferred embodiment of
Fig. 8.

Fig. 14 shows the results of a simulation of error correction
towards a deterministic pulse timing error source in the

25 switching power stage. The example embodiment of the inven-
tion reduces the distortion considerably.

Fig. 15 shows a sgimulation of the effects of power supply
perturbations. The example embodiment of the invention elimi-
30 nates the intermodulation caused by this error source.

DETAILED DESCRIPTION

To fully understand the invention it is helpful to discuss

the fundamental physical limitations that lies within ampli-
35 fication of a pulse modulated signal to power levels. Most

problems relate to the switching power stage that serves to

amplify the pulses coming from the modulator. It is expedient
to divide the error sources in to pulse timing errors (PTE) 1
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pul se anplitude errors (PAE). Pulse Timng Errors arise from *

Del aysyblogaicdkir n-on or turn-off to the actual transiti oRCEDKIS/00133t he
output of the switching power stage @&re different in 5 the turn-on and
turn-of f case. The del ays depend on vari ous paranmeters in the power
switch physics and in the hardware, that drives the swtches. *
The deirdy pelseeamplitudeofdreoms t KBAEDL | Bwilsg tTimimg Errers arisaw tching
leg. 1.om. The finite rise- and fall-tinmes as opposed to the infi-

nitely fast swtching required by theory. Pul se Anplitude Errors

( PAE) *miiS3y srf2em e -on o Wargezoff oket hae pagEnadyuspapsindonf @ésds t he

SWi t chi RghedOBWBEPEE of S&@aesw&m&hﬁ@gegaml ¥rabeplor appEssent ! I

in ernDcLLi_Ilate with the nggulate udlgilggal, and t esvm.tcﬁllng -

poder “9€ SHyPhHAR PotRT ppP§® Rer 8EL BN _t%pFP@RRP YRrdems *

Finite ipgexhestoerd oin ttice ppower sewithiesphysics ahdhitr ebkeehayrdasenant

transient t.pr‘a{.{]&eé e&gét;vpg,fg#ég‘e 20 power signals. There are
atrn

addi ti onal ™ error sources re g to the non-ideal nodul ati on and

non- i edlhal IR d¢toreemhe terbdeffit apd the- followdngetruans omyin at r oduce
further fistoiidPmegi NCe magnetic 25 core materials are not ideal. In
addi tion t?e filter in- géae ses, the total output inpedance.

At8or i 1S, FiRdRGesride- andokplhifeiBR o 25 |IPRPSEDr £ Hehe r dafdmcy
responsenitely fddt).switShDng fedgeihed, byethesppwn in the art, to realize
30 power anplification based on anal og pul se nodul ati on tech- ni ques.
The nodul at or out put feeds a switching power stage, t he out put of which
i s derfdigeatirpb hitudeciirtors héPABaAdmatnly akrimseafroontrol system referenced

to thg apa 09 § ttﬁsrgsafﬁe Séx#:?)l@i HHEZ & ddifs SR QT éw%w&ggfe %%w%@'ver

conversion, such that 3 ects of the above mentione rors can be

n-Ri mi zeXF29e - AnYi BPVEF SNPRLYr SGRRHES OF Sepbfat iblAlsseraodayl ate
generatevith the amahNGtewuhubial Siemes asndnpie t HwibEheAF! HIwezySt em
o2 et ke, L0e, SLBLLL) 60 200 Hesh RRE S0 YBERH O oas.

e Finite impedance for the power switches.

e High frequency resonant transients on the resulting pulse
20 power signals.

There are additional error sources relating to the non-ideal
modulation and non-ideal demodulation. The demodulation fil-
ter errors may introduce further distortion, since magnetic

25 core materials are not ideal. In addition, the filter in-
"creases the total output impedance. Accordingly, changes in
load impedance will distort the frequency response.

Fig. 1 shows a method, well known in the art, to realize
30 power amplification based on analog pulse modulation tech-
niques. The modulator output feeds a switching power stage,
the output of which is demodulated and feed to the load. A
linear control system referenced to the analog input ‘serves
to minimize the errors within the powexr conversion, such that
35 the effects of the above mentioned errors can be minimized. A
digital input requires a separate D/A converter to generate
the analog input that serves as input to the control system.
Fig. 2 illustrates the simplified and desirable system for
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direct digital to analog power conversion using digital pulse
modul amMoo#/446zhni ques, al so wel | knoyn in prior art. TheP@HPKISO0IZ | cation

of error feedback control is conplicated in that an anal og/ di git al
converter woul d be needed to enable conparison 5 wth the digital
refergﬁ%sou ce, ﬂl S co om ses both per- formance and conplexity
and r obi®i AP Eﬁl pgwer conveygiop.{sing,digiicad nukse

invenmmlestMmmnebyni@egenmo wel]blkrtdmdlagrptfridafl Brf.. Thellf-
B L L ST

"predi*stort
conper?émlézﬂlfﬁui%t%l gnanvertEFewp}llsiubh nhadedheosandbﬁ&nﬁcﬁt;fdr:h&hﬁw or

Wi & hi Restdie @@s&:glcalqyeﬁérea sSQ?E@rS‘THQsa?gmﬂ g'e@,.t b'are Tige

elimnated. This I s_carried qut means o |gen
del aySFance AR %‘PmP?ﬁSx'bEVsén@d§§§de€8nFFSI F‘éﬂhﬁsl am@m rol sig-
nal [err] to the correctlon unit. The nmethod will henceforth be

refer ced to as .Pul . Edﬁgg DE1 ay, Erraor. Oorrecthg PEDEC The
i nvention 15" a ﬂ'ﬁ’tf y IR et Rod e geRrRl
anpl i folexl cdiagrampins&imdud at Bdei mpdulsitgmalis 'Iﬁmed toap.pldd};&tejcgn range

| 20br Qb NubBiet il 'Qe\!?{}EFOQoC%PPe&?egr . &A@d»_@t%%pu 8BS, méﬂsfl at ed

i nput, nodulated in the ana I'tal "domai n, and 9 oad
wher e Wi atad pei@rali gnato ger@rraé@wttrltﬁ | GemReRsat ¢d ypuisaem@haDS

The i nyentduash r ehaes r_% tywi d updareakal fb@hTaSrlor wa.uifﬂ? E t JHL%U' at o
al e usea as

can generate a ver ual it waveform t

r ef er GEEY FOYHe Lont 53 ’%/ ‘@?ﬁ‘ﬁﬁlq’“ ri¥e cpldpinatiedes T(hfwa or
PTE) wist h:aurri\@d soitc Ihyngnemwrof mte(l(mgensl Pulth ddgsoneeal,ad

|{|$el Ié Utlf éslg q:r]:cg1 I% ror sour ces onlﬁ_ rieed m nor
pul se € e Fe- J S Sertec | Mnatt ohPUt 3§0n¢Eele

corr eé’talonv meye b*eheb rrpb@nremte@nusxmg ity enestiited] will hedOelﬁbetSzl ded edge

del ay Xe@aGida, t &Sa s NPUNs £ 0page! gahay EPror cEwecém}EhEzp 1&5 ige of single
or doubl e edge correction is in- dependent of the t modul ati on

net hod. The control of
The invention is a fundamentally new contrcl method for im-

20 proved amplification of a pulse modulated input signal. The
application range is broad in that the invention can be used
with any pulse-modulated input, modulated in the analog or
digital domain, and feed any load where a pulsed power signal
of controllable quality is needed.

25
The invention relies on two fundamental facts:

* The pulse modulator can generate a very high quality
pulsed waveform, that may be used as reference for the
control system.

30 e All error sources (PAE or PTE) within the switching power
conversion can be corrected by intelligent pulse re- timing
and all error sources only need minor pulse edge re- timing
for perfect elimination.

35 The edge correction may be implemented using single-sided or
double-sided edge delay correction, as shown conceptually in
Fig. 5. The choice of single or double edge correction is in-
dependent of the type of modulation method. The control of
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edges leads to efficient correction and furthernore has sinpl e

i npl eRpEbakicap Strategi es. Subsequently, the follow ng PCT/DKISHOIPti on of
this aspect of the invention will fdétus on doubl e edge correction. 5
One preferred enbodi nent of the invention is shown Fig. 6. The dua

I nput pul se referenced feedback control system com prises: - An
i nput begdnigddes hkrads tectaffjciept| serwestisreandf turtiermorenbassi gnal
vIer M bimple o 1GARG o tladddi: Uideghbhe IPANENLOLE2AbiANG e
del ays, of the individual pul se eddges and generate the cor- rected

out puBSRAEP i aPL v [F&riE aspect pok JeRef JEHRRIAMN oWR1A ifRTERI OR

conpe@Ritien ddg@nddiaekdtion power stage bl ock. - An optional reference
sh,_%pi ng bl ock R - A subtraction unit to derive error information.
- conpensator C to shape said error and feed the Correc- tion Unit

with Smied phepexredr embofémept 2(f the THaventispt i b @hiownmmeide weal i zed
by vakiqu jn ]%gmi- | e QLo aLll arly.
advant'fgl%eoﬁﬁisajle(ég{gﬁ%ulSemaaénfﬁo t éedi nvent | O]E (?éré%r ?néiréé C ﬁ%’l

real | PALSS$E s de- scribed hereinafter. It proves advantageous to |et
the con-ag5inphiel teEmehali @Rak Vieifekd by ke MELEL MBL1acaRI Z@Fea
'eééectlve change in pulse width [err] at the end of each sw tching

cytl e enFﬁaFlsgagrﬁportional to the control signal input v[err]:

[err] - ROCoByestdbagithgitni { BEDE@ sndgl)e vevil chheagscyed econtneol elcddel on-
shi p bet n_kn N S 1At ] r spondi ng
change iﬁgﬁﬁggaegrgégnggkfhgdﬁébEgugﬁgtQb 6%fn?23$%ggr§8%aghgecor

est abl i snegtedsgurputopusEapBiieney va-the fol | owi ng t hat the PEDEC unit

out DUL42§|2%%a%€p|ﬂééﬂi?a&)§ Wbty A efhd108i8g5 confletsttt 1h [£FER R%e

WO 98/ PCT/ DK98/ 00133 [err]
15 power stage block.
- An optional reference shaping block R.
- A subtraction unit to derive error information.
- A compensator C to shape said error and feed the Correc-
tion Unit with said shaped error v,.
20

The correction unit may be realized by various linear and
also non-linear methods. A particularly advantageous embodi-
ment of the invention regarding PEDEC unit realization is de-
scribed hereinafter. It proves advantageous to let the con-

25 trol error signal v, to the PEDEC unit realizes an effective
change in pulse width A, at the end of each switching cycle
that is proportional to the control signal input v,:

d,,

Sw o=k,

dve S

30 By averaging within a single switching cycle, the relation-
ship between an increment in pulse width At, and the corre-
sponding change in the average of the PEDEC unit output av,
can be established. Agsume for simplicity in the following
that the PEDEC unit output pulse amplitude is unity. av, is

35 related to A, as:
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Wiere d is the duty-cycle within the present switching cycle and [err] is

the switching period. Hence: [err] 5 Cbnbining ﬁ%wﬂﬂ93(3) t he
| i neawa@ssm462d function ar- rives [err] 10 This preferred |inear
control function is advantageous in that it sinplifies controller design
and provi des controll a- bl e performance i nprovenents conpared to e.g.
t he i npl enent a- tioni fa, @, non- i near control function. 15 A preferred
enbodi ment of the igvent] on arfyl L that the i npl enentation of
a doubl e- si ded correétl LI%*EPGR SH& ,plenents (4) is sinmpBe. The
method is showmn in Fig. 6. R rnea control function is realized by a
limted integration of the reference v[err], thus generating the signal

vierr]. A com 20 parison between the nodified reference with the control
Si g- Whenal dv[Es riheadaed-thelpuiviehédgsbet priesend- tswigtthifronefeéhe 6 in

28;'0Wﬁdtpaas 4ﬁgr4witching periocd. Hence: SUBSTI TUTE SHEET (RULE
& 2
d, (3)
5

Combining and (1) and (3), the linear control function ar-
rives: '

r _dv, _ 2k,
PEDEC = 50~ =~ (4)

10 This preferred linear control function is advantageous in
that it simplifies controller design and provides controlla-
ble performance improvements compared to e.g. the implementa-
tion of a non-linear control function.

15 A preferred embodiment of the invention is particular in that
the implementation of a double-sided correction unit that im-
plements (4) is simple. The method is shown in Fig. 6. The
linear control function is realized by a limited integration
of the reference. v,, thus generating the signal v. A com-

20 parison between the modified reference with the control sig-
nal vy, caused the pulse edges to be re-timed. From Fig. 6 in
follows that:

V.

f =={, -1 =
w OV,

fo (Ve>1) (5)
At, =t~ =4tv, (-15v,S1)

"‘to (V¢<1)
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I ndi cates the corrected variable after passing the PEDEC unit. It is
assunmeg@otdaaiszgl | pul se anplitudes arge nor- mal i zed t ®QIMK3B/00133 t hi s
preferred inplenmentation, k[err] as - fined in (1) is: 5 [err]

The fol l ow ng equival ent control gain emerge for the proposed

i npl enent ati on of doubl e sided edge correction; ré(g Fig. 7
shows WhEFef dr ) edrdsiadieentteis (ﬁP’t‘)’fe@tFﬁddB%EF-éb%?d ter eltﬁg%smrehel on
met hodpzﬁhe OREBO TitS el Himed ecrd a11s ﬁaeehtair@wcrdhes are FRG-OPL T Mal
control é\/? IS preferrng solytion, .the pul.s shou]d have a certain
i ni maf® . “PhEPAEH nof § 1S PReder e flg}p SHRE IR £ ofwraBedes

rel at eﬂlnedt he foduliati on i ndex M and switching period t[err] as:

[ely] 20 This constraint on pulse width and maxi mal nodul ati on i ndex
Merr] does not present a fundanental limtation, since the correction
still will work partially beand‘{’xhl_e limt. Since only alimted
correction range is generally ﬁeeﬂed t[err] is 25 preferably oqszrder of
magni tude or nore lower that t[err]. The invention includes several
enbodi nents regardi ng the ap- plication of the invention specifically in
digital to anal og power conversion. One preferred enbodinent is the
syst enT8e fhéhawingFeguigalesitngoREDRE g&igoemargs ofemi the opropbsedie
hi gh p?%@éﬁ@ﬂ&ﬁt%ﬂ' bal qBubie Widel erdd idandmideds (PCV VWO
98/ 4 PCT/ DK98/ 00133

)

PEDEC 7 (7)

10

Fig. 7 shows a preferred implementation of the double-sided
edge correction method. The method is very simple and
straightforward.

15 For optimal control in this preferred solution, the pulses
should have a certain minimal width. The minimum pulse width
for optimal performance is related to the modulation index M
and switching period tg as:

Lymin 210 = Moy _1___2_‘_g (8)
20
This constraint on pulse width and maximal modulation index
M... does not present a fundamental limitation, since the
correction still will work partially beyond this limit. Since
only a limited correction range is generally needed, i is
25 preferably on order of magnitude or more lower that o .

The invention includes several embodiments regarding the ap-
plication of the invention specifically in digital to analog
power conversion. One preferred embodiment is the gystem
30 'shown in Fig. 8. Using PEDEC in combination with one of the
high performance digital pulse width modulation methods (PCM-
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11 PWM net hods) that are known to the art, the signal will re-

mai n digital or pul sed throughout the main audi o chain. g
nmodul at%f”@f‘“ﬁ"grri er generator is neeged as with ana- I\Pq'rdgkf’)%{ﬂfsi!é?

nodul ation, since the systemis controlled exclu- 5 sively by the digital
nodul ator. In this particular enbodi - ment of the invention, the state
f eedbackyt Sm@cHOAEROEnEEehire Knd@EKch! eHel NSV L4hI iSAGE, Out put
vierr]. The feedbagk palgteh c%npensator is a 'sitth% egg??%nua 1‘|S:"c§|'n?’reo\'nd t he

conpendi®if digippdclenc Bylpsda ghnpughaul tEhe pass taudbe chadine No

cont rolds1dd meduL&EYECoe! dahirs RaiddrdtaioreodhaBRba ANy iStEmintro-
duces gltveré fowerfllél and flexible coHt rol of systemoF‘erform ance.

The pr et rBU-FEREQAUATHR - £ BHRET ofiRfr SVYiSEEM gt Rafoptealleds exglyuty in
per Bor raiesl ypby nithat idingi Yl emadpletot . PEREG lei:- part iltillars ysissa desi gn
I's speg]fl kN e, 1.0g. e e tor iis_defined in the
| i near %ﬁ%ﬂ&gﬁo%f t{‘%elislgébg\r%oglé s%mﬂg)e %eﬁ'%a}é}g. *Fné Iyégéé iée S been
repl acRpPy Framefhiev@iveifiching | pawar ghrgearmnuput r esul Theg fedmrekhas

been 1 Qleifedip@iBaddr 638! senphe dabnliBRYbN NI, UorddUnd AL based

di gi tal t ower conversion system_The specjfied cqonpensator pro-
vi des ski}f‘?cf}f:i‘gﬁ )t FExPoilFFERr4E & ioii§ T AL peFPBr SafiPd & sontrakkenus
chapactsrmsttiwmse dlfe ylessl patg ilcodprt remsé@iméndet ithe systemdeimpwesl.

di I h | ; . I -ideal eff
noi se, AL | Wi IRRIREFCE U, P2 et BAb T hPBS TR M heR MR e

power $Snmpe- gain Klerr] are re- duced by the sensitivity function
S(s)=(1+L(s))[err]. The actual 30 | oop shaping is a conprom se between
| oop bandwi dt h_and t he desired sensitivity function. Further

consi demg i BReEg¥Eedt dinear (geneyohnfupshdenn eEoidemcoreatntlexni syst em
paLBmetwllsity in Tpék€oimghves opt ivflizatfionar Ml | évsmsyst 8 paratet&dn val ues
tSrl]JgtST\IM'Itll}lﬁg! g‘)d&t?enr% %?{%f‘%;] 950332&0.91138 Jt?gt gﬁgnfggiso%i%sgpe%‘ase' compen-
sator is defined in the linear model of the system as shown
in Fig. 9. The PEDEC unit has been replaced by its equivalent
linear gain and the resulting system has been redrawn to em-
20 phasize the dual input character of the PEDEC based digital
to power- conversion system. The specified compensator pro-
vides sufficient flexibility to optimize the performance to
various characteristics. The resulting loop transfer function
is derived directly from the system model:
25
L(s)=-’-<-f-";<—££‘ias)
=KCKP"PEDEC TS+l (9)
K (T s + 1) s + 1T p35 + 1)

All non-ideal effect as noise, distortion or power supply
‘perturbations that influence the power stage gain K, are re-
duced by the sensitivity function S(s)=(1+L(s))"'. The. actual
30 loop shaping is a compromise between loop bandwidth and the
desired sensitivity function. Further considerations are sta-
bility and robustness to uncertainty in system parameters.
Table 1 gives as set of normalized system parameter values
that will lead an appealing compromise between these aspects.
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12 The conpensator DC gain Klerr] is optimzed to yield the desired
| oop bwobsradé2s. A bandwi dth of 6-8 tines target bandw dtRETVRKIS/G0138 good
conprom se between efficiency and ert®r correction ca- pability. Fig.
12 shows Bode plots for each conponent and the 5 resulting |oop transfer
function. Par amet er value = Comrent

[err] The compepsiarsizemC REDEC Kpi isg@ptimized to yield Kthe desit8d
SySte”Rg%g”baﬂaWQath A bandwzd@ﬂeéf]G g tlmegjtargé@“%ﬁﬁ%ﬁi?tﬂofgr stage
ain =

?err] a good f:gmplromlse w% gffiigiency and eryQy rgorrect gpp| ca-

Loop ppabddtey. Fig. 12 sHoWd Bode plots [fr Jeach component L2AR Bgeanet er

. f
[2er§] resull—'itlltngr[ler?ré’tgu £an’srf§&,um%l%rpararreter Qerr] [err] Ler

Filter Q (Bessel characteristic) Tabl e 1 Exanpl e of frequency

normal i zed parameded’ $§ value INe gain of the copmlagEn IS controll edlby the
A- bl ock, ghehmitimtdduml Ot bl AMWH-F_LMEDEC_LMHOI
systemwi l|l  *reofcor cg t He ZSys{em gEAHYRLHRF CP&’?§FaH’E‘1W$%% the {arget
band- WOt Ty Stgyr T fes—poth SR~y AT AR ape—freauepcy re-
sponse. A cordi[}%a tolthe linear nmpdel for f Ig exanple_em bodi ment of
the inventlion K» Fig] 9,1fhe egwwﬂgﬁf@yﬁpﬁﬁfr%ﬁ%gasponséodi% bonst i t ut ed
of two corntrt+btit-enrs—stRee—the—+efer Aoz oz +wo—+Rp-s—-) t he | oop.
The systerptransfer f unctglvon I S: T ndvld%ﬁ
j;!=3#_ 1y Loop parameter
' 20
S0z =Tl_' t. Loop parameter
Rtpz 20
fps=2 1 2f, Loop parameter
- Y
f,,=2 1 _&. Locp parameter
RT 5 2
fr 2 Filter natural frequency
Qf 1 Filcer Q (Bessel characterigtic)
B

Table 1 Example of frequency normalized parameters

The gain of the system is controlled by the A-block, and with

10 the given example embodiment, the PEDEC control system will
force the system gain to be constant within the target band-
width. This stabilizes both system gain and the frequency re-
sponse. According to the linear model for this example em-
bodiment of the invention in Fig. 9, the resulting system re-

15 sponse is constituted of two contributions, since the refer-
ence has two inputs in the loop. The system transfer function
is:
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PCT/ DK98/ 00133 13 [err] | n_the
speci YOPHM62h0t unusual ) case wherg; K=K[err] the syst emCTDEIBLI3,
function is constant: [err] 5 In the general case: [err]

Fig. 13 shows the resulting Bode plots for the closed system 10
consisting of two contributa@rsklpi M ng,the | oop response and a total
system response with tfé)de ( Wf‘g er. The constant gain
characteristic of the |oop ‘Kgé’

Ferr] . The denodul(@gon filter
exclusively determ nes the iggégnse QH * the system 15 The paraneters
of the exanpl e enbodi nent = Corly il- | ustrative and vari ous

ot her system characteristics chfite devi sed by other |oop transfer
function gain / bandw dth com prom ses etc. 20 O her advant ageous
enbodi nents, also suitable for high qual- ity digital to power
CoONVef;$i Phe akBesk @ [ : e al ter Y odi ment s
are char;%eriﬁzegggc (E??ngrg& %{%ﬁ)ntc%%%pgység%orﬁézﬁ @éerg%%ggghapi ng
bl ocKsEaAFELE Nt UBCEiPR i FeRPNFRAREG. 10 is preferably based on a first

or der characteristic in both the reference shaping block R(s) and t he
. feedback conpensator A(S). g'gugdvagiages i n the denodu- Igghgn of both
ref erence and feedbackféf)g " Erd—rti=¥ zed noise withint ontro
system and furthernore | ower ' §SAceoec ;

5

R ENCENRNIPRP R

¥
?
3

In the general case:

iy ¥ 90

H(s)s{K (f</s) (12)
KP (f>>fu)

Fig. 13 shows the resulting Bode plots for the closed system,

10 consisting of two contributions forming the loop response and
a total system response with the demodulation filter. The
constant gain characteristic of the loop-caused by K=K,. The
demodulation filter exclusively determines the response of
the system.

15
The parameters of the example embodiment above are only il-
lustrative and various other system characteristics can be
devised by other loop transfer function gain / bandwidth com-
promises etc.

20

Other advantageous embodiments, also suitable for high qual-
ity digital to power conversion are shown Fig. 10 and Fig.
11. These alternative embodiments are characterized by using
different compensator and reference shaping blocks. The em-
25  bodiment in Fig. 10 is preferably based on a first ordef
characteristic in both the reference shaping block R(s) and
the feedback compensator A(s). The advantages in the demodu-
lation of both reference and feedback signal are minimized
noise within the control system and furthermore lower band-
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requi renents for the feedback conpensator. The enbodi - nent in Fig. 11
i s baseslomauszs gl obal feedback sourcg,such t hat denoBGTRBAYEE| t er
errors are included within the | oop and al so corrected for. This

requires a second order refer- 5 ence shaper for optimal error estimation.

The corr tion effects towards, pul errors PTE) hs shown in
Fig. SIS E hECHpERS 5%ﬁdéé§ﬁ;%9ﬁﬁfnsa hr edPESERSEt r ol | er
confi gnmt i msFhave feedsi measdd gahed dlabal héeﬂdﬂﬁcmaé@uﬁégn&hch
frequepey. HRilvacilie £O1ELD! Lobors ASANSLANARLY eCHEgS chOC elioct s of

this |cu ar ernor e, EohsSPs at or
gai n Rp@waSRHﬁorrecbﬁdrﬁonrmﬂhM$r©%@m%ﬁ¢§ ahﬁﬁQﬂEdparderutaﬁe&Ptuat|on

the  encdl S 0FdrS Jdueel LPER -eStkhefdg. 15 shows an investi- 15
gation of PAE'with a severe power supply perturbation of 10 Vpp. Top

figure visualizes the clear internodul ati on between power supply and
Si gnarrheBQtdm&&:gm eeBBéMshQ}Mvtdmlé:‘E;DErse timeAyr ddsre! (PrRAt gy this

ef fec hat..t he ter duI o) S rmeV|S|bIe|ntet|rre
dOITB.Itﬁ %¥me ‘ant tgr ﬁ’o’du*g 2"3’0 |on StOHIQ%éI srbr B EFPoY e T Rln 2
_conpakégeeo REREC compeallewnp coageguargtppml dtae byeehe lsmesmulgwtteﬁ
fimct Len il wor%@e%@ée si af‘l &F?%Qn&?e Ui\é%’iil' n tﬁed%%ereoﬁ.‘i o

her ei nbef ore Wlt respect to 11 astr |ve i‘ments t
be apfrEsises@bly rRauceRe FoeefHifRFtando¥ arq}b‘c% Gta}‘@?l%*ﬂa}‘i@e§rr@m ssi ons
and  souvadd .l i DB Ke¥mbfe MGRIJMSHIRY CePatbmpenis=®Bt Ngashl Tkf 3G
scope of t hi,s invention
ntrol the 1mprovements In this particular situation the
distortion is reduced 20d4dB - 30dB. Fig. 15 shows an investi-
15 gation of PAE with a severe power supply perturbation of 10
Vpp. Top figure visualizes the clear intermodulation between
power supply and signal. Bottom figure shows how the PEDEC
controller eliminates this effect such that the intermodula-
tion is no more visible in the time domain. The intermodula-
20. tion distortion is reduced more than 40dB compared toc the

open loop case, as predicted by the sensitivity function in
theory.

Although the invention is described hereinbefore with respect

25 to illustrative embodiments thereof, it will be appreciated
that the foregoing and various other changes, omissions and
additions may be made without departing from the spirit and
scope of this invention.
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C L AWORp44g2 1. A nethodsto correct for anyPscgtyji)rlé“,ez%(‘))E,’3
non-linearity and noi se introduced in the power anplification of a
pul se 5 nodul ated signal, c har act er i z e d by the introduc-

tion of paqCey heqt i Q:]n ury ty iyp-det ween the pul se nodul ator and t he

sSwWi t chi ng power ﬁlcatlon stage, said correction unit i nt roduci ng
conti nues delays on the pul se edges, controlled to have a conpensating

ef fect. 31-01._ A m?thfdt ﬁA %tﬁ:tz@ﬁtgmﬁ@fdhﬁg s> rraaﬁE non- lq.dhaﬁk];z.rtya g t e
r 1 z e ] N . e pul se e orrection Ls pert.orne on
it hopoghaeiad dhRRheut T T hEC O BB ep HEERAE R bES b b TRe s e
pus se modisklladtesd ssigpedl, dSh a r a ¢ 8. eAmyistzmne adcbydche timttaius- 1- 2,
chatd of £ éofrég?hgn ualth[attx LR et agid Oﬁhiéecﬁlbﬁ.ulatorf eg, put by

an efftectlve pu se W ange err In every
contr@MeeéVéé:‘%llmgté&W@brﬂmRﬂlﬁ%ﬁﬂ:‘ﬂ% %tfaaezosaédr @prmegwatom[mzrq to the

COr r eqjr@Rddiilng SeEHc 1 Rebs adgeagsalon thél @mrser eé%g%é@“ [*iddrolied

—k[err]v I S established. . A nmeth according to clai ns
%?Wéa?r59¥3?qs%¥%n9 effeqtin that the system conprises: 25 - An
|n@ut term nal taking an pul se nodul ated si gnal - Acorrection unit

with nmeans to Go the i ndi vi dual pul se edges.

- Astate eedg&agy% ?%ﬁ%%penséfl on hom t he power st age

bl ocke 30 a-rAa opti cmatd‘ iefeeedce shapi nghitodiie pulseAedglst rdeckdon unit,
L0 delloteRididhn |1 Gh&BEbMled on ifnComensaiolalngSBage Sah ALy and

feed the Correction Unit with said shaped error
met ho@9%E SiRRFR ¢9e8 R, the incoming pulse mogulaped ®ignaly ¢t hat the
i opl ement ati on of t he double sided edge correction is realized by a

limted |n- t‘%ﬁéﬁ'éﬁhégdfﬁgaé%”éfﬁh&gffffpce to generate a new si gnal

characterized in that the correction is car-
ried out by an effective pulse width change A, in every
switching cycle, controlled as a linear control function of a
20 error signal vy, to the correction unit, such that a general

linear relation A, =k,-v, is established.

e
4. A method according to claims 1-3,
characterizedin that the system comprises:
25 - An input terminal taking an pulse modulated signal
- A correction unit with means to control the delays of the
individual pulse edges.
- A state feedback block with compensation from the power
stage block.
30 - An optional reference shaping block.
- A subtraction unit, to derive error information.
- A compensator to shape said error and feed the Correction
Unit with said shaped error.

35 5. A method according to claim 4,
charactexrized i n that the implementation of
the double sided edge correction is realized by a limited in-
tegration of the pulsed reference to generate a new signal
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vierr], such that a conparison of v[err] with the error sianal Lerr]

mnthlﬁNOH&“ﬂﬁﬁrectlon unit realizes gglinear control fu P800 the
formJ[err] [err] 5 6. Use of the nethods according to clains
1-5 where the reference i nput is nodul ated by pul se mndth nodul ati on.
7. Use of the t.hods according to clains 1- % real - ' an i nproved
gener ali «di §PERI -aanﬁ?gaaﬁgﬁﬁ? égﬁVéTSI& hldﬂg sEERCT signal V8. A
syst enwatbhandkhg toreleaitnrom-uhit reaiizesraa&rneas contzok @uncitidn t hat
t he stghetﬁ geg §ﬁ$ S .vthe | ocal swi tching power output voltage v[err]
and the reference sﬁaprﬁg bl ock is unity. 9. A power
anpllfler according to clainms 4-7, characteri zed I n

thaf the stgte paedeachkHes methdcmi‘ écﬂf@fd%tﬁblegaﬂﬁ!\'ei SULREYe kiR
f eedback co ensation 20 “253%4{53 order_.filter, and_the reference shaping

bl ock TrefeZghge ¢npRy il TR FULSR  Bhgth modulatlo@@ A power

anplifier according to claim4-7, charact e r [ z e d i n the

phate feccback nd 6 g ABEhoBb:E et B il o & opge gani v

const ahge an ampgwyed general digital] 1IPCM pomalgyrppownrcawemlmgx to

clanss§ségm.30 characterised i n that the swtching power
stage output directly drives a | oudspeaker or other load with pul ses
directly fromthe sw tching power stage. 35

8. A system according to claims 4-7,
characterized i n that the state feedback is

the local switching power output voltage vy, and the reference

P
15 shaping block is unity.

9. A power amplifier according to claims 4-7,
characterized i n that the state feedback is
the local switching power output, the feedback compensation

20 is a first order filter, and the reference shaping block
equally realizes a first order system.

10. A power amplifier according to claim 4-7,
charactezrized i n the state feedback is the
25 global amplifier output, the reference shaping block a second
order filter and the feedback path compensation a constant
attenuation.

11. A power amplifier according to claims 1-10,
30 characterzrised i n that the switching power
stage output directly drives a loudspeaker or other load with
pulses directly from the switching power stage.

35

AR )
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