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Power Anplifier with Enhanced Cascade Control Method Technical Field 5 This
|nvent|qp bghsdofs t0 a power anplifier for the audio freqrermkeraose,
conprising a pulse nodul ator, a power anﬁ-plifier stage for anplifying the
nodul at ed signal, the out- put of which is |low pass filtered in a

denodul ati on filter for obtaining'an anal og output to feed to a consuner.

10 Background Nearly all co ilLa ifiers for fre-.
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B. Since the out put tranghgggegdobaggahelégnagan|ﬁgehadoperate in the

| i near region, they have a | ow efficiency and d|SS|pate a consi derable

amount of heat. The basic pul se nodul ation ("digital") switching class D

power anp|Tééﬁﬁi§§ih9ﬂela theory provides a nmuch higher effi- ciency, which
| owers the anplifier volunme and heat develop- 20 nent. Despite this
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systed® to elimnate errors generated in the various blocks of the digita

swi t chi ng ﬂ@&g§ 3&@ gifier. In the basic digital power anplifier the input
signal is nodulat into a pul se nodul ated signal. A swtching power stage

per forns 3Weazhyl allcatimercialhy avajhableapdwer| emppifiets| for Fegen-
erates theqpdus 8kednbUtn8ousayR! Lthhd SkE@NAE- £hBC1RASLE analog type:
class A, AB, and B. Since the output transistors of such
15 amplifiers operate in the linear region, they have a low
efficiency and dissipate a considerable amount of heat. The
basic pulse modulation ("digital") switching class D power
amplifier method in theory _prdvides .a much higher effi-
ciency, which lowers the amplifier wvolume and heat develop-
20 ment. Despite this efficiency advantagé,-prior art in the
field has not provided solutions with an acceptable audio
quality, that could make them generally useful and direct
replacements for analog amplifiers. Accordingly, the use of

digital power amplification has been limited to applica-

25 tions where the demands for output gquality are low. The
reasons for this will be presented in the following, when
the general prior art principles are discussed.

Prior aArxrt

30 There is a fundamental requirement for efficient control
systems to eliminate errors generated in the various blocks
of the digital switching power amplifier. In the basic
digital power amplifier the input signal is modulated into
a pulse modulated signal. A switching power stage performs

- 35 amplification of the signal, and a low pass filter regen-
erates the modulated but now amplified signal. The basic
method form the basis for a range of prior art arrange-
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non-ideal features with this nethod - Any nodul ator errors are fed directly
to the | ¥BIBMIPI ANy power stage errors agge fed directly tREVRKITM49T -
There is no rejection of power supply perturbations. Since the power stage
output is largely proportional to the supply voltage, any supply ripple
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two errors nPntloned abov g
requencies, due to the filter. _
- The sensitivity to load variations is hlgh due to the
15 passive post filter. Accordlngly, changes in load impedance
will distort the frequency response of the amplifier.
- The sensitivity to temperature drift, component toler-
ances, and aging effects is high. The non-controlled digi-
tal switching amplifier is therefore not robust and reli-

20 able.

Compensation for these major problems areas is absolutely
. vital, if very high fidelity is to be obtained. Prior art
methods are based on two different control methods, charac-

25 terized by having a single feedback loop.

One basic principle is to feed back the amplifier output.
However, the poles of the low pass filter cause a large
phase shift which puts strong restrictions on loop design.

- 30 Consequently, reasonable loop bandwidths requires high
switching frequencies. This causes several problems, such
as lower efficiency, -and poor performance due to the first
two errors mentioned above.

35 Another basic principle of feedback in prior art, is single
loop feedback before the filter network, whereby the phase
lag of the post filter is avoided. However, the high fre-
quency content at the power stage output makes the feedback
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Patent no. 4021745 (1977)

[2] Yokoyama, K. : Pulse-Width Modulation Circuit. US Pat-
ent no. 4531096 (1986) .
[3] Attwood, B.E. : Design Parameters Important for the

20 Optimization of Very High-Fidelity PWM (Class D) Audio Am-
plifiers , Journal of the AES, Nov. 1983. p. 842-853.
{4] Taylor, W.E. : Digital Audio Amplifier . US Patent.
No. 4724396 (1988). -
[{5] Hancook, J. : A class D Amplifier Using MosFET's with
25 Reduced MinorityCarrier Lifetime , 89" Convention of the
AES. Los Angeles. CA. September 21-25. 1991.
[6] Solomon, E.E : Digital Power Amplifier. US Patent No.
5126684 (1992).
{7] McCorkle, D.P. Class D amplifier. BEuropean Patent.
30 Publ. No. 557032A2 (1993).
[8] Nakajima, Y. Pulse-Width Modulation amplifier. European
Patent. Publ. No.503571A1 (1993).
[9] Leigh, S.P et al. Distortion analysis and reduction in
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35 tional Journal of Modeling & Simulation, Vol. 14, No. 2, |
19954.
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PCT/ DK97/ 00497 OBJECTI VES According to the above stated problens that exist
with prior OMBIEBCTIVE2nents, the primary objective of the pres- ent
invention is,to provide a pul se.nodul ation . anpli.fief 5 i ch, can deliver
very hi gh p(ﬁ\%‘r'mgéﬂ"b%t §,° a }aest"’fl?qvi)r5E:agﬁﬂer%ql?]6?“l‘%wtaﬁg]o?’ﬁ%ﬁ WSS
than 0..01% pribmoase &reangékent&DOfher pYilhBy, objdchiveaofethehipyies-
ef f1clency (G 99iefRiohoYd AE b333TRe L) pd{id NRbaBRLEEERY Gnfth 112,
invention is to marntain_| ow com ~plexity avolrding the use of_advainced
but conpPex WihiChefar geldneraMeryutigh povweri Peepyts, and scddlt @re-inm - -

nate the recpideEErd Ol ow WH ot gt OfiEEdd Ahanl D . 04%0t kel NEIYE Alless
objective of the invention is to elim- nate the need for a stabilized
suppl y, nearffhRpt RAORY RMS) .plandonetegulvaat pigligefficipnryr (RA0-95F)

stabilizing 43 P8¢ {fleifostddicient. In this way, a m ninal conmpl exity
and maxi mal efficiency 1s secured fromthe mains input to 20 the anplifier

output termnals. The final objective of the invention is to obtain mnninal
sensi tiwoty Amotloee oBféeotivasof agHefl ihtrBAaEBNneikotpr maideal abuswnesm-and

reliability. Y JTHE NTI The j j v e _obhtai ned
rel bt 1Tty Ao MUY Coilifnd WVERTLE 0P B0RCEN S “ESnB &R
hence potentially unreliable circuitry, and also to elimi-

nate the requirement for tuning in production.

15 Another important objective of the invention is to elimi-
nate the need for a stabilized supply, meaning that a sim-
ple non-regulated bridge rectifier with a stabilizing ca-
pacitor is sufficient. In this way, a minimal complexity
and maximal efficiency is secured from the mains iﬁput to

20 the amplifier output terminals. | |

The final objective of the invention is to obtain minimal
sensitivity to load variations, and furthermore to provide
robustness and reliability.

25

SUMMARY OF THE INVENTION

The above objectives are obtained with the present inven-
tion. In the first preferred embodiment, an amplifier ac-
cording to the invention is particular in that negative

30 feedback is introduced from the switching power stage out-
put to one or several loops feeding into one or several
pre-amplifier stages preceding the modulator. This offers a
range of advantages that are new to the art, in terms of
performance and stability control. A further embodiment of

'35 the invention is particular in that the local feedback has
a enhanced cascaded structure with a single feedback path,
that comprises a filter with a phase characteristic such
that a pole in the demodulation filter is compensated.
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controlled sélf-oscillating nodu- |ator rising a non-hysteresis
conparator for pulse nodul ation, and a higher order oscillating | oop-
real i zedlby Kefugthbrt embpaisentpoef ehabliyivenpoba is phetfitasar(iacehie 15
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t he confrgurﬂ??gﬁ REHQ RPHEF + BFS 1Yo in the first (local)

15 forward path and feedback path. This provides en extremely
simple and stable configuration, obviating the need for a
separate carrier frequency generator.

A further embodiment of the invention is particular in that

20 the pulse modulator is a carrier based modulator. This
means that well-known design techniques for carrier based
modulators may be used in the conflguratlon according to
the invention.

25 A further advantagéous embodiment of the invention when
carrier based modulation is used, is particular in that a
notch filter is provided in the single feedback path block
between the amplifier and the loops. Thereby it is possible
to simplify the filtering out of the carrier frequency in-

30 fluences on the system performance in carrier based sys-
tems. A similar result is obtained in a further advanta-
geous embodiment of- the invention which is particular in
that a structure creating a high frequency pole is provided
in the feedback path block.

35
BRIEF DESCRIPTION OF THE DRAWINGS
The invention will be further described with reference to
the drawings, in which,



25 A further advantageous enbodi nent of the invention when carrier based
nmodul ation is used, is particular in that a notch filter is provided in the
si ngl e feedback path bl ock between the anplifier and the | oops. Thereby it

i s possi bWOWMBINp| i fy the filtering out of the carrier fPEFIINTPOIN- 30
fluences on the system performance in carrier based sys- tems. A simlar
result is obtained in a further advanta- geous enbodi nent of the invention
which is particular in that a structure creating a high frequency pol€ is
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PCT/ DK97/ 00497 Fi g. 1 shows the principle in prior art conventional pulse

nodul atiog (" - switchin iers 5 Fi 2. sho rior
art netho WIE? si%g? °F3op PE&%EQ&“F%&‘?@‘% o\s/% gﬁ" W%F@fjgﬁﬁl‘put
as the feedb&aseshbuppve Ehg. Gvermlb ammllinfn.wtoutpgte as)op:Haaecﬂbadbamth
power 10 ‘stagR e put as the feedback source Fig. 4 shows the a general
bl ock diagramof a first enbodi- ment of the present invention, a digital
switching anpli- fier inproved by an Miltivariabl e Enhanced Cascade

Control - 15 Higy. X MERGys laasmdmm arﬂglsengmadu@ap ffswarduk swt £k hpBgepover

stage out put._ Fi h n aI ram of a second enbodi nent
of the p?‘gsent gr%vei\t%u% %r gﬁ’uécxgrrpl i fy general recursive

| oop synthesis nethods for the f| rst (Flg. 6a) and second (Fig. 6b) em
Fig. 4 shows the a general block diagram 'of a first embodi-
ment of the present invention, a digital switching ampli-
fier improved by an Multivariable Enhanced Cascade Control-
15 1ler (MECC) based on single feedback from the switching
power stage output.

Fig. 5 shows a general block diagram of a second embodiment

. of the present invention,

20 |
Fig. 6a and sb exemplify general recursive loop synthesis
methods for the first (Fig. 6a). and second (Fig. 6b). em-

. bodiments of the invention.

25 Fig. 7 shows a detail of a preferred embodiment of single |
feedback MECC. '

Fig. 8 shows a detail of a preferred example of the second
embodiment of the invention, the dual feedback Multivari-
30 able Enhanced Cascade Controller (MECC).

Fig. %9a and 9 show the loop characteristics for the two |
preferred examples of the first two embodiments of the pre-
sent invention, shown in Fig. 7 and Fig. 8.

35 |
Fig. 10 illustrates the third embodiment of the present in-
vention, the controlled self-oscillating pulse modulator
characterized by a non-hysteresis comparator and additional



bodi ments of the invention. 25 Fig. 7 shows a detail of a preferred
enbodi nent of single feedback MECC. Fig. 8 shows a detail of a preferred

exanple o ond enbodi nent of the invention, the dual

Mul tivari fwég&l%g e Enhanced Cascade Contrdl |l er (MECC). Fi gl.’éf{g%gﬂ@&% show
the | oop characteristics for the two preferred exanples of the first two .
enbodi ments of the pre-_sent_.invention hown in Fig._7 an i g. 8. 35 Fig.
10 illustrat e?qb'ﬁ§ tHr & Er’rbf&(ﬁs‘r'feni'oﬁf‘lt é’ogre%%nFe?'ﬁFev ﬁiifgﬁ,%cﬂ'ﬁéat’-ng
control | ed selcondsidiildnst i ng pul sé nodul ator characterized by a . :
non- hysteresi s conparator and additi onal WO 98/ 19391 -

7 . PCT/DK97/00497 poles in the first |local | oop to secure

sel f-osci | | at FAG-cIidighdrs esgpntiaknsignaks ot thesthhifs epbodimenti of
enbodi ments of thet Aevielitdin, Othd oOmMytlNed ogciddiatliagi palpel modudebat or .
Fig. 12 illustrates the principle of a fourth enbodi nent of the invention,

an alternative three-level pulse width nodu- lator for inplenentation with.
a 4 transi st oFigr.i dge ijdwatragessitige prineiplgnalfs aafourtbmembodimehnat bdm :
Modul ating si n gl i.ze Itn"‘éll% _RE ' Sbrisdge r
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15 Fig. 1801 sttaigeat ahe hdonadel mile Erwmaopr itdt bottom t:hsodulatinhgakh
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performance ss&@geE ctR,B) onandofinalilyplkotint the erampadisedodiféferentinbe
i nven- and common mode output signals (A-B and A+B). The differ-
ence signal is fed to the load.
15 |
Fig. 13 illustrates the spectral characteristics of the al-
ternative three-level modulator. The output amplitude spec-
trum is shown 0dB and -60dB relative output levels.

20 Fig. 14 (a)-(c) illustrate various performance specifica-
tions for an implemented example embodiment of the inven-
tion with a 250W maximal power handling capability. Fig. 13
(a) shows power efficiency. At 250kHz switching frequency
the efficiency approaches 92%, and with 50kHz switching

25 frequency t:he'effici’ency”approaches 96%.

Fig. 14 (b) shows the very low measured Total harmonic dis-
tortion + Noise (THD+N) vs. output power at 100Hz, 1KHz and
10KHz (top curve).
30
Fig. 1l4c (c) shows the measured amplifier noise. The noise
- floor at -150dB corresponds to an RMS noise level of only

70UV,

35 DETAILED DESCRIPTION

The basic "digital" power amplifier is shown in Fig. 1. The
input signal is modulated (11) into a pulse modulated sig-
nal. A switching power stage (12) performs amplification of
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feedback source, no post filter error correction, load sen-
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Fig. 4 illustrates the first embodiment of the invention.

The basic pulse modulation ("digital”) switching power am-

20 plifier circuit elements are enclosed by an enhanced cas-
cade (or nested) structure of feedback loops. This first
embodiment is termed a (single feedback) Multivariable En-
hanced Cascade Controlled (MECC) digital power amplifier.

The control structure is characterized Ffirst by having a

25 single feedback source and second by a single feedback path
A (7 having a lowpass characteristic. The control struc-
ture is simple in implementation since it consists of a
single feedback path A and a set of forward path blocks B,.

Using preferred loop design pi:ocedures, each loop has a

30 very stable 1st order characteristic and the forward path
blocks are preferably simple.'MECC offers a range of advan-
tages that are new to the art: ‘

- A higher order control system combined with a high level
35 of stability and robustness, since each loop considered in- .

dividually is very stable.

- The enhanced cascade control method provides hitherto un-
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equi val ent | 99 in bandmn t h_at y . c L a C ngreased
infinitely rﬁ?‘g’[’gaettoow I% %o g B fﬁ"{(’ef}- ?POC]T SIq?élorr%'Jesip‘?lé 18
stability. 5muthemprowpdssygh&maépgrsﬂpbélofeﬁﬁbaﬂgedback pat h prOV|des a
closedlﬁyx)zero pol e Iead characterlstlc that can be de- signed to cance
e

one of t filter poles. 5 é i I S _a nuch roved s stenlfgr obal
foedback. 10-- EeGHh YoRD iRGIVIGUAtLy FEduces (e SFRFTTTEYY (5o
stage errorssgadei grroms aydt dnprevesr t(dperﬁormmncenddssto:tlbn,

factor correapoud g, 9./ 1° 40000 BerdKIndLAY) €5°cR0 S8V BRER! hBEb2CK

correspondi ng thé
provides an equlvalent feedback correspondlng to the prod-

15 uct of contributions of each loop.

- Successive 1mprovement by multiple loops is more effl—
cient than in a one loop realization.

20 - Frequencies of unity loop gain in each loop can be re-
duced compared to single loop system, while still providing

improved performance. Thus, the switching frequency can be
reduced.

25 - MECC has low requirements for dynamic range of the indi-
vidual-compensator blocks A and B;. Using preferred design
procedures, the signalnlevels.throughout the control system
will have a level similar to the input signal.

30 The second embodimént of the invention involves the exten-
sion of the first embodiment to a dual feedback Multivari-
able Enhanced Cascade Control (MECC) structure, were the two
cascades are closely connected. A general block diagram is

. illustrated in Fig. 5. The system relies on the zero-pole

35 1lead characteristic caused by the single lowpass feedback
path of the local enhanced cascade. Dual feedback MECC pro-
vides further improvements to the system. The system band-
width is increased beyond the demodulation filter bandwidth



15 uct of contributions of each |oop. - Successive inprovenent by multiple
| oops is nore effi- cient than in a one |loop realization. 20 - Frequencies
of unity | oo ain in each | oop can be re- duced conpared to single |oop
system \M’WQ’BB 3911 providing inproved pepfor mance. Thus, tRCIBKINAGHTNg
frequency can be reduced. 25 - MECC has |ow requirenents for dynamnic range
of the indi- vidual conpensator blocks A and B[err]. Using preferred design
procedur es, thimitgnThibemthimikesughase amd awplitindsydistontiidon haithin
jevel simiarehd hiifib"Bdhat! #itneifiort)® rhRC RianRIREN otise & im-

I nvention involves the exten- sion of the first enbodi nent o a dua

f eedback ‘Ml tPFRYSA- aBPELERRAREE) SEXOTHI &TEL FOFFE aaniag rdatdike t he
‘two cascades fpeguitremeh¥scoppetitterfigduetat Dimsdrilynoisimaow. i Pt ed

in Fig. 5, Th st relies,.on _the zero-.pole e I eristigc
caused by neteFNl EBRoSRYBEL, drntBentsl R shaited FMRARIS Had sp
Dual feedbackigFdepsensitieityutohboad npapiatdons. to the system The
system band- width is increased beyond the denodul ation filter bandw dth
WO 98/ 19391 X , 10 o , PCT/DK97/00497 limt.
Thi's nininmze® FED o fFP2RSPRREIcOdi &he t LBHERELARN tshe 2aufiPECBAnselL-
Furthernore, dseillavthgnpul €epwidehi moaxm:;aw:ﬂ,veahaﬁmdidé&{bﬁrfﬂ& He
corrected,y meanin ' t rfi Lnduct r | ri.ty is
Cow Fur tRer A8 ByBPEERYE PERAERRER e 4 molnatok” SR BacdBlY vy 4 3
i s the sensithighgrt @oxdswl eseiblatimg Aoohi meadized rekith obothe formand on
is a forced sghin 83Cidr!fdlibutiecpdtat A %dt&@ééfmir@aé@@éfdé@fﬂfafi g st
:

a 10 non- hysteresis,conparator as a nodul ator and secondly by a hi ghe
order osciil atPRGtFL8RSrealized with both forward path Bl and feedback path

A to determne self-oscillating _
15 . A fourth embodiment of the invention is an altermative car-
rier based three-level pulse width modulator with attrac-
tive characteristics in combination with MECC.

Further embodiments of the invention include :
20 _
- Means for obtaining improved elimination of noise from
the noisy feedback by using a notch filter and high fre-
quency poles in the local feedback or alternatively forward
path. This improves distortion when carrier based pulse
25 width modulation is used. | |

- Means for compensating for large scale pbwer supply regu-
lation, in order to obtain improved stability and effi-
ciency improvements at all output levels. This is relevant
30 with carrier based modulation, where the gain of modulator
and power stage 1is dependent on the power supply rail
level, meaning that -the power supply perturbation may in-
fluence stability unless such precautions are taken.

35 DESCRIPTION OF THE FIRST EMBODIMENT

The enhanced cascade control method new to the art relies
on the fact that the modulator and amplifier can be repre-

sented by a constant gain Kp over a wide bandwidth. One



conditions. 15 A fourth enbodi nent of the invention is an alternative car-
rier based three-level pulse width nodulator with attrac- tive

character oy conbi nati on with MECC. Further enbodine

i nventi onhlﬁuﬁﬁae 20 - Means for obtainindgdl nproved elimnati éirgl fl&ﬁm se -
fromthe noisy feedback by using a notch filter and high fre- quency poles
in the local feedback or alternative forward path, . Thi,s | nproves '
di stortion WiPReERL €F°H§§éﬁeplﬁ%"%}w 514 hdﬁﬁgﬁ?aﬁ'ﬁn %%ca{ﬁeﬁsca%ah%
for conpensatixpugoratedgdnscig. péaar Theplfeedbgok Ipstilonhasi ra oldepasse

obtain inprov nd effi- ciency inprovenents at all output
| evel s. This ﬁﬁgaééﬁ‘gvan%gﬁg with carrier based nodul ati on, where the gain

of nodul ator and power stage is dependent on the power supply rail [|evel,
nmeani ng that the power supply perturbagionymay in- fluence stability unless
such precautions are taken. 35 DEZ(#H -G\I—GZ THE FI RST EMBODI MENT Th
enhanced cascade control method new t oXtfiesddt relies on the fact tha? 1} he
modul at or gand anplifier can be repre- sented by a constant gal n K[err] over
a w de bandw dt h._One WO 98/ 19391 .

PCT/ DK97/ 0045509 chE@VRRSE o CHRTAFE SR FISC PR Fhtegprlark mﬁ%lv incbaperis

i | lustrated i@idi gin6gevébelf aggpeatls.paith dases Ia)vmse&hnbopteérst-péle_ o
several aspediires: 268 BBAEALT B ahis, Shcho i bV Wil 2ok e
characteri st isliz\ﬁuﬁg §aBaREeVEAYiBAChE| oher ofethal pEleg 6fCBRE ehbAbAARTa Of
one of tqﬁ po{fgnOéiipgrqeﬁgggﬂgimore, the pole causes an important f£il-
tering of the high frequency switching noise from the power
stage output, which is essential when carrier based modula-
tion methods are used (the fourth embodiment of the inven-
tion). In this simple examplary embodiment the initial for-
15 ward block is a simple gain, with a gain that leads to a
constant open loop and closed loop gain of K in the fre-
quency band of interest:

K 1
Bi(s
1(8)= X5 7 (2)
20 Whereas the i'th block has a pole-zeroc characteristic to
compensate for the .zero- pole characteristic of the preced-

ing loop: '

=£ers+l
_Bi(s) 7 s +1 (3)

25 By this realization the open loop gain of the single loop
configuration can be written by the following 1. order ex-
pression:



10 tion filter. Furthernore, the pole causes an inportant fil- tering of
the high frequency switching noise fromthe power stage output, which is
essential when carrier based nodula- tion nmethods are used (the fourth
enbodi neWMO MW19BMe i nven- tion). In this ghnple exanpl ary EFSEIOMM7ihe
initial for- 15 ward block is a sinple gain, wwth a gain that |leads to a
constant open | oop and closed |oop gain of Kin the fre- quency band, of
interest: [err] (2) 20 V\henglsa’(J)&KPM[k)B(.gck has a pol e-zero
characteristic to conpensate for the zero- pole‘kharacterlstlc of the
preced- ing loop: [err] 25 By thIS.;_.I‘E?|1_7aT]1 aon th lopen | oop gain of the
single | oop configuration can be wittdarpys+h&# epl owi ng 1. order ebd)

pr essi on: WO 98/ 19391 12

PCT/ DK97/ 00497 [err] It is easy tCJé#uaN—QHat for all loops: HL[err] (s)
[err] HL[err] (s) = [Jerr] (5)715 e cl osed-1oop transfer function
can be approximated to: [err] By this specified sinple |oop synthesis
procedure, each [oop wll exhibit i dentical. and stable 1st order behavi our
10 as il usk ateceasy Fre. shew thaterfRE 3tk 4PRTve approaches to | oop
synt hesi s can be devised. The recursive design procedure specified above
provi des a frequency indepéndent Ioop gai n at a‘l frequen- 15 cies within
the target bandw dth, irrespg %ﬁﬁ' Ig of cascaded Ioops and
the loop unity gain frequency"’l St eatP!of ar,_cofxsthnt | oop gain, each(%)oop
can realize e.qg.

5 The closed-loop transfer function can be approximated to:

_ _ TS5 +1
HLi.CI(S)=K Tzs+1 . | (6)

By this speclfled simple loop synthe51s procedure, each
loop will exhibit 1dent1ca1 and stable 1st orxder behav1our

10 as illustrated in Fig. 6a.

Numerous alternative approaches to loop synthesis can be
devised. The recursive design procedure specified above
provides a frequency independent loop gain at all frequen-

15 cies within the target bandwidth, irrespective of the num-
ber of cascaded loops and the loop unity gain frequency.
Instead of a constant loop gain, each loop can realize e.g.
an integrator. Alternatively, each loop can be designed us-
ing two pole compensation. Both methods lead to a consid-

20 erably higher but frequency dependent loop gain within the
frequency band of interest.

Alternative variants of single feedback MECC power ampli-
fier include the use of alternative different feedback
25 paths A, which are optimized in respect to noise attenua-

tion , which is essential in systems where carrier based

modulation is used. If HF components related to the switch-
ing frequency were to reach the modulator, it would be im-



an integrator. Alternatively, each |loop can be designed us- ing tw pole
conpensation. Both nethods |lead to a consid- 20 erably higher but

frequencyo®gpespdent | oop gain within the frequency band ofpcrisymbior
Al ter nat ive variants of single feedback MECC power anpli- fier include the

use of alternative different feedback 25 . paths A, which are optimzed in
respect to naise

nuas . ti.on ich S I
carrier basBf® ﬁﬁ&gﬁa |0|9bt? &s &4 p%%ﬁﬁllc%o%po%%r?r | at ez:th@&tnf\g&%n%afch-
i ng frequenoeowsr gl itadsh ofiethed@usier signajoul BY b&ntxEPduct ygnogf19391

13 notch f&%e%%;/rx%oﬂ?r&%%ﬂh%élo daaap%narﬁ mﬂ@&nuéih{bcm&ar di ng
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notch filteFioRhEqmpanents ( faQ| bey fiwinatad ent s
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attenuati onaahau:a@tnerdﬁta Chﬂéht lﬂeeblu@hey polder imrbiotic sApf at hﬁdswﬁdétl ng
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t her eby f ur B plracing t he noi'se
at t enuat i ngthier -svunc:h:gng nfrequeeeytba-@k et HEeedbadint pathwils| nealizedie a

[0cal 6§ eChgf0rciRRCHOL BRD adterhliAH Yol CRR RN fﬁ&n@weﬂayravéd A

swi tching frequency are properly chosen. The 15 nqise elimnatjion circuitry
oper at es weffRTkb&Fe ﬁﬁVF’}t?SBp ‘?fal R1agingqdehe { ROLSFor RETERUATHRG e fdE t he
cl osed | oopchdtavimrthé &t&bdbhckhfpdtﬂﬂpfs DERERI Bl GN.XOF dniEy Sha&hDa

PREFERRED E QDI VE o.T Seco di t i.n ' vl ves the
exten- sion gfcatlhel\%%%? %%E tiggga g‘ﬁfglt Lee?i‘ggtc:b{ mé ?‘#’ﬂ (Hrﬁ
Enhanced Ca&ﬁl%‘ih@:ycoahﬂmsv(l"ﬂiﬁﬁ)rﬁgrlt%q&énc’yﬁr&é heroperly chosen. The

15 noise elimination circuitry operates well above unity loop

gain, and does therefore not influence the closed loop be-
havior of any of the loops.

DESCRIPTION OF THE SECOND PREFERRED EMBODIMENT

20 The second embodiment of the invention involves the exten-
sion of the first embodiment to a dual feedback Multivari-
able Enhanced Cascade Control (MECC)structure, were the two

- cascades are closely connected. A general block diagram is
illustrated in Fig. 5. The system relies on the zero-pole

25 lead characteristic caused by the single lowpass feedback
path of the local enhanced cascade. Due to the use of two
feedback sources, this embodiment is termed Dual feedback
Multivariable Enhanced Cascade Control. The second cascade
has the same special characteristics as the first cascade

30 with only one single feedback path C and a set of forward

path blocks D;. One preferred approach of dual £feedback

MECC design is based on the local enhanced cascade in Fig.
6a and illustrated in Fig. 6b. The main reconstruction fil-
ter F(s) is assumed to be 2. order. The feedback path has a

35 constant gain characteristic:



cascades are closely connected. A general block diagramis illustrated in
Fig. 5. The systemrelies on the zero-pole 25 |ead characteristic caused
by the single | owpass feedback path of the |ocal enhanced_cascade. Due to
the use WOBMI3%eedback sources, this enpdi nent is ter ne§CHREPPMMback .
Mul tivari abl e Enhanced Cascade Control. The second cascade has the sane
speci al characteristics as the first cascade 30 with only one single
f eedback path C and a set of for‘V\/anFJoatlh bl ocks Djerr]. One preferred
approach of dual feedback MECC desi based on the |ocal enhancedsy)
cascade in Fig. 6a and illustrated in Flg 6b. The main reconstruction fil-
ter F(s) is assuned to be 2. ordér. The feedback path has a 35 -constant
gai n charachefd Sitiftial MO8/ £828ard block D; is a simplel gain block
PCT/ DK97/ 00497 [err] (7) The initial bl ock forward -block Dierr] is a sinple
galn bl ock wiith & gaim im the freguensy band oFf ipterest Ferr] Whereas the
"th forward bl ock has a pol e-zero characteris- tic-[err] 10 By this
si npl e recursive design procedure, each loop will exhibit identical
behavior, which is illustrated by m fhe open l'oop Herr](s) and cl osed
| oop characteristics Herr] (s) in gt 6b: H err] (s) HJerr] (s){&
[err] 15 The cl osed-1oop transfer: functlon can be approximted to [err] It
shoul d b® enphasi zed, that the given design approach is 20 mainly

illustrativeyneraiah thal Rel EcharaBIcEs eesd lPale-zero characteris-
tic : o

—1'3 Tls-l-l . o : (9)

10 By this -simple recurs'ive'design‘procedure, each loop will
exhibit identical behavior, which is illustrated by both
the open loop HG; o (s) and closed loop characteristics

HGJ'_' L (S) in Fig - Gb :

1
(z'ls +1)(rys+1) (10)

HG; ol ()= HG g (5)=

15
The closed-loop transfer function can be approximated to :

K | |
(r35+D(z25 +1) (11)

HG, g (s)=

It should be emphasized, that the given design approach is

20 mainly illustrative, and that there are numerous possible
extensions which will be apparent to the skilled person,
e.g. a first order characteristic in each loop to improve
correction for errors at lower frequencies.

25 To maximize the robustness of the dual feedback MECC Digi-
tal power amplifier, the number of global loops should be
minimized and preferably only one global loop should be



ext ensions which will be apparent to the skilled person, e.g. a first order
characteristic in each loop to inprove correction for errors at |ower
frequencigg o To maxi m ze the robustness of the dual fe%s D gi -
tal power arrpsﬁl 9|“ler, t he nunber of gl obal 1%0ops shoul d be nini mz%égggnd .
preferably only one global |oop should be WO 98/ 19391

15 CTL/ DK97/ 00497 . Uyse Tuni t owa t he desi.red ..
distortion aR§efoi gﬁn&ﬁgr L é#’lec %ﬂd;%&és(%c?g{tg'fb@dg&ﬁj AR S5 &G g
the nunber okcterdistiospshailtebeheadoiedatauty ky r adiuat éngnthed unmbem
the sw tchingepqpe, Stage,dl %ﬁcépgl?% h@bhinhhehg areocka iz“eorirrﬁﬁt%ced

| ocal 'y. A fundanental advantage o e power f ul | tivari abl e En- hanced
Cascade Cont A8 thet Byd tichips: poweso&tagn Plock Fraud Shenrsiara e

power st age, cpetctield docanrdyrower 10 supply can be relaxed considerably
wi t hout conprom sing audi o performance. These fundanental elenents can be
i mpl e- nmented with sinple standard conponents and thereby have a- | ow cost
and conpl exi &y fuBlamgntabnadvantageodic s | povegrnl sMudkdvamiebilge Bn-of

this inventi ggnggactdéy&d@%}wtﬁatﬂédtﬂﬁ Butae hBerliabatsa1E PRI

stage realizatign. The only requirenent for the- ses twg_blocks is that

e
they real i ze988igRp| PFi LdAtOr .t HROUAR| FFagStul BPBF SEidSdn cRrEnRaved er
a frequarey sap@ey20cahhdie | Teliageid t bohstiferddiir ewlitizaouivv didmprbuisindhe

modul a- tion be _si | ded..or. _daqub] i o | evel ;- til evel
pul se wi dth ﬁnggﬁ'f’a?le% . of %\?énq.g%tseer %@ﬁ#&%& &t |ec1)1(r?1:\éscqr?g{rre6?§mea's

Si gna- Del t a meaged: iwikh 2simpie THERDAEVBODIOVEIORSTE STHNA NERIeOK hater tsher
preferred emhodi eRale 9P A IQ@Y ator inple- mentation for the MECC

digital power anplifier is a Con-

15 The control method comprising first and embodiment of this
invention functions independently of the pulse modulator
and power stage realization. The only requirement for the-
ses two blocks is that they realize an amplification of the .
analog modulator reference input over a frequency range

20 that is wider that the desired bandwidth. Thus, the modula-
tion may be single sided or double sided, two level or mul-
tilevel pulse width modulation, or even alternative modula-
tion schemes such as Sigma-Delta modulation.

25
THE THIRD EMBODIMENT OF THE INVENTION

A further pre_ferred embodiment regarding modulator imple-
mentation for the MECC digital power amplifier is a Con-
trolled self-Oscillating Pulse Modulator, new to the art.
30 An example of an embodiment realizing this method is shown
in Fig. 10. The preferred method is characterized by having
a non-hysteresis comparator as a modulator and by modifying
the first local loop to a have higher order characteristic,
by an additional pole in both forward path block B; and
35 feedback path A. This secures controlled and stable self-
oscillating conditions. The desired pulse modulation effect
is then obtained by superposing the oscillating signal with
the signal input (V;). Fig. 11 shows an example of the sig-



trolled self-Gscillating Pul se Mbdulator, newto the art. 30 An exanple of
an enbodi nent realizing this nethod is shown in Fig. 10. The preferred
method is characterized by having a non-hysteresis conparator as a

nodul at oWAAIMYL nodi fyi ng the first |ocalg | oop to a have REFHPEIT9Yer .
characteristic, by an additional pole in both forward path block B[err] and
35 feedback path A This secures-controlled and stable self- oscillating
condi ti ons. fiak dharactepibticrodlll ahieoreffemence paimen Tuxt dibeednddula-
super posi ng L1 af LN | st D sign ﬁpég _ ] g 11
shows an exa{r:rfb)?eggék%hgh%i g§éigf€\lbl§%/ %ﬁé@%l 18"ghpe eé A Qli%lifg._
PCT/ DK97/ 004B%t n&igidy ac FEFEBErEOTgy tHhe r PRdFen PP LD efReChD RS a-
tor where thghewaillating signal is superposed with the in- put signal.
Furt her e, the pulse nodulating effect is shown. 5 Advantages of the-
above described Controlled self- Oscillating Pulse Mddul ator over constant
frequency cahdvantagesd mdft hotBear alxsreer afles€ribed Contaroddled: orsekf ex-
tremely si | [ I &4 r iq‘;%, L
Secondl vy, tnﬁgggié%%iemggltlﬁng?i?ﬁeﬂﬁﬁ}l{ﬂjg/tggi %4’ r eaﬁxgﬁécﬂngfﬁf e i?islt . oca?rl oop
i s the osci | PAEedn MetRAHCcRrPeaBeVERYL t o BATHRE hahBfi MILATHIT0!l L8y Wi t h
nmodest sw t chragelyegimptiecto Timplem@thesinc®phy lcairrier |gugaratdat ergn nes

scal o poir “ShBARD” pEpehaMTT ohof BanRRtREn COF PEndRRLEY i SAmEicl
| onger i nf| ueficthet fBiriskt Jocalotieep |icoghe rosebl ation cirequengie lead-

structure. Tﬂﬁ?U'Eiot Wwildé NbAhARHERRY Rindrdl | OFéh WA h&dé&'&er&?ﬂ&xing
det erm ned bé{? he frequen positive feedback, i.e. the coptrol |oop

cy ,of :
band- 20w HTRIRENEIAE: dIRABRy ROYET EHERIV, FALKITY HRAYSE A6 LrrHRas)
systens, whethea equisradferithugdins of ftled omodhilaboegpower stage meaning

15 that large scale power supply perturbation is 'automatically
cancelled, and does no longer influence stability in 6ther
loops in the enhanced cascade structure. The unity gain
frequency of the local loop is inherently determined by the
frequency of positive feedback, i.e. the control loop bangd-

20 width is considerably wider than in traditional ..'carrier
based systems, whex:e a rule of thumb is a factor of thiee
between unity gain frequency and carrier frequency.

OTHER EMBODIMENTS

25 Other embodiments of the of invention include the use of
pulse width modulation, preferably with three discrete am-
plitude levels. To aid in this understanding this alterna-
tive embodiment regarding modulator implementation, Fig. 12
illustrates the essential time domain waveforms and Fig. 13

30 the frequency domain spectral amplitude characteristics.
From. Fig. 12 it is obvious that by using three-level PWM
the effective sampling frequency is doubled since there are
two samples pr. switch cycle. This is obtained without in-
Creasing the power losses, since each transistor operates

35 at a rate equal to the switching frequency. Accordingly,
three-level PWM allows the loop bandwidths to be increased
or alternatively the switching frequency to be decreased.



between unity gain frequency and carrier frequency. OTHER EMBODI MENTS 25
O her enbodi nents of the of invention include the use of pulse vm dth

nodul at i QR, erably with three discrete am plitude | ewhspy: ofgyd 1N
this uncpggs??}e;%% ng this alterna- tive enbddi nent regarding rmcfel at or

I mpl enentation, Fig. 12 illustrates the essential time domain waveforns and
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of the poweP supply I'S Intelligent- automatic gain
adj ust ment s ply tweltaget RAecordimoly, ThEhequamaI aft gﬁl aholﬁldhbemxhg'm{ or

and power stage, Klerr], is largely proportional to_t p
vol t agel0 Accl@(gttﬁqﬁg}‘}ve?ﬁ%ligapﬁoBPréP@F‘P Houte pEUPR M fifq d’?’%&%r sely
proportionalgiigh:t he supply voltage varia- tion: [err] (12) This design

change will have a further stabilizing effect 15 on the digital power
anplifier based on MECC since the characterlstlcs of the first loop will be
i ndependent power
' - K7

B)(Kp; —'k;';; . (12)

This design change will have a further stabilizing effect
15 on 'the digital power amplifier based on MECC since the
characteristics of the first loop will be independent power
supply pertﬁrbations. Large pei‘turbations of the power sup-.
ply voltage will not influence stability. The adaptive ad-
justment of the power supply allows an intelligent control
20  of the power rail voltage e.g. controlled by the volume
control without compromising stability. This can be util-
ized to secure optimal efficiency at all output levels.

Further embodiments include additional secondary filtering

25 circuitry on the amplifier output for further elimination
of switching components, and the addition of an input f£il-
ter to shape the overall amplifier response in frequency
and time..

30 EXAMPLES OF THE FIRST AND SECOND EMBODIMENT

Fig. 7a and 7b show more specific double loop examples of
both the single and dual feedback MECC embodiments. The de-
sign procedure of each loop is given in Fig. 9a and 9b re-
spectively. Compared with the general design procedure, the



supply perturbations. Large perturbations of the power sup- ply voltage
w Il not influence stability. The adaptive ad- justnent of the power supply
allows an intelligent control 20 of the power rail voltage e. controlled
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| zed to secure optinmal efficiency at all -output |evels. Further enbodi nents
i ncl ude additional secondary filtering 25 circuitry on the anplifier

out put for ﬁnwt gt Ginanc@thas béeswoptimized ospchehhat the efuizadenton of

fme'30 | Y é&%&%@ﬁ%ﬁiﬁ% R Rl e lIeet o
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MECC enbodi @1 el NBafime N vl U6l i iwacbol adye | ampl el nbEng- 9a
and 9b re- %Pecﬁively Conpared wi th the general deS|gn procedure, the
WD 98/ 19391 18 PCT/ DK97/ 00497 LF -
performance has been optim zed such that the equivalent |oopgainin both
| oops is SI tly increased at | ower frequencies conpared to the
gener al approaéh

lable 1 gives exanple paraneter val ues__z_e_ja@_;ug the
anplifier band- 5 [w ®eramesere 1| paFaeewency (reky &RARRAWIARN) (o
bandwi dth) 1/[err] 1/ Z Irferr] 2 : 10
1/ [err] ’1 1/5 The enhanced cascade provides a sighificant
i nprovenent 10 oveér a the,single]loop approache31Wnomn in the art,|{wth

only a margi nal in¢rease | systemconplexity in Wformrd
bl ock Blerr]. Provided th&EFthe rbconstruc- tion H¥ter is reasonab y

i near, the | ocal feedback NECE

The enhanced cascade provides a signlflcant improvement

10 over a the single loop approaches known in the art, with
only a marginal increase in system complexity in terms of
the added forward block B,. Provided that the reconstruc-
tion filter is reasonably linear, the local feedback MECC
embodiment can realize high end specifications. Further im-

15 provement may be realized by adding blocks equal to B,. Al-
ternative use of this first embodiment of the invention is
to drive 1oudspeakers directly without reconstruction fil-
ter.

20 Fig. 7b provides an example of an embodiment of dual feed-
back Multivariable Enhanced Cascade Control (MECC) with one
local and one global loop, both closely connected. Compared
to the general design procedure specified in Fig. 6 both
loops have been LF optimized to significantly increase the

25 loop gain in both loops at lower frequencies. Table 2 gives
examples of parameter values relative to the amplifier
bandwidth.



enbodi ment can realize high end specifications. Further im 15 provenent
may be realized by adding blocks equal to Blerr]. Al- ternative use of this
first enmbodi nent of the invention is to drive Ioudspeakers‘g rect | W|thout
reconstru&qsﬁl’??'l ter. 20 Fig. 7b proviades an exanpl e of éa Phent
of dual feed- back Miltivariable Enhanced Cascade Contr ol (IVECC) wi th one
| ocal and one gl obal | oop, both cl osely connected. Conpared to the general
desi gn proce es@emfled in Fig. 6 both | oops have been LF optim zed to

significantly incr e.mmeﬁggp gai i Fgeqaéﬁcyoqaalat toOB&hdwidth)
frequencies. Table 2

anpli fier bandwi dth VO 9g#19391 o 2 | |
PCT/ DK97/ 00497 Tabl ¢—2—Paratretet FTeqUETTCY et —tarrdwrdtit—16
1/ [err] 1/[err] 1/[érr] /7y ~ 1/5 1In orcil'er to clarify the -

signi ficant advanta@€s of 1 Jaual 5 Tepdback VECC di graal power anprit er
over prior art, thejenbodi ne t3in Fig. B has been inplenented in two higher

power exanples, onejto covelfs4 full apidi o bandwi dth &¥520kHz utilizing a
250kHz switching frequency and one exam ple covering- a—reduced handwi dt h

of 4kHz, utilizing a '50kHz 10 swi t chi ng frequency It should be enphasi zed-
t hat the chosen paraneters are only illustrative, and that the MECC di gi t al

nd 15 b gRoeE rgPElaRi Bl " dAgitel i pd it ds U Phils PRSI °
speci fi cabi orﬁf-—‘efdhaqlheMQCCedlSi-&#él @ower] anpligiert ovey- prior art the
embodiment in Fig. 8 has been 1mp1emen_ted in two higher
power examples, one to cover the full audio bandwidth of"
20kHz utilizing a 250kHz switching frequency, and one exam-
ple covering a reduced bandwidth of 4kHz, utilizing a 50kHz
10 switching frequency.

It should be emphasized that the chosen parameters are only
illustrative, and that the MECC digital power amplifier is
well performing on a much wider range of output powers and

15 bandwidths. Figs. 14 (a) - (c) illustrate various key
‘specifications for the given example, and the results ob-
tained are summarized in Table 3. If further improvements
are desired, one preferred approach is to use a double lo-
cal loop by simple addition of a B forward block.

20



tained are sumuarized in Table 3. If further inprovenents are desired, one
preferred approach is to use a double lo- cal |loop by sinple addition of a

B forward bl ock. 20 WD 98/ 19391 : 20
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In general no prior art approach yields a comparable combi-
5 mnation of fidelity, efficiency, and low complexity.



I's introduced fromthe power anplifier stage output to one 10 or several
| oops feeding into one or several pre-anplifier stages preceding the

nodul at ogyg ghyredePover anmplifier accordi n% toclaiml, ¢ h gefpRofiodlto ™ 1. S
e d in lﬁat a further feedback | oop j e out put of-

the denodulation 15 filter and to the one or several Llfler st ages.
3. A power anplyf or 07 Clya m 1l or ﬂ “l I s-ed
i n that tgl* *%a@ﬁfcoﬁtnﬁléura%%n S aml\l “ \m

uration, at
| east one of the |oops being constituted of a S|gnal fron1the smntched 20

anplifier stage ipjegt %15&! Omb8R1802bA Yowereadipliffer SEageThedNdudio
| east one other | oop béin %Iobal f.eedback fron1t£§ flltered out ut to

the input of-¥$f* | FRRge, 4 COMPYARING, A BULSS am-¢ p
ar ac bt eplifier dtagelfur amphifgingeahe nodulated Qﬁgnhhpktheopuﬁ%om

t he swi tchi oxer e;QuLRy r

characteri s ctps%\ghwﬁ%ég i ]1e In% flcsllgérsreo%é jl[‘%% eti\étf“lt;%r 'S corrpensa:fed
5. A power aﬁ®¢|¢b%ﬁ1@£%9r@mn§n@b°9IQPﬁPHt tohfeed fOcatcensumes, e d in
t hat al S} ngle rfrx]eadéaak&f& ep&; hi Qlt acl h(lA)l s thee né@att:i-ﬁédﬁfééhb?élﬁed
preanplifier, chain,i an eac 00 proaches s i rst_order
char act eri st}&sInEEO uﬁ%&eﬁrg tt?‘ﬁ a""’&&’ca“tﬁiﬁo’@d’cﬁ uﬂ'tptﬁt &P Rt e
ri seid@ or neveraht laopisndleedisgd biatio Ime p@thselvml(pxefampknﬂlen t he
preamplifiergg Q p€§§3§$§g38§ghmbaggaegproaches stable first order

characterlstl
PCT/DK97/00497 7. 2#\%dﬂ%?eﬁnﬁmpi%EieﬁcéﬁFﬁFﬂﬁngotﬁn91%#mt%e precedi ng

.claims, codRa&REELEEIIS@@d i N nthaghdbeapohbehabdpbedvacks a
control | ed Sleclbép_osl%i ||e§f-_££figﬁgal rom CPRE output of the demodulation
15 filter and to the one or several pre-amplifier stages.

3. A power amplifier according to claim 1 or 2,
characterised in that the feedback con-
figuration is a multi-loop configuration, at least one of
the loops being constituted of a signal from the switched

20 amplifier stage injected into the chain of preamplifier
stages, and at least one other loép being a global feedback
from the filtered output to the input of the amplifier.

4. A power amplifier according to claim 3, |
characterised in that at least one feed-

25 Dback loop from the switching powef stage output comprises a
filter with a phase characteristic such that a pole in the
demodulation filter is compensated.

5. A power amplifier according to claim 1,
characterised in that a single feedback

30 path block (A) is used to feedback the preamplifier
chain, is used and that each loop approaches stable first
order characteristics.

6. A power amplifier according to claim 2,
characterised in that a single feedback

35 path block (C) is used to the preamplifier chain, and that
each loop approaches stable first order characteristics.
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8. A power amplifier according to claim 7,
characterised-: in that a notch fllter is
provided in the feedback path block (A) between the ampli-
fier and the loops. '
15 9. A power amplifier according to claim 8,
characterised in that a structure creat-

ing a.high frequency pole is provided in the feedback path
block (a). : : '

10. A power amplifier acccrdiﬂg to claim 1 and 2,

20 characterised i n that additional secondary
filtering circuitry is added at the ampllfler output for
further elimination of switching components,

11. A power amplifier according to claim 1 and 2,
characterised i n -that an input filter is

25 added to shape the overall amplifier fesponse in frequency
and time. ' ' '

12. A power amplifier according to claim 1 and 2, c h
aracterised i n that improved means to eom-
pensate for any large scale variations of the power supply

30 voltage is obtained by adaptlve gain adjustments in the
first local loop.

35



