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ABSTRACT

A nes suitohing power amplifien is
buck fype design. The nav amplidlen &8 *
converien used in 4 push-pull-Lihe canfiguration.

gk ef flalency, small size and weight, excellant dynamic perdoamance, Zogether with both impt
o ent in the new deddon. In addilion, the use of co
sion af the pewt converder agswlls in a high penformance ampll{ien with

put cucnent aonpaliating, arnk pred

smLtohing ad

posed which hat 2 muben of advantages osvex the conventional
ased on a Aecently anncunced optimam fopofogy swifahing de-foe-de
AL of the adv

ardages of the new converier, such as
of The e Dol

upled-inductor exten-

complete eliminalion of the

ppie. Thua, he new swiloiting amplifion has & potential foxr a wide range of applications:

from high effiviency, small size and wedght seave power ampligier Lo a Low cost, high pexfoamance dudio

poweh amoliiien.

1. INTRODUCTION

Switching power supplles and Tegulators
(“"switchers™") ar= coming into a widespresd use.
wing to theilr much higher efficiency, smullar size
aod welght snd relatively low cost, thay ars dJdis-
placing the conventional linear powsr supplies avern
at lowar powver levels (25 Watts ac present), While
4 substantial sffort was made in recaot ysars to-
ward the development of oodelling as well asx design
tectimiques for these complex awitching systems,
subsrsntinlly Lemn woTk and attsuticn has bean
devoted Lo Lhelr satural ontgroweh — switching

powar ampliiiens,

It is quite nactural, then, chat the principlas
af the operation of weitching powsr ampliffers are
not widely known. Therefore, & brief review of rtheir
operation im included in Section 2. This review of
switching pover amplifiers, which are at praasnt 21l
based on u wodification of the huck power stage,
revesis subscantisl pariormance daficiencies origi-
pating from the buck power utage {rself. There is
a naed for tvo power supplied, and the pulialing
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curTents draum from them remmire additdon of input
giiters. In mddirion, x very comolax driving seheme
{("flogting" drives) ia required to aperate power
tragsistor gwitches, Thus z need arose to find

better and move anitable basic convertsr stege to
replace the wodified huck power stage.

Such convertars have already been found (z,3,
4] and the principles of their operstion as well as
their wsin advantages over the conventional switch-
ing de-to-dc converters are triefly cutlined in
Section 3, and thedr dynamic (ac gmall sipuel)
squivalent circuit modelg presented. Also, ag a
culoination of these efforts & practical hardware

implementation, which allows bidirsceional currens
(and power) flow is demomstracsd.

Although the new converters had a numbher of
advanrages, devising a new gwitching powver wtage
for switching amplifisys, which preserves all
their good properties and possibly introduces fup-
ther ioprovemsnt isx nor g casy task, a8 despn-
scratad in Section 4. The push-pull-Like topofagy,
souplad with oidirectionaf comient suitch imple-
aentation, is, howavar, abown to be a agught
superior solucion.

In Section 5, the investigation of the dc gxin
uf newly developed power stage has the obiective
to arrive at che optimum perameter vafues which
will result in the maximelly Lim¢arized de gain
characteristic, hence fin a low aoplifier dimcortion.

the Fifth hﬁmﬂ Solid-S¢are Powsr Conwersicn Confereaca,
Fosrar Concapte, Inc, 1%78.



Design-oniented analusis of Section 6, hes aw
a goal the developmant af eimple, ver accuracs
enough analytical criteria which will lead to the
design of the switehing power asplifiay with the
2oat favorable frequency respease characteristics,

Finally, io Sectiom 7 the: veri-
gioation of the new switching powmsr muplifisr is
nade, and ity hardwars design compared with the
design of the conventlonal switching power ampl i
fler based on the Huck power scage.

2: BEVIEW OF THE CONVENTIONAL SWITCHTING OWER
AMPLIFIER DESIGN BASED ON THE BUCK CONVERTER
All pregent switehing power swplifiers gre
based on employing & certain wodificariom of the
welluvknows buck convertar of Pig. 1, as itz powar
Ftage. Therefore, we will firmt review the funda-

mentsl principles of the operation of mwit
Fower smplifiers bmsed on this COfIVAItar type.

As this developnumt proceeds the DeC SARRYTY
requitements which eny swiltching sower stage has
Lo Best in arder to be used in switchisg power
axpiifier spplications will bacoms transpereant,
Ihis will, in curn, pave the way toward the deve-
lopRent of 4 new push-pull wwitching power ampli-
fler topologyll], and furthermore toward replacing
tha buck power stage by the recencly ddaclosed new
S@ltching de-to-de converter [2,3,4] or 1ts coupled
{inducter extmasion (4,5], leading to the new pusi—
pull switching power mplifier [1].

2.1 Davelopment of the switrhing nower stage

witih either volrage {arbitrary) polarity

In the buck converrer of Pig. 1 pertodic
opening and closing of the switeh S (for incerval
DI_ in positfon A, and interval DT
pofirion A, where D is che switch dﬂty ratio and
ft - lJ"TE is the constant rloeckad switehiog free
quency) ,"resuelts ip the duty ratic controlied oue-
PUt d¢ voltage VT = D?l of poaitiva polarity,
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Fig. !, Conventionat buek powes. stage.,

Lat: us 0w modify the buck converter into a
pover stage whasa ostput voltage can have etihen
polanity (positive or negétive wre. ground) depen-—
ding on the value of the duty ratio of the switch.
One way te schisve this 1a ¢ Use: TWO pover avpe
plies +V apd -7 og the input to the buck type
conveartar’ scage, with 5 svitching between pasirive
and cagative power supplies ga showm in Fig. 2.
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Fig. 2. Modified buch power slage with ouipul

voltage of either polanity

By use of the CHAtemary Voltesac bBxlance cox-
dition on the inducter In the stesdy-state, we
cbtxin:

{?&-F}DT’ - (?#+W)D'Tu (1)
or

%-——-n-n'uza—l {2}

&

Thua, the dc voltage gain £ a Idnear funceion
nf duty racio D aw shown in Fig. 3, and for o » .3
the surput voltzge 1is of pomitive pRiarity, while
for D < 0.5 1t ia of negative polarity.
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Fig. 3, gg Ua-g:cage gar of the powex afage in
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Wnile the acrual hardwara foplemeneqtion of
the idaal switech § {n A buck converter pf Flg. 1
by use of the bipolar transistor ang diode ix
¥ather obvious, the reverpal of the cutput veltage®
in Lhe comverter of Fig. 2 makes the hardware
realization of ity ideal switch § lepe Apparent
and oecessligtes reaxandination of thas requirements
Impraed om i, Hanely, gince the average inductor

N



current gnnerlten.thnbnutput.dn valtage, revargal
of the cutput voltage polarity ia avcompanied by
réevargal of the Inducter current direction, as
shews by full and dotted line arrows in Pig. 2.
Hencs, the hardwarw implementation of the switch

5 han to permit this bidirectionaf cutrent {fow.
This ifw remdlly accomplighed by the two-tragsister,
two diode ciremit of Fig. 4.
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Fig. 4. fﬁagiic:E impEementation o4 The conventer
in Fig. 2,

Transigcors Q, #nd Q. 1n ¥ig. & ore alter-
natively turned on’ and uf? by thelr drives (wimn
2, 1s turned om for incarval DT , O, i% turned
ﬂ%f, and vice versa), while dicSes 51 aad T, work
in syochronism with then. Namely, £f5r D > 6.5
(poeitive ocutput voltags polarity) wvhen @, 1a
turned on ¥V, » ¥ (saturation veoltage nefilccted),
the average de cfrrent T is poEifive. When Ql 1le
switched off, the inductor forcas Dl rp conduic
and ¥, = - ¥ {disde drop Degleacteéd). 1f (. is
swireEed on Bt chis mrmens, L& blil—ﬂﬂlllttn%
Junctian iz forward bilssed, Lut the uet gffect gp
“he circuilt operation and diode N, conduction ig
tegligible. When transistor (. suwltches on Again
', = ¥ and D, dicde turns off. Transiztor qz and
itode B, operate similarly for the other currsnt
iiractiln (showm by the dotted srrew in Fig. 4)
for D < G.3.

The bidirectional curxenc switch implemen—
ation af ¥ig. 4 Lz in fuct the same as that veed
0 the buck converter of Fig. 1 to prevent its
lizcont Imurug inducror currsnt mode of operatciom,
8 furthey (lluscraced iz Fig. 5. :
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{g. 5. Bidirectionef awunent switeh implementation
deads 10 eontinucus conduction mode don
any Load R,

Specifically, in the aboence of tranaiator
q! and diode D,, the induetor current, for large
enough Ycad {resietance value R], falls to zaras
before the end of the switching cycie {during
interval D'T#},.the-diﬂde D opens and the inductar
current alays ab zero during the remaining facer-
viel, resulting in the discontinuons condverion
mode[6]. However, 1f the transister 4., und dinde
D, are sdded, and Q. turned on for intérval D'T "
i§ provides a path for reversal of the curvent *
when dicde D, opens {xctualiy enerpy stored in the
capgciror uiil be trabsferred to the inductor with
inductor corrent reversall Thus even with no load,
(zerc de outpur voltage) the convercer operatas in
the continucus inductsdyr current mode ga shown by
the wavefarmg in Fig. 5. Wote, hovever, that the
output dec volrage iz of the same polariry. 1If,
for exawple, the loed R is replaced by a techarge-
able barrery, and gource V_ ia a buas valrage, the
bidirectional curreut natube of the switch ailows
Poth charging the hactery or discharging fit,
depending on the bua re battery veltage. There-
fotre, the converters of Figs. & and 5 could both
ba deacribed as “two-quadrant couverrers,” &s
illuetrated in P4g. 6, though with different V-1
characteristics. The Vel characteristic in Fig,
Ba ie required for the povar BtAge in switching
powey amplifisr applications, while the omne In
Fig. 6k ia tha type necessary for battery charger/
discharpger applications.

1)

Fig. &. Two quadiant converiar wispeind: al .
dRuLoning ampligdenr V-1 characterdstic,
B)  batiery changen/dischasgen V-1
chanacteristic.

it now becomes apparent how conpection of
tragsistor Q, and diode ni to a negative supply, &s
in Fig. 4, inscead of to ground as in Fig. 5, leads
to beth cutput do voltage and current reversal.

Lec ug now demonscrate how the couverter power
stage of Flg. & with its main characteristic shown
in ¥Fig. 6a may easily be nead to obtain & switching
pover mplifiar.

2.2 Principle of che switching power amplifier
cperation :

A conceptual blogk diagram of & switching power
fmplifler operated in an open—loop manney, and
Incorporating the power stage of Fig. 4, iz ghown
in Figq In




SIGNAL :
tNEUT COMPARATUR

JﬁztEEE;_ f/’ :;{)
}h———"{ :}“ﬂa d -

& DRIVER G, &AL
L{M}ﬁ. E]j_ﬁl J LOAD™=

POWER STAGE

]

CLOGKED P SaGNAL

RAMP

Open-foop buck type dwlfohing powen
apligies.

Fig. 7.

The diagraw is the sane a3 that for the opan-
loop switching dc~to=dc convarter opsrated at
conatant switching frequancy £ = 1/T ' (cIocked
type), with the-only diffarsuce that = time varyiog
(ainusoidal, for example) Zunput signal ie vesd wt
the comparatuor input instead of a dg reference
" voltage. Thus, the nesd for a power stage with
output valtagm of either pelaricy, developed pra=-
viccxly, now becomes smvident:for the pesitive half-
cycle of a sinusaidal audio signal, the cosparstor
geneyaces a ducy rtatio D> 0.3 and gutput VolLage
of positive polarirty, while for the negative balf-
cycle D < 0.5, a negative putput voltage i geme—
rated. In fact, comparison of the Low fAequency
input afgnal mad the high jrequency savrooth (clocked
Taxp), generstes a pulse wideh modulsted (FWM) edg-
nal, vhose lLow frequency spectrum is recovered by
low-pass filtering, Hance & clese Teplics of the
inpur signal but now ac high power level is gens-—
raced at the ovtput.

The comparison of this swicching powar amplifier
approach with the coscomary convecticmal linear power
amplifier deaign with respect to the two foxemoat
constraints Iin the power sxplifier decign, that is
. the efficiency and distortion, becomes now apparent.
In terms of efficiency, thls approach boaste the
usual advantsges of gwitching power supplies over
linear, that iw, significantly lower powver digszi-
pation. Namely, ice theorecical 100X sfficilency ix
usnally only slightly degraded (very often efficiency
is above 901), owing to the most sfficient use of
seaiconductor devices as power processing elements,
chac Is ap swirchas, Power dissipation problems are
thus winimized, and btwcome functions of the tren-
sisror saturation voltage, ites eswitching time and
parasitic resistsncea of storage clamants inx the
powar path. Distortion, howsver, 16 a functiom of
switching frequency 1o this switchinog amplifisr
approach, rather than dependent on the linearity of
transiscor 1-¥ charactaristice. Specificaliy, for
low distorcion mwitching frequency f has to be an
order of magmitude or so higher than the aigual fre—
quancy f to &avoid overlapping sidebands in the PWM
eignal, sven wnet the clocked ramp Is of ldeal
lipearity.

On the other hand, oune would like to avoid an
excesaively high switching frequency for sevaral.
Teasons. Linearity of the sawtooth waveform may
be hard to reaiize at higher switching frequencies.

The storage time of the tyansistor switch then oay
represent a sigpificant porcion of the switching
period thus further intreducing distcrtion, and
degrading the efficiency as well, Bandwidth va.
ouytput Tipple constitntes another trade-off. A
generml rule of thumb used by designers of switehing
power gupplien i that for low ripple, the switching
frequency mast be at least twe decades above the
corner fregeuncy £ = 1/2xviC of the L=C averaging
Filewr. Thus, to obtain flat smpiitude frequency
reasponae out to 20 kHx in audio power smplifiler
sppiications, the avaraging filter corner Irsquency
in the open-loop counfiguration of Fig. 7 omst be at
leawt 20 XHz. Therefore, ome mustc £ithex switch at
2 Mz (too high a frequency to be practical) or
sacrifice low output switching ripple. Io addition,
seaveral acher drawbacks originate from thise open~
loap approach. Any nonlinearity of the aswtooth
vavetorn (clocked rmmp) and of the de gain charac-
teristic of the power etage, shows up as additdonal
distortigon in the output. Thies, the lipear de gain
characteristic (Fig. 3) of che buck-coovartsr in
Fig. &4 becomes mandatory in this opsn-icop approach.
Finglly, boch powmr auppliea (positive and negative),
have to be wall regulated to aveld yer another source
of distortion. The salution to these problems lies,
of gourse, in the use of negacive fsedback as shown
by the block diagram of the closed-loop buck typm .
s tching power aeplifier in Fig. 8.
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Fig. &.

Saveral benefits geoeraily associated with the
use of negative fasedbmck sre obtained. Tha corner
fyequency of the L-C sveraging filter may now be
placed at » lower frequency of 2 kBz, for example,
snd then nagative feedback used to cxtand the closed-
loop gain basudwidth out to 20 kREz as desired for a
good sudic power amplifier frequency response. A
switehing fraguency of 200 XHe or higher would then
provide low switching ripple. Also a significant
inprovemant in sccurscy and de stabilizarion ig



obtained. TFurtharsore, & certain degree of non—
1inearity in both the agwtooth waveliorm as well ad
de gain of the power stage could he tolerated , and
syerall) dlscortion of rhe amplifisr raduced by the
amount of fepdback loop gain introdoced. In add{--
rion, the suplifiar becomes less sensitive to nolse:
introduced by the piwer supply, transistor gwitching
dalay timas and other anonidealities. Of course, tha
price one has Lo DAY for these fuprovemencs le
{neressnd complexity and possible wtubilization
prohlems., Howsver, this does not seem Lo pose Any
pearious limitationa. Namely, as saeen in Flig. B,
rhe block diagram of the avitching mode Dowelr
amplifiar im the aame &6 for the switching mode.
regulator, and thus, all the techniques for Apalysis
of the closed loop-gain stability and repgulatopr.
perforsance daveloped [2,7,8.2]. as well s xTagsuTA=
gent techunigue EIE equally applicable to tha
gwitching sudio power maplifier [10]. 1m fact, the
gimplicity of the state-space averaging method azd
sanonicel equivalant circuit msdels for awitching

convVerters {2,6,8,91, and yet itsd high acouracy,
makes the demign of propel f eedback compensation
nerwork a relatively eaxy ragk, ag will be demom=
scrated later in Sactions 6 and 7. -

Tt way be noted for completeness that another
closed-loop feedback schee byilt arcund the zame
buck power dtage af Pig. 4 1a sometipes geed [31)
for switching pover amplifiera. I¢ i essentially
based on the so called free-turming, buck ragulator
closed=Loop soniiguracicn, oiten referred to as
"pipple Teguletoy,” and has the game fundamencal
drawbucks of the ripple regulator: doe to the
qature af its operation switehing frequancy varies
qver 3 Wide range of frequencies {(oxten 20 Hz -~
200 kHz), preventing itz optimum weight and siz=
design and causing DoTs sEVere EHI praoblems.

The snalyeis of the operational principlea of
gwitching power amplifiers, aven though bagad on the
buck power stage 96 the pnly thus far koowm confi-
guration, demgnatrales rhat 1o principle any
switching Xegulacor {based om othar switching poWer
gtagea) or even Opan—iedd drived pwitching conv=
verter can be mada Intd & powWer anplifier, provided
1ta pover ertage is sppropriately oodified to Tesult
in & Ews quadrant v-1 echaracteriscic of Fig. Bas
The faect that the buck paver stage inx the gnly <ne
uyned Ep far may b2 gquite wmisleading. This i pro-—
bably caused by the fpiiure of i{nitial attempra LO
appropriately aodify boost oT buck~boost power
gtogas for awitching awpiifier applications. Cne
af the poseible wxya L0 echieva this will be shown
lager in Section 4. .

Degpite the negative fendback and constant
{clocked) switebing frequeacy ¢ , the closed-lacp
awltphing smpiifier of FiZ. 3 af4ll has several
drawbacks which originate direarly from tha buck
pover atage iteelf. Im particolar, the current dT AT
from the power supplies 1B puligting snd can
generata tyemendous gmounts of nopise. Thia is a
gerious problex if left upncorrectad. For axaxple,
trying to llaten Lo the radie in the noine contsmi~
naced enviromment caused by this amplifiler would
probably result in frustration. Thus, = properly

. able propertiess of

£{lcer {12} muat be added CoO each
power aupply praferably with 14trle effmct upon
she loop-gain. Another Jrawback $s that thers ia
& naad for e powen s upplies of oppoaite polarity.
Alsc, & quite alaborate schene for deiving
Cistors of the buck power stage in Fig. & is

designed inpuf

reqguired, since neither of the transiscors 1s .
referred to ground. Therefore either ffoating  L60-
tated duives are necessary, or @ push-pull noncso-

tared duive mcheme which requites two addfcionad
power aupplies {above +¢ aod below =V, ) to turn af
F te trangistors O, and QF would have £J be {wp Lo~
in nﬂdi:lun. ﬂn%? careful precautions have
ta he taken to pravent gloultateaite LUrR oM of tran-
sigtors 0y 4nd Q., thus ghorting cthe
plies and rﬂﬂulting ¢p tranaistor destructicd.
Pinaily, a ralacively high switching frequency (300
kHz or so) is arill neceesary tp reduca awitehiog
ri].'-‘pltu '

Thua, We have come to the conciupion that 3 new
gwitching comverrer [power grage) with proparties
superior to thoase of a buck vomverter (Fig. 1 sed
Fig, 5) is needed to replace rie buck-pouer SCage
in the feedback arrangement of Fig. 8. We there-
fore ser as a goal to find guch a switching con-
verter which will remove all sbove deficiencies.

In fact, such & convertar has airesdy been found
[2,3,4] and irs properties and variocus usefcl
axtansions discussed in detail in [2,3,4,5]. Thus,
only the highifghtz of the ariginel nev cptimum
tpopology switching coovertel {2,3,4] and its
coupied~ipducror extension 28 related LD the swil-
ching power amplifier application will be included
nere in Secrion 3. Nevercheless, the objective of
incorporating these new gwitching converters into

a awvitching power awpllifier topology, oaving
aaximum performance (wide vandwidth, low ncise and
diatorcion, small awd egontually zexo switching
ripple, and act excessively high switehing fre-
quency £ ) and the mindmum rumber and size of PRILS
wiil By fic means ha an ewsy one. Thie challenging
cuak @iil ba chen pursued in Section . | -

3. X¥ OPTIMUM TOPOLOGY SWITCHING COMVERTER ANTI
TTS CCUPLED INDUCTDR EXTENSION -

w—.—.—_—-u—_l-—_'q—-—.—

The sature of the physical cpatatlon and the
pain properties of the optimm topolegy switching
converter and its coupled~inductof extengion are
aow briecfly reviewed, With the high efficleney
constraint in mind and because the real coRponents
ar= oot ideal, but heve parasitic regiative lognes,
che deaign objective in gwitching de-to-de oonver-
cers is €O uge the minim nusbex of awitches and
scocage slements thac will petnit the required de
comversion, and vet ta achieve +he maximum perior-
asnce (hoth iaput and ogtput cuxyent nonpuafsaling,
for exgmple), by thedr gplimum futerconsection.
Thesa gomls have Deen achieved in the new couverter
{2,3,4], which easentially combines all the desir-
rhe puck and boosl power SLages
alone, without acgquiring #Ry of their uadeeirable
artributes, and yet with a recention of a very
gipple  stIuRCLUTE,
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ghoem in Fig. 9 operatsa as
follows. During the interval D'T = {1-D31T_ when
rhe trangistor is off, the dicde forward biasad
sand the capacitance C; is charging in the poxitive
direction. The collector-to—emitter voltage af tha
trandintor in therniore poEitive, and 1t cao he
rurned op for the subaeguent interval DT . How—
ever, 54 BOOW 48 it turas on, capacitance C, bacomed
connected across tha dicde, thus Teverse biasiog and
effectively discommeccing it from the cireunit.
Duriag this intexval DT the capacitance EI dis—
charges to the lomd the cherpe accumulatad in
pravious interval D’T , thue charging the ocutput
capacitance C. to 2 negative voltage. As seen

from the w-vn¥nrm sketches in Fig. 9, both the

input curisnt and the outpwt turrent 1, Are
nonpalsating (Eswentlally de with a :mulf ripple
proporticnal to fnductance valaes} in the con-~
tiguous conduction wede, and =R&rgEY ig trans-
ferred from the input to the ocutpul eizecuit vis

capacitive storage OO ﬂi. in contrast to the induc~
tive epergy cransiar process of comventional con= -
vertprd. It can emmily be shown that the dec-to-de
conversion ratio im ViV = D/{}-P}, hence
s5 that of the conventidnal huck~booat converter
which fas, however, toth inmput and ourput currents
pulsating. 7The following comeluaion can oow be oade.

T™He néd CONVERCLRT

The new de-to-de conventer. {Fig. 9] has an
] peafarmance for e

; a4 components ) . Namely, to have bolb
input and outputd cwrrent norpulbaling, one needs. ol
Teast fiop inductances, one {n series with the inpul
dource, the other in Aenies with the Load. 7o
pbtain 4 de Level conversion, an anergy Lrans fessL s
nedoank with stonage capabilities muwl be ubed.
Hexe if is a dingle capacitarce. To enable it 2o
sRAVR 84 4t ENEADY thans fenning devies, at feast
one Seiteh s neceasany, hene realized by the bi-

pLax tnansiaion diode combination of Fig. 4.
Finatly, an oulput capacitance C,, even though ol
asbential fox propen opeastion u% e agnuegatern, 48
putwﬂmtuadﬁmzhemumauwmt-
Txge hippds.

Some of the important Advantiges pf the vew
convertsr over the orhar exiscing couverters ATe:

1) Provides buck/hossr that 4a up/down &c
conversion capability.

7y Both lmput and cutpul cusrents are noapul~
asgting, 1.e. consist of de with small ripple,
unlike in the conventional buck—boost con=
varrer; hence, RC aend for input or output

filters and vet P problems ATE Teduced.
3y Offers gignifirantly higher efflcency.

4} Superier dyneamic proparcies to Che comven™
tional buck-boost CORVerter; spables simple
compensation in & awitching ragulatox

1mplementation.

Much simpler transistar drive clreuwitry,
slnce the aswitching tranpistor is refmrenced
to ground (groumded emitter).-

Achiwves all these propertizs with minimym
musber of elemanta.

5)

6}

The unigue topolegy wi the new ~converter nakes
alpa posaible meversl axtensions, and espacially
that of coupfing the inductons in the original cou-
verter [4,5], with evea further reduction io
switching current ripple. as dhoun next.

3.2 Euuglud-inﬂuntnr'&:tanainn &f A OBV
awitehing converTET

UbgeLvatlon af the zqual guitching voltage
wavefgrmg on the Cwo inductors in the convertetr
of Fig. 9 (by ume of Valt-uac bailpnce on induac-—
tors, for axpmple) leads co & cpoclusion that che
two inductors L, and L. can be soupled wilhoul
ﬁﬁﬁantinf-iht h&&iﬂ de“convension properly as shown
in ®4g. ., Basidwe further reduction in size. :
vefght and componsnt count by usa af a aingle core
for & traneformer, indtead af two coTed for W

noncouplad inductors, this coupling is ahown 151 to
+ffoct & substaptial Teduectiom in both imput and
omtput current ripples.
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Fig, 10. Coupded Inducton Extension, shouing dr
oulpuid current pnly (no adpplel when
matching condition n = k {4 achieved.

When the transformer in the couplad~inductor
comverter of Fig. 16 ia modeled by usge of affsctive
turns ratio n and coupliing coefficiant psTanster k
defined hy

!
i (3
2 .
* lL___LH [4)
1 bz
whers L., L. are the self-inducrances of the primary
;:nd um:rai:in , and L, the surual {aduccance}, the

wore detailed thepratical anslysis of [5] leade to
two Iinterasring cases, When n = 1 ¢ &, the so cal-
led balageed reduction case, both the topur and the
output current rippies are cut approximataly in
half, or more correctly reduced by a factor of (l+k)
from the uncoupied value. However, the more inter-
e3ting caes is that of unbalanced reductitm whep n
approaches. k, whara almost no current rippls reduc-
zion is obtained at the » but am ongon of
mignitude o4 moxe (10 to 100) in current sipple
reduction is cbtathed at the secondary as experi~
mentally verified in 6], In fact, it 18 even shosm
in [13] experimentally that tha limiting case of

the s0 cailed macching condition

n=k {5)

may be practically achisved by a proper tranwfox-
mer deaign, thus resulting 1o & comlzle elimination
o4 the cusrent rippfe at the oucput {trausformer
Gecondary) as shown by the current waveforms in
Fig. 10. The wmatching condition (5) im aclely a
property of the transformer iteelf, and to a firsc
order ig Independenc of the comverter aperscing
point (ewitching frequency £_, duty ratic D) ox
elemant valuea (load R, G,, s Ly atc.y, thug
allowing full benefit of Zero cutput current rippla
throughaut the convertsr dynsaic range. In addi-~
Eioa, Zero output curvrent tipple completely

eilminates the need for qutput capacitance Crs. thua
further reducing the size and weight and aighiifi-
cantly simplifying the convertar dynamic respoose.
Both of cthese features will ba umed Ister in Sec-
tione & und 7 in the design of the New Puah-Puil

Switching Power Amplifisr.

The coupled-indoccor converter thus haa the
simplast poesible structure, consigting of a
#ingle transformer, commutacion capacitancs cl and
& 3ingle switch, and yet it achieves the maxiioum
parformance (both inpud wad ocutpur current non=~
pulvacing with ane of them even being pure de
current with ne vipple) in 2 topology whieh offers
the saallest poasible sira and wedght and highest
afficiancy.

3.3 Cmnonical nirﬁuit andeles of new convertar
and 1its coupled-inductor exrension

By use of rhe modelling vechnique [2,8,%] che
cancnical vircuir model of the coupled~-industar
switehing converter ia as shown in Fig. 11 wicth the
geueraters mogelling the sffect of the mmall signal,
duty raclo woduiation d dafined as:

- 1 < ) - 2 '
R ?2 1 D{DL, +D L 8/D'"R + (Ll L)C s /D
? - “L"‘»Flmn'

(&)

vV 1 - sﬂ,RD*fDE

j(g) = (73

DR 1 ~ &t LyCy /0D

Fig. 11. Canonical cineulit maded of the Coupled- .
Indueton Saudliching Conveader,

this circuir wodel, together with (6) end (7).,
for the cage of no coupling (k = 0 or Loy = Q)
reducas to the canonical circuit model 6f the new
convertar of Filg., 9, which ia ra&lly itz apecinl
case. AMltheough (6) impiies thac the duty ratio tg
output transfer funcrion containe complex Aight Aatf-
plane zeaps, with patantial geabilicacion problems
in closmd~Loop ipplicarions, when the paragitic
registances of the inductors are Ancluded in the
mode], they veualily become desivable Ledi-haff pfane
complex Zear'a, rhug &1ding ip cha loop compeuga-
Eion and producing a favorablie frequency responee
as shown in [2,3]. For simpliefty, they have nac
besn included in the model. The mfimer of igductor
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Now that both steady-state{ds) and dynamic (=c)
wodels for new converters hava heen characterized,
One more propercy, that ig bidirectional currape
{and energy} flow, needs to be iavastipgated befpre
the development of the new switching power Anpli—
fier baged on these two comvertors may be under-
taken.

3.4 Pidirecriomsl current (and poser) flow in

the new awitching converters

The original sonfiguration of the new convertex
showm in Fig. 9 15 capable only of unidireecionai
currant (and power) flow. However, sympetrical
Ioplemsentation of the transistor/dicde combinavion
by addition of » singla pnp traneistor and diods

remaves this comstraint and results {n bidirecefonal
current and power flow as shown in Fig. 12.

oidirgchongl powes  flow
. S .

-‘-.i—...--
|
Ybus Qs
-
-5y %.
C4— 4 £ duty  ratio
~Sy - conmolied Switch
Fig. 12, Symmetricat new converter capable of

bidirectional cument flow,

The sutire cooverter is thus symsscrical , and
the input and ocutput texminals can be arbitrarily
devignated. It additiom, emch of the tervinals can
boblave elrher as & CUITERL ROUTCE COF A8 A& CULTERE
sink, owing to the bidirsctiomsl current implemen-
tation of the ideal awitch 3 in Fig. 9. Thum the
configuration of Fig. 12 hacoaes Idesi for the bat-
tery charger/discharger applicacion whare both
fupctions are remlizsd by this singie converter
structure [15]. Tha direction of currsat flow.
thrpugh the couvertar is detsrained by whather the
duty ratic is greater or lesa than the value chac
4ust matchas the conversion zTacio to the ratlio of

_ charger /digcharger.

. ZETO POWEY thrunghput.

the bux to battery voltages. For comparison
purposes, this bidirecticmal switch cealizacion is
SRALOROUE to . the one employed 4n Fig. 5 for the buck
convertar stage and also leads to the typical rwo~
quadrant characteristic in Flg. 6b for the batcery
AMso, in quite the wame way,
the bidirectional current feature of the converter
realization of Fig. 12, results in the "continuous
conduction mode” of oparatien aven when there iz a
Thus the dynanics of the
converter deex noe changs batwesn the "conrinuops"
and "dimcontinvous” conduericn wode and the dynawmd -
wdeis of Bection 3.3 for econtinuous conduction
mode are equslly applicable for this tramsitiopal -
region batveen two pawer flow dirsctionm. Hote also
thet thia bidirectional eurrant switeh inpiementa-
tion is equaily applicable £o the coupled-inductor

extension (Fig. 10) of the new switching convertsy.
However, the convercer configuration of Fig.

12 dees have aome very important adventages. For
exawpi®, both transistors in Fig. 12 are referenced
to ground apd sre amaier to driva than thogs of Flz.
<+ Moveover use of the single drive source for the
coaplerentary mpn and pop ewitches, as shown in
Fig. 12, not ouly tremendously sioplifies the dri-
ving achema, but slsa ritfomalioally prevenrs sima)-
taneque turn-on of bath transistors q} amd Q. {and
thus preventa shorting capacitzace El » iR spite of
the presence of transistor ewitch Widrage time.

Therefars all of the problems sssociatwd with
the buck convertar stags of Fig. 4 mentioned earifer
have besn rmsolved with che convertar configuracion
of Fig. 12. It now vemains ro find how this confi-
suTtatlicn can be included in the switching power
azplifier gcheme of Fig. 8, since 1t st1il doas oos
Passess the two quadrant charactsriscis of Flg. &a,
But rather that of Fig. &b.

4. NFEW PUSR-PULL SWITCRING POWER AMPLIFIER

We now pose the problem So invent a pOWRT stage
basad an the pew convertsr of FPig. 9, which #1211,
depending on a wwiteh duty zatic D, preduca an out-
PUL volruge of sither polaxity, thus heving the
characteristis of Fig, 6a. Althouph thary ara pro-
bably meveral wayn that this could ba accowplished,

we are incking for the simplest and the mowt suitgble
medification, which will pressrva all the good pro-
pertien of tie new comverter previocusly outlined,

#0d possibly add aome more. LAftur acme initial
attemits ve raalized that a two powar supply BLEACEEY
employed preavicusiy in Section 2 to acdify buck power
stage of Yig. 1 would rasuit in & loes of some of
thess good propertises of the new convertsr. There-
fore the widirional desirable fescurs of a single
power aupply comes to miud snd leads to the push-
Pull 1ika topulogy of Fig, 13, in which tuc new
ewitehing converters (Fig., 9) are operated fn tandes
{parallel} from « #ingle powexr mipply.

Lat us now aasume that the two converters are
Oparsted switching out of phase, rhat is wirh cowple-
Mntary swilch drive ratios. Namely, when lﬂitﬂh'ﬂl
is in porition for interval DT', switeh 5, i3 4in
position 3, for The sawe intervall Suppose “also
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13, Twe new seilohing converters openasted in

Landem/parallel jaom a singfe powex supply.

that the twe loads and the operacing conditions
are such that both converters saxre operating in the
continueus conduction mode. Then the oocput vol-

tages V, and V., af the two converters asre ldeslly

{no parasicic Feeilstances taken into aceouat):

Fig.

A {10}

Yy

ﬁfil:'

'-':illl;l
<

(11)

Ag Geen from {10) and {11} the rwo outpur vol-
tages are eqgoal only for D = 3.5 while one or the
other becomes grescer for other dury raties. Thog,
evaluating their differencs V = ?i - ?2 leads to:

¥ D - T
v D’
K

(12)

which is sketched as a fuzction of duty ratio D in
heavy line in Fig. 14. The Andividual converter
gaine ?1!Fk and -vzxvg pre ghowa in detted line.

v
= 1D}
2k V-
E—.
b
, D
- i d -
() e Tl W s
0.0 —
e
D)
-
-2t |
Fig. 14, ?Differentiatl veltage gaoin I-J',!‘Ii"g 0§ power

stage in Fig. 13,

As zaen in Fig. 14, differential gaim (12) ia
Just the one nesded for switching power amplifier
applications, since 1t hae the seme required polarity
change propexty as the de voltage gain of Fig. 3 has
for the modified buck power ataga. The oniy trouble,
howaver, ig that theng is net get & Load betwesn two

. convartar outputs to draw any power frowm the scage.

Thus an interesting question arises:

18 {f poasible 2o comiect a load betweer the
of the o converlers uwming in

oul violating some basic Laus on disturbing fhe

Endividual paroper opengtion of the convenrters?

Ihe apswer to this question 4w affirmarive
and im a kay to che succesa of the new push-sull
switching power ssplifisr design. ‘Thus, with the
two loady in the comverter of Fig. 13 replaced
by a differsntial ("floating") load R, the naw push-
pull power wtage of Fig. 15 im obtained.

{oing)

=== piwdr fHiOw

pawar flow (spu-ge} ——=

Fig. 15, New mush-puif SWELching powek s1dge.

Compariscn with the powar astage of Pig. 13 from
which it originated now seems in order. In the
power stage of Fig. 13 the two switching convercers
do nol affect sach others operation, and hath have x
tnidirectionsl current (and powver) flow as shown.
However, this ig not so in rthe push~pull power zstage
of Fig. 15. Namely, owing to rhe diffarencial
("floating') conpection of the load, betwemn che
two individual convertsr stages, its load currsac <
is sourcing at one converter cutput and ainking at
other convertar cutput, Tesuliing in the oppogite
current flow in the two congrituent converters,

For example, for the direction of current i in heavy
line on Fig. 15, the lower converter behaves ss a
cudient dowrce, while the upper becomes cuarend
&4k, With the oppasite palarity of rhe output cur—
rent i (dottad line}, the role of the two conyer—
ters im rTeverpedi. Thus, suwitchegm 51 and 5. have to
permit thip bidirectinosl Fflow of ciirrear fang
power) depending on thw duty ratip D. In ather
worda, a part of the energy delivered by the lover
cOnVEeTLer 1 conswmed by the load, and the remainder
returned via the upper convertar ¢o the sourcs. The
sctual harduars implementation of the bidirectional
currant {mnd power) flow i@, however, <asily accom—~
plished by ume of the resulee of Sacticn 3.4 and
Hgl 12' as shoun in ?igr i6.



A convenisnt feacurs of thia hardware imple.-
mentation of the switching gcheme is that gll four
Cranailstors ara refercad o ground (grounded egti-
tar}, making theg sasy to drivae. In sddition, the
bpn and pup trangistor of each stags can be drivan
vith the amme FWM drive source as showg. Therafore,
the overlap of the IXmnsistor on times s automge

A Y orevented, even in the presepcs of vignd-
ficant transistor SLUTAgE Cimeg.

It way also be noticed that thig bidirectional
current Implementation avoids the transition po
dinnuntinunun.:unduntinn mode {(i.e. the power Atage
alvaye cparateg ip continuous conducrion zade} |
Juatifying she Assumptiona (10) snd {11} made

Thin spme technique of the pushepull 18t

tnpalugy,.diffurnntial laad, and bidirecrione;
CUrTemt guitch inplantntltiﬂn, which has been uged 1
to obtain the ney POVer stage of Fig, 16 from the
origioel peyw Gonvertar, can pow be applied o other

the bogap cOnVRrter and auicable for switching power
A&zplifiar is showny fn Fig. 18, Also, the buck power
SLage go nndif?ad would result ip » s.ingle powen
Alpply conflgurarton 48 Zompared to tha we Powar
WPply strategy wich which we have originally xtgr-.
ted (Fig. 2), However, kither design #01)11 g all
the drawbaekyg mentimmed emrlier when coapared to the
POWer ecage in Fig. 16 bamed on the pew COnvertey.

eaTlinr. Fig. IE, Pusfevuepy Lopology, difierantint Logd gud

1

An additiomal very desirable fazture iz acii}l
derdvad from rha push~pull connection itnelf.

hiﬂi&antiauni QAent spitoh Lechrigue
applied o Bogst conventen, :

The moat sdvantageonus conf{ rarign ix obtai-
Hﬂmﬁ?{ the current 13 d¥awo from the source ?5 a aed, however, when the nnuplnd-igzﬁntar extension of
any time ig the pover atage in Fig. 16 18 used, as shown in Pig.
5 - .y (13) 19, which alag TERTRGeNcs & complere conesptual
2 " 4 2 closed-loop biock diagraw of the ney Push=pull
switehing pover amplifier. As semn 4in Fig, 19, when
where curreprs 4 and iz Are borh papiriye (direc- ' nek
tiona as in Fig, 16}, afid thedir alopea are invaraely ROWER
PYOPortionsl to thefr {nductance values. DRIVER S G = ' OUTPUT

Ap saen in Fig. 17, an ioterenting aituation

1a cbhtained when I'l “L, = L: the curreot L draun
by the power supply is do only with ng kippEE at all.
Namely, while the tnductor frrent 1, is ineremsing
&L Bome rate (for incerval HTE], the uther inducrer
cilrrent 1, 1s returning ac thd faoe Tute, tius sup-
plying thé rate increase of 1, Hencw, overall only
de current is dyawy from the fowep supply. This
Vaxy desirable sxtra feature results fromg the puah-

Pull configuration i1tgeif.
a} b}

NP0 currgnrs I 0uree currgny
b 1y * 'g
I | ara, '
2 .-*""L_E' for L"-"-———-—.__._
DT, List,
Q- “ﬁ; = G -

£]

2 FLIP ﬂf_r<
FLOP
] SNH —

FWIM SIGNAL SAWTOOTH %G‘Nﬂt.

AUCID yPUT

| -

Fig. 17, iaput m&m_m'anm cLhent fox the Fig, 19. New Pudh-pull stofing poves amplifien,



the two transformexs (complad-induccors) are desi-
gned to sacisfy the matching condiriem {5}, xaro
curtent tipple im cbbaiped st the outpot sod the
need for curput capacirors is completefy eliminated.
The eliminacion of output capacitors further resulta
in afwplified and wxcresely IZavorable loop—gzain
dynamics {effectivaly single pole freguency yew
sponge) as will be shovu later, woich parmits
cloping the faedback loop directly, sven without any
conpenaation network, apd yet resulting iz a high
degrae: of stmbility. Also there isx no longer any
need for an sxcesalvaly high switching fraquancy te
reduce the swplifier ripple, thus resulting in fur-
. ther fmprovement. Thavefors, the closed-icop
ewirching smplifier configuracion of Fig. IS has a
nunber of advantages which will become even more
evident when a comparison of the twe exparisental
breadboaxda, one hamed on the conventional buck type
degign of Pig. 8, snd the ocher on the nww push-pull
seitcling power smplifier of Fig. 1%, ix madw in
Seerfon 7. _ :

Howevey, one important property of the oew
power stage of Pig. 1f and the couplad-inducter
varnion of ¥ig. 19, that is, the linearity of the de
diffarantial voltage gain, needs further ivvesci-
gaction. Adrhough the fesdback will tend to raduce
to & gertain dagree tha ponlinearity of the powaer
stage, obtaining & high performance, low discertiom
#nplifisr denands % good de gein linearity of the
power stage,. Mote, however, that although the de
gain charmcreristic of the Individusi cvnvertsra
constituring new power stage of Fig. 15 are kighly
aonlinear as showm by the dotted lipes in Flg. 14,
the differencial voltage gate obtaiged (heavy line
in Fig. 14), has u vary linsar characterfstic aroumd
duty retic D = 0.5, just where it is needed the
woat, in 1ts usefnl dynsede range.

It get 4 mesvure of the degtee aof the lineariey
of dc gain characteristic, aw wall xs 4quantitarive
predictions of the smount of discortiom ipcroduced
by ite nonlioearity, & ssparata Ipvestigation la
now nade. :

5. HARMOKIC DISTORITIOMN ANALYSIS AND QFTIMIZATION
GF THZ. DC GAIN LITNEARITY CHARACTERISTIC

in the subseguent analyeis the theorstical
total Tarmonic distorticn introduced by the ideal
dc gadn chaxmcteristic of Fig. 15 (hazvy line),
and given by (12), iz found anaxlvtically, snd thus
& quantitative messure of its noniinearity obtained,
This will then laad to an informed choloe as o the
range wround D = (0.5 to which the duty racio excur-
Blcus should be limited in order tu keep the totsl
harocnlc distortion as low as desired. Purthermore,
the chosen range of duty ratic extursions and maxdi-
mm load powsr requivement will halp deterwine the
nesded input power aupply voltage.

When the nonideslities (parasitic resistances
of ipductors) are takap into sccount it 4w foume
that they actually fend Lo Li{nearize dc gain
characteriscic. In fmer, it {8 showre chat thay can
be chosan in mn optimel woy o0 maximally lineacize
de gain characteristic spd extend the uastyl cange
Af dusy ratioc exeurcions.

2.1 Harmonie distortion sanalvyeis

" To asamss the gonlinearity of the differencial
dc gain charscteristic (Fig. 14) and its sffect upom
diatortion, let us aseume that the dety racic D
variea sinuwseidally around its zero-input operxfing

poinge D o= (.5, that 1w

D= 0.5 + A atnut {14}

whers smplitude A 1is limited to |A| < G.5.

Euh-t;tu:iun of {14} inro {12} thus resulcs in

VA afnpe) = =D Sinek v.as

0.25 - Atuinut g

This 1p a perdodical function of t, snd since
it is alao an odd function, it can decomposed into
odd Fourier senies. Therefore, the output voltage
will contain, besides the fundamental A, sinut, odd |
numbered harmonics. This 13, as should “be expected,
since the push-pull coonaction 1f considersd ideslly
aymmetTical, as here, resanlte in the cancellatign
of aven ovder harmonics. By finding the rms value
of (15} 23 wel) a8 of the first harmonic, the total
harmonic distortion can be ohizined, Quite complex
lotegrals, however, can be svaluarsd in the clewed
form to get the total harmonic distortion snelyei-

cally as:
A AE l - ﬁﬁ; +¥L = dA

d

- {16)
4 (1-6a"y 4 1 - 202 41 - A
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Fig, 20. Total hawmonie distontiom.
ds seen in Fig. 20, the total hlrnnniﬁ digtpr-

tion incresses vary Tapidly with Increase of ampli~

tu:n 4. Even though the barmenic diatortion wil]l be
reduced by an order of magnitude or so when the

feedback loop 2uch as that of Fig., 19 is cloned,



#till the cbjzctive is fto keep the open~lonp dis-
tortion (just theoretically calculated for the power
stage alons) am low an possible. Thuas do & prac-
tical ioplementation (such as the ome discuased in
Section 7], by keeping the moplitude of duty-ratis
excuraions A < 0.1, the cpen=-icop totel harmonic
divtortion will be less than 1I, which by itmelf ia
congidered quite 1ow distortion in an opex-loop -
application. Even with A = 0.2, the total distor-
tion figure of 4.36% obtained zaay be considered.
quite acceptable for many applications, since sope-
times the- linearity of the clocked ramy (sawtooth)
sigrnal is no better then that, especially when a

bhigh switching frequency 18 used.

Athough a. Iiwitation in ampiitude varlation
ta A < D.1l (er extended to 0.2 as shown later by

proper optimizacion method), may at first look quite

restrictive, it 18 not ac all so. Namely, for

Aw 0.1, a diffarencial dc gain of VWV _ = (.83 1a
obtatned, while for A = 0.12, the dc N hacomes
ViV = 1.02, Thus for input power supply valtage

v F 24V, and for A » 0.12, 2 sinuscidal output
?ﬁltlEE of ampiitude nlightIy owver 24 ¥V ia obtained.
The comparable switching power mapiifier based om
the buck power atage (Figs. 7 and 3) and with the
aame pource ¥V = 24 ¥V, would have to undergo the
Ll Adnge ofBrhe duty rcatia. change, that ia

A = (.5, tp deveiop sinuacidal cutput voltage of rhe
same magnitude. Thus, the restricted range of vari-
ation of A, due to nonlinear dc gain characterigcic
.of the new power stage (Figa. 13 and 14) is larpely
offeet by 1ts higher gain, For example, the slope
of 4o gain characreristic evalumted at D = 0.5 i

B in a new power stage (Fig. 14) while it iz omly

2 (Fig. 3} for the buck power stamge of Fig. 2.
Therefore, a 4:) increase in gain, allows propor-
tional reduction 1o duty ratic excursions needed
for a given power level., In fact, the power stage
developed hes the advantage thac it is capable of
step—up of lnpur volrage [for A > O0.17), while

buck power stage (Pig. 4} has anly the step-dewn -
property. Condequertly, the new power stage (Fig.
16} can work satisfactorily from lower power supply
voltagen thap the buck one {Fig. 4) for the smme
ioad power requirsment.

To get A quick estimere for the limited low
distortion range defined by A < 0.2, equation (16}
is very well approximated by a quadratic {(parabolir)
depandance as:

A
e (an

!

The Telardively low distortion {< &I) given by
(17, gives wotivacion to fuvestigate cioser the
linearity of the dc galn characterigric apd pos-
sible means for its further improvement .

cimization of the do gain linearity
cheracteriptlcs '

5.2

Guite low hermponic distorciem (< 13 fox
A < 0.1) for pew appllfier power stage: h&s already
heen obtaioed, supggesting a very lipear dc gain

characteristic araund D = $.5, a6 seen on Fig. 16,
However, vhen the parasitic resistances of the twe
inductances are mtcounted for to model move ¢oT-
rectly the finite voltage gain of the power atage,
the dc gain characteristic appears fto ba still
furthar iineacized around D = (.3, 48 ween on Fig.
2i.

'S -E-{m
-
&l ida%;dcgﬁﬂn

ki
2
i
ED
-
0 b

regl d¢ gain
{ parasitics meiuded )

ol ﬂ‘t‘-‘Dnlg ﬂ'! ;'::5-1
b_
Fig. 21, D¢ gain charactenistic of the pouwer

stage wifh parasilic xesisdances o4
Lnduotors Anelfuded.

By use of (B8) apd definitice (9}, the dfffer-
ential dc voltagm gain of the power stage with
parasfric effects Included ia:

v _D 1 i}
A
x *
"J'E Dt 1+ o,ll:D,FD 1T+ B, .
D' 1 (18)

I 1+ qltn',fmz + 9,

Thus we may pose the following ﬂﬁtimizmtiun
ornohfom: .

Eind the porameters o and a,, such that the
digpenantial de voltage gain ahanicizniax@u (18}
i& maximafly Linmemnized around the opensting pedni
¥ =05, . :

It 18 now convenient to redefine the de gain

{18% 1n terms of the vartation A Exom 0.5 noainal
point (B = 0.5 + A) aw:r

v aa 1 = o, M{1+a,)
— (A) ~ - e Shinkd (19)
'II'E 1 - &i X(A)

* See correction in the Appendix.



whers:

nlz 1 + 2647 + 164"
L-+-a1_ {1-4A")
(20)
As seen frow (19) and (20) for a, = 0, a. = 4,

L
the ideal d:.guin.i! a nonlinear funu%iun of i owing
to the factor (1-4A") in the denominacor of {19).
However, in the pressnce of parssitics we pay now
minimize the affect of this oonlinear factor by
including 1t Invo X(A} factor. Then, Eiﬂﬂl
A < 0.3, thg anariss expansion of (1-44")K{A) im
pesers of A léede tod

2 2
A-aaHIR(A) = Oapte) 2/ (T4e,)

2
By
3. 2D

X |
+ A7 [Ta, ~{Trayt 3 3y

A8 Been from (21), the factar (1-SAZ}E(A) will
be pade least: sensitive to the changes In i, and
thus d¢ gain characteristic (19) maximally lingar-
ired, vhen the proportionality fartor in the A~ term
in (21} is mads to vendish, char is: .

a
—-—J'—..—--ﬂ

1&:-1 - (1+n2+ {22)

To aimplify this relationship, ome can solve
the gquadratic equatioa in {L+d2}tn ger twe solutionn:

1+ g, = {?zw‘ﬁ'jal (23)

Hote, however, that the pegative sign In (23}
Jeads o a welurion for - {?+ﬁfﬂﬁ(lhu2} :
13.93 {(1#+a.,) > 13.93 Hhigﬁ would require that the
Pacaritic Tesizstance of Iinput inductor is almosr 14
times larger thax the useful load, hence on phyaical
grounds it 18 rejectsd, Howaver, the other soiution

in {23) 1= completelis physionfly fecsible wnd lewds
to opiimality crnitenion :

ay = i?—afﬁ (Tha,) (24)

Tius, £rom (24), Eor & given %y the optimal
value fox o, <¢an he chomen. However, for «fficiency
TEASENS & }s uetally very emell (o, <~ 1), which
TaAKes Ay almoAt insenzitive o ¢, aod equal ro:

% ope ™ {.0718 fnr'uz << 1 {25)

This for aa 8 1 load laads to the optimin value
aof the parasitic Tesistance Ril of ippur ipductora:

- .58 0 {26)

Roy apt

When oy and o, are chosen to sacisfy tbe opti-
mality critevia (EE] ar {25}, the de gain tranefer
surtve 15 waximally linearized over tha widest range
of amplitude A as saen on the plet of Fig. 22. The
compazriscn with the idsal d¢ gain curve (no para-
gitice included), shows almoAt perfact linesrity of
the optimal dc gain curve for A < 0.2. Computer
program verified Further che reduction of the third
harmonic distortion for this optimum doc transfer
characteristic o well below (0.]1X.

A dc gain

=

'\l\_antimm {ineority
CLIVE

a =0.0725,a, *0.0l
R, =0.58, Ry *0.080
, .

Q.5

] L )
.l 15 a.

rY

.G

0.05

Fig. 22. Optimum de gain iramsfen characteslstic.

The msasuremsnts cn the sxperimental breadboard
of the new amplifisr atage (Saction 7} further com~
firmed exrreme lineariry of de gain curve when the
resistances have heen sdded Lo the fuput inductors
to sacisiy optinality criteria {258). Although this
resulted 1u slightly deyraded efficiency, it was
atill in the 30X range.

It now tTemains to investigare the frequency
Tedponse oF the awitching power amplifier of Flg.
19, in order to arrive at dasign equations fox the
actual hardwers implemeatation of the new push~pull,
powet suplifiey.

"
u



5. DESICN-ORIENTED AMALYSIS (F SWITCHING AMPLIFIER
DYNAMIC RESPONSE

We now undertake the task of obtsining the
dynmnic fregquency responee of the puah-pull power
atage of Fig. 19, The gbjective 1g to derive the
set of analyiiced expressions for the location of
the poles and zeros of the loop-gain of che awit~
ching power amplifier. The approach used will be
to derive the sdmpfest possible analytical resulra,
yet acouiale enough to ensure praper deaign gul-
dance. This will then lead to the design oniteada
of how to best choose the power stage element
vajues that will resulr in the most favorablie
frequency response and least stebilization pro-
blemg. Therefore, the path we will follow i that
of analyeis, but with an ultimate goal ~ the =met
af snalytical dasign guildelines. The fiznal product
of this design-ordented analysis will be the par-
ticular cbolce of the component elemenr vajues found
ta be the most suitable for the hardwars implapmen-
tation of the push-pull wwitching power smplifier.

Tte canonical circuit medel (Fig. li} for the
coupled—-inductor converter of Fig. 11 with output
capacitance E2 left out, and for the marching
condition {5) " {n = k or - Ll}, leads to the duty
ratlio modulation d to output woltmge v transfey

funetion GD) = — ¢

]

B b g

DL,
v 1 -
i p %k
@ = 2 2
2 Ly (D*+21D )+1.21} 3 WG 4 L, ¢y L,
DT 1k +a " -+a 5
ptéR n' D' xR
{2N

where L 2 L., — L. is the "leakaga” inducfance,
while LT mdzL2 u%e aelf-inductances nf the trana-
former Primary and secondary, raapectivaly, Wa can
twow find che duty ratioc wodulation d to differen~
tial outpur voltage v, transfer function Gd(D} =
R .
-%-af the push-pull power atage of Fig. 19 by uae

d .
of tha result {27) for a singie converter scage, but
withk dus cmution to the proper meaning and inrer-
pretation of d for esch of the two constirtueat
converceys. Namely, 3f the upper power otage half
in Fig. 19 is operating with duty xatio I and has
cransfer functien G{D), it may seem, at first, am
though the lower power scage tramefer function Ig
(%Y, sioce it is opexmting with compiementary dut
vacio D', and its tranefer functiox could bhe '

obtained from (27) by eipple subatitucion B ¥ DF,
However, thiz will lead to the differential tranefer

fugotfon G.(D) = G{N) ~ ¢{D") which is obvipusly
wiong @inca at the nomiunal operating point B = 0.5
this resules, even st low frequencies in a differ~
entin]l gain of zero inetead of B, {alopa of the
diffarantial de¢ gain characteriscic of Fig., 14 at
D= 0,5). Hevartheless, this difficulty ia easily

reRnlved by a proper interpretation of the duty
ratic modulacion d. Specifically, if the uppar
pover stage iR opersted with duty tatio d amnd lower
with d, their perturbations lead respectivaly to

dwd+d 4" = D' - 4 (28)

Thus, from (28) the fellowing concivaion can
be made, A# far as small signal perturbations sre
concerned, the upper converter is modulatsd by +ﬁ,
but the lower one fs wmodulaged by the pegafive duty
ratico modulacion, that iz -d (increase 4n ducy rario
of upper convarter reflects ao decreass of duty
ratio in lowar converter). Thersfcors, thefir resnec—
tive transfer functions are G{D) and -G(D')} [(not
+G{D') as previoualy concluded wrongly), leading o
the conrnect digferential cransfer fumction G,(D) as

Gd(Ii'] = G(DY + G(B"Y {29)

whare G(D} is am given by {27},

Ae demonstrated in the previous section, to
keep the open~loop distorcion 1w, we bave rectric~
ted the chaoge of dury tatio to a relstively snall
range {4 < 0.1} around D = 0.5, which corresponds to
De(0.4, D,68]. Therefore, without a loeg of génern-
ity and In order to simplify the malysis of che
frequency reeponse and arrive at usafnl design
criteris, we will Investigate first the dynamic {ac
smail-signal modal} for duty ratio D = 9.5. The
frequency remponse for other values of D in the
range De[9.4, 0.58] will qualitacively be the same,

- with only miner quantitative modifications {a silght
shift f{n pole and zero locacions).

By use of (27} in (29} for D w» 0.5, the differ-
ential franmefer fumectiop ¢, = vdfd becoman;

d
L
1
i=-2 i— L &
Gy =87, .
_ 3L 4L - L,C. L
1 2 3 11 =
e —p—= + i1y 0’ S G0)

As seen from (30) correct low framency gain
of 8 ig obtained. The third crder pslynomial sn
the denominator of (30) may now be anabyticaliy
geparated into two compiex poles and a real pole,
resulting in:

L

1 -2 Ei B
Ed = 8 ?g ﬁL1 ; , Lg {31}
{1+ Rt ﬁLIEl}{L+= ﬁfﬁ

The above anaiytical aeparation 15 a4 very good
approximarion previded
L

L]
CIH_ }}i—-

* Bee correction in the Appendix.

(32}



which i8 for all pracrical purposes sivaya satiafiasd,
since leakage induccance L 1s ususlly very mmall.
For the sape Tesson {low leskags Iinductance L J,

the real pola is st much highnr'friqutncina-cﬁln the
complex poiema, or real zexo, and does pat affect the
frequency response appreciably in che range of fre-—
quencies of interesc. This now peruits the following
choies of component eclemant values for the practical
hardware vealization of the push-pull switching aundio
amplifier (with coupled inducror Flrlﬂlt!rl-Ll and
L¥ measured) : '

g ~138.5 uH, L= 37.5uB (33)

which for an B = & { speaker load results in the
followineg copen-loop gain:

. 1 -5
) mz
G, = & V. - N (24)
[L4- E:'- + (=) Jfl—l‘:"}
e e p
where
1 B
f = “ 3504 Hz, Q=g (7= 4.5 (35)
¢ #rfflcl L
R N S
£ E;EI = 4,6 KRz £, = 7L, 34 kilz {36}

Note that aguation (33) used for analytical sapara-
tion of the third oxier polynomial {ig very well
satinfied (1440 >» 4.7).

The typical magnitude plot of the frequency
reaponae of the push-pull power atage will be as in

Eitn 23.

goen 00p response
20Hz

{ pregicied ) {an i"‘;

" 20

PRy

36.9kHZ

(L)

1
IQCH2 QK2

Fig. 23. Typical ﬁnzquaucy'naapquaa_a{'thz
push-pull powen sfoge in Fig. 19,

Thus, the aoplitude frequancy rTesponge has the
very desirable featurs of a single pole slope
{20 dB/decade) at the 0 db crossover. Hota, how-
evar, that the real zera in (30) is in the right-

hat{ plane (nomminiwum phase response), which looks

ag CLhough seme porentialiy serious problema In
stabilizing the laop gain T may be encountered.

This ia not so, as hes been shown in [2,3]. Yamely,
wvhen the parasitic resiscances R,, and B,. 0f the
inductors are included, they have a profoind and
stabilizing affect vpon the sonverter dynasic ac
‘properties. In particular, thelr incluaion in the
nodel [2,3], resulte in a negligible effret on the
pole locaciona (provided R,.<d R and Rpy << R), waile
it does affeer to & 4inss the location of the
real zero, such that the numerscor in (30) becomes

Ll'

'l - EI{T - Llcl} (3%

As seen from (37) the original Alght-hat{-plane
zeT0 (with no parasitics inciuded), smy pow becovme a

Legi-haly plane zerp 1f the following condirten iz
met

o

1

T = RpyCy < 0 (38)

Therefgre, wing to the corrective term Rﬁlc .
the fxequency responze may be qualitatively changed
tec a mepinim £ redponse and hence stabllization
problems completely eliminaced. This 15, however,
what should be expected, sinca the input series -
raslstance R,, effactivaly adds more damping to che
power stage. " In fact, very often even a very small
inherent Teaistance Iin the input induerors will
result in this desirable frequency TREDCNBER, ap
exper inentally confirmed in Sectiom 7. Further
contTel of the exmet location of the zero way be
achieved by adding some small damping input resis-
tasce. This will wove thim zero to a lower fre-
quancy, and may eventually rasult in cancellation
with ope of the law frequency poles. In that CAES
A previcualy very good fregquency response is trans-
formed into an sxcellent one. In fact due to this.
effective single pole frequeney response the need
for a feedback conpenssrion necwork is completely
eliminated and wet & high degres of sxab LLity
o h tlinﬂd L] ) . .

Another vary intersscing feature demonstrated
ig that the fraquency reaaponse smalyais of the push-
pull power stage of Fig. 19 i no more difficult than
then thec of che single couplad-inductor convertsr
in Fig. 1D. Even though the push-pull powver stage
conaisgs of & storsge eclements, bance 6th order
behaviour le expectsd in general, its analveis has
been sffectively reduced to the third order.  The
inclusion of the input parasitic resiztance R
Leadn to m further order reduction, resulting In an
equivalent and moat desivable sdngle pole TRaponse.

Twofold bensfits are derived from the appro-
priate inelusjon of che paramitic reaistsmca of the



input inductors:  frequency response is slgnificantly waa Prgdig:gd by Fig. 22 axd Section 5.2. However,
improved, sad ap alnogt exact linear do gain charac~ for ipwer power supply volrages {V_ = 10 ¥ or

taxiatic achieved, with only & slight degradavion - smaller), & deviation from the linBar characteristic
in efficiency. How these mowiyrlcsl resultca can be  yas observed for low cutput voltages (duty Taties
Iwplemented 1n practice. iz demonetrated next. tlose to 0.5)., This has been attributsd to tran-

sistor saturation voltages snd diode forwvard drops,
which were nor accounted for in the anelysis. At .
higher cutput voltages and for higher ipput supply

TERIFT : thie, and
7. EXPRRIMENT CATT OIS voltages, their affect becooes negligihie,
__—"J‘_“"_““W&. approaches the optimal linearity cuzve of Fig. 22,

SHITEHIHG FOWNER. AMPLIFTER '

- ' The pext expariment mesgered the overall open-

The exparimantal verificatiem of the ansiyticai Ioop de gsin linsarity {(hence inciuding the nan-
pradictions npde sazrlier fa obraived ott the circuir linearity of rhe ramp and any other aonrce of
bremdhoard of the new puah-pull switching power nonitnesrity). Still opersting fn sa open-loop,
meplifier {Mig. 30}, vhich was deeigned by use of a email dc signal ¥V, was infected at audlc signal
the rmeEults 1o Section 6. In particulsr, the aig~ input , (Fig. 30D outpat voltage V WEABUT &

nificact Improveseces chtained by uge of opripmd regulting io the gpen~icop do gailn chazacteristin
jnput resistances (26} are shown experimentally to af FPig, 24. Ax sesn In Fip. 24 relacively good
iend to # raliter linesr de gain characterintic in averall linearity was cheerved. This messurement
the pover atage and to furcher foprovement in the wan, 0F course, dome with an optimum de gain -
alrasdy acceptable fraquency response, resulting in  characteristic of the power stepe, hence RP = .53 &
a most desirable, effectively single-nole, loap- was included.

gain fregquency response. IThis in turn parmitted

clasing the feedback loop directly without any com- apen Dop JC qun

pensation networks, aad vet achieving a high degree & N uldv)

of stability {phase margin). 12 e

These detziled experimental tesults for the pew L
sWwitching power amplifier are then followed by »
hrief descripeion of sctual hardware iwplementarion

1D :
of both the new mwitching agplifier (Fig. 30) and a D. Vy * 25V
conventicnal demign bhased on the buck comvercar L R «0570
(Fig. 23). Comparimen of theilr hardware designs 3, "
further reveals and auphaslzes che sdvantages gl
pained by the new switching power smplifier ropology.
_ 3
7.1 Puaht—yull switchiog suddp power ammlifiey Et‘

A decailed civcuit schemaric of the push=pull
mritching audioc amplifier de shovn in Flg, 30, The
power stage was dewlgned by use of the values (33}
suggastad in the analytical resujta. For the chasen
povrar sugply volcage ¥V = 25 V, apd with duty ratis
axcursions limited to Sess than 0.1 (A < 0.1 to kewn
the cpan-ilvop digtaorcion very low), the maximum out-
put voltage wea approximately 23 ¥V, and roughly <
%F Watts of sinusoidai sudic powsr was obtained. The
mwitching frequency used vas fﬂ = 20 kiz. Vb iV

. Plrat, peveral sxperiments and oessurements L i 4 L W
Wers performed on the power stapge itself, fol- 005 Folo SR » 11 020 025
lowed by pome cpen-loop dc aa well as ac gain

medsuremants, The [irst pxperiment varifisd the Fig. 24. Open~foop do gain mﬂmnﬂ

de gain characteristic (Fig. 22) by direct measure- a 4 oh 2l F oot nonbi bies.
dente of the differentisl outpur dc voltage vs. ceounting for alf cineuil nortineariti

the duty ratio of the power switch. The paca~

aicie resisiancey of rthe coupled—inductors were signal frequency response {loop-gain) at the steady-
&E% - RI: = 0.04 2, snd a charactaristics very state (dc) operating poine D = D.5 vas undertsken
clofely approaching the ideal dc galn charscrsr~ sext.. Althomgh a more sophisticated and genersl
letic of Fig. 2_2 way peasurec. Then, th‘i" TES1a~ infection method for loop gain measurement without
tances of R_ = 0.53  ware added in series with bTE!killg the feedhack Laop ilﬂ} aotsld have besn

the input ifductors (as showa in Fig., 30), resul- usad, the relatively low vaiue of the dc loop-gain
ting in the cozal pprimal inpur resistance destgnad (28 db) and negliglihile Ioading effect of

R = (0,57 4. The lineartity of the measured £
=) eedback petwork at power scage output (22 k 0
dé gﬁin :h:_r-mzerist:i: tyemendoualy improved aw input Tesiktance of 741 op-amp comoared 1o 5 Q load

The measursment of the dynamic (ac) small



1P

ip hexvy line in Fig. 25 iz meawured.

realatanoe In Fig. 3{3}',.91:!11:!;;& breaking the fead-

back loop at the outpur., The loopwgain T was thea
measured by injecting an ac signal ar the input of

the 741 cp-amp in Pig. 30, and measuring the ac gut-

put_diffarnntill.wultagu-nf_thn potwer atage.

For the €irst sessurement, the extarnally
added resistmpces B = 0.53 Q0 have baeh ramovad
{shortad). The meskursé loop-gain frequency
Tasponss shown by dotted lines in Fig., 25 agreed
very well with the theoratically predicted one-
glwem by {34), (35) and (36). Nota from the cor-
responding ainfwm phase response in Fig, 25 that
even with just the small inhersat parasitic
resiptances of the inductors, the real xero (37)
was indesd in laft-half plane. When the saze
peasurement was repeatzd with optimum values- of
input risistances (26), the frequancy raaponse ahowm
Agaln, this
fraguency response- is as predicted theoreatically.
Namely, for R,, = T.58 0, (37) leads Lo & calculated
real zerp £ %7933 Hz. Since thes complex poies are
not appreciibly affected by imclusicn of the para-

aitic rssiztesnces {26), they are approximetely at
£ = 500 He, Thersfore, a near cancellstion of one

pSle and this zero zresults, snd effectively & single-

pole frequency response as predictad earlicr in
Smction 6, was measurad {Fig. 23). XNote that the
high-frequency pole £_ = 34 kiz iz clese to £ /2
(40 kHr) and has negligible effeact upen the fRe-
quency response.

A o0p goin (any

- 20 _ ~

1]
WQ0H LY Wk Z

Fig. 5.  Effect of Lthe input resdsfanced upon Zhe
foop-gadln grequency Aesponst. _

'r:nupn:r:i.luu of the frequency response cheractec-
1gtic tn Fig. 25 desonstratas in & Very sonvincing
vay the etabilizing effpct of even very small loput
resiptances, snd the sxcallent dynsmic response
obtained for their cprimal values. As iun'in Fig.
25, good. stabllicy snd & phase margic of 80 i=m

achisved.

When finally the input voltage ‘I.1'E waAs increased
to ¥_ = 25 V again, & @lighz incresae“af the de loop
gain“resulted. The st¢asursd loop-gain ahown in Flg.
26 had a 0 db crossover at exactly 20 kHz. Thus,
witen the feedback~Iicop was. closed, the cloged=1loop
gain of 290 kHrz beadwldth was weagured ae shown in
Fig., 27. Note froe Fig. 30 thac the fredback loop
{3 closed without any compsasstion, and yet a high -
stability and phase wargin of 73" is achiaved. The
clomed-loop gain roll-off at low frequencies (20 Hz)
was due to 4 1 pF coupling capacitor ac the audio

aignal input in FPlg. J0.

$ '00p gan {db} phosa 191 4

: . 1 j

iNHT D0 I 2 L 100

Fig. 258. Expz.umnta.ﬁ toop-gain of the new push-
?ﬁa sitifehing powen ampligien of Fig.

$closad wop gon (gb) phase {1
-1 | ' _ ' "'.!’g « 25V

Q

=1

=~20

'IEG'"
[#TXT aE I;H: ' 1:‘3
Fig. 27, Closed-loop gain of the now push-pell

swilohing power amnbifiex in Fig., 30.



Finaily, the wodeat loop-gain of 268 dB VaE
sufflicient to obcain very linear overali de Ealn
characteriscic as showm in Wig. 28. The messure-
Tantsy wera obtzined by injecting a de Bigral ?i _
past the coupling cspacitance at. audfo input, Ttk
the feedback loop cloued. _

. 10380 1oon de gain

" | r
Vg * 25V
- =]
0 Ry * 047

ﬂ 3y 1 H Fi _’_ 1 n 1 3 I _

a2 Q.5

Fig. 28. CLosed-Loop do guin measuseme nis .

7.2 Comparimon of the new amd convent{onsl

nritching audio emplifisr design

A switzhing audio power sxplifier bamed on the
buck power stage was dasigned [16), whoue dersiled
Achemacic is shown in Fig. 29. To obtain a low
switching ripple of 20-30 oV, a awitching frequency
of £ = 330 kHz, aud a velativeily large siza of
nutp&: indurtor I.l = 53,63 ui and nutput‘clpﬁtitﬂra
Eiaﬁ {40 yF) werg used. Even Largen size Lrput
Lt L, = 1.3 all, and capacitors (400 LF, 47 uF)
werTe heedad, desigoed by use of [12}, for each of
the Ao powet suppliecs. Uwe of che VMOS power
transistors THP-1 from Siliconix [18] considerably
sizplified the driving acheme comparwd to. an
earlier veralon with bipolar transisgora, bur sedl]
requived 00 {solated vedlage drives, and sdditfona}
Lrans formens zs shown in Fig. 29. A quite complex
feedback compenaation pmtwork was devised and aftax

keveral itarstions of anmiytical design and axperi- K

mental measurements resultad in s macinfactory
frequency responae. '

A considerubly mimpier apd “"cleaner" design
bassd on the new converter 1s shown in FPig. 3D. A
mrltching regulator integrmted circuit §6 3524 fropm
dilicon Genaxal was used ]17) in the fesdback loop
to generats & PWM xizual with sn B0 iz switching

Logic gaves connected as x flip-flop.
(7400 HAND gate) produced two our of phase fnput
olgzais. for che D5 0026 drivers. Dicdes. (1N914)
were used ino & modificarion of tha Baker clanp

to Improve the tranmistor switehing Limes, while
scil) reraining the featurs of automalically pre-
venting the overlap of transi{stor on times. Induc-
Cors as Fmall as 170 pi vere used in the powar
stege. Coupling of the inductors Temlted in a
10:1 radugtion of wetpul. current ripple, whichk

vas judged satisfactory, slthough & 100:1 reducrion
is eatizely faasible. A 4ingle powek. supply waa -
uaed, and lnput ({lfexs were unnecesdaty. Damping
reslators of 0,53 § {ncreassd the total "paragiric"
Teblstance Ry, to the nesar-optimal value of D.57 O
pfnviﬂing:iméinwn& DC linesxity wnd sxcellant fra-
quency Tesponse «t a =light loss in afficiency.

No feedback compensation was used; tha feedback
path conaisved entirely of a 4iffersncisl ampli-
fiex (741} with flat frequency response. In facr,
the overall faadback uchame. uand in Flg, 0 way be
fut on a single intsgratsd cizcuic which would
functionally replace the three ahown in Fig. 30

(8G 3524, 7400 and Bs 0026), resulting tn an
txtrenely aiople, efficlient apd high performapce
switching audio power amplifiar.

Trequency,

8, CONCIUSIONS

Although many tesults. (new nodelling tech-
nljues e well as new design Lopologies) have been
recencly accomplished in the ares of swirching dc-
to=dc convertera and regulacorn, proporticnally
mich leas has been done in applying these developed
tecimiques and new copverter stTuctures top Another
useful, and potentislly very promiming area — Zhe

ducteiing powea ampfdfdens.

Therefors, the review of switching power
aeplifisr prizeiplas in Section 2, sitowad the
necesaary ragulremencs that gwitching de-to-dc
couverter hap to fulfill in order to be usad BE &
bawlc power pazt of the dwitching smplifier acheme.
The general conclusions arrived AC, were then usad
49 the puldelineg in podifying other known con-
verters for switchlog amplifier applicarions,

After a briaf review of the Tecently intro-
duced new switching de-tow-de converter and ita
coupled—-inductor extension in Secticn 3, the
Beneral reaults of Section 7 were applisd in Sac~
tion 4 Lo the devalopment of the new switeching
power zmplifier based on these new coavercers. It
was demomarrated thar the posh-pull topology and
bidirecticoml fwplewencation of rhe awiltches was
the supericor solution. o addition to PrE&BaTving
all the good properties and advantages of its cop-
sCituent cConverrers, some other Advantsges [such
28 single power supply, and de current drawn from
1L, removal of gecond order harmopics) resulrad
from the push-pull conmectian itamlf.

The optimal values of laput resistances (25)
found in Section §, anly aiightly degraded effici-
clemcy, but tremehdoualy iomroved the dc gainm lin-
sarily and reaultred in significantly veduced open-
loop digtortion. '
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Dasign-orientod analysils cf Sactien & damon-
atTatead how the cechnique for analysizs of switching
regulators may lead to che uaeful design equations
for proper design of loap—-gain fraquency response -
in switching power asplifiers. Morecovar, the opti-~
ngl reafstances of Section 5 were found o result
in significantly improved locp-gain dynamica.

In Section 7 the couparative experimental
verification of the twe pcireuit breadbonrds, con-
Eirmed the superior properties of the new push-pull
mritching powery smplifisr over the comventionsal
denign based on the puck-type pover stage.

In symaary, sone of the more loportaob
advantages of the nev switching poder anplifier .
arE? .

1), There in = n:ed for a single power asupply
only, '

2y Wide range of power supply volrages from low
(10-15 ¥ to high (110 V) may be usad owing
to the basic power stage. Hence, 1t may be
operdtied from lower power supply voltages
thaa buck-cype for the pame output power.

3} There i® B0 geed for an imput filter, 1o

fact, the current drawm from the pawer source

is de ondy (mo ripple) for a specified dc
reference voltage.

4} A4ll the rraceisters in the push-pull arrange-

mant are Agierenced Lo ground {grounded
eitter),. thos permitting the simpiest and
appliedt way to drive them,

S} Use of the complementary npn and pop Cran-
giBrors driven from a aingle aocurce resulty
in ewfomalic prevenlion of the overlap of
transiator on times.

¢) Very good de gein Iinearity {for ontimal
design) resulrs in low open-lovp distortiom.

7% De fsolation feature altheough nat dewonatta=
ted, may be easily introduced, 1f cecessary

for certain application, by dirscr use of [15]

While all these advantages are praaent with che

new cooverter implementption (Fig, 16), the addi-

tienal advantages are gained by the cnuplcdﬂin&untnr {71

extengimm (Fig.19), as follows:

1) Low current ripple {and hence low ouwtput
voltage rippie), when appreachinog warching
condition {n + k), complarely esliminates the
need for the gutpur cspacitore, thus further
reducing complexity and mize and weight of
the amplifier. 2Zven raro current ripple may
be achieved by wae of the results in [13].

2) Significantly iwproved loop-gain frequancy
response, permits closing tha feadback loop
directly with no coxpensation.

3) Further reduced complexity by use of couplad
induectrors om 2 single core, inpetead of wo
cores for two isductora,

4} Wide smmplifier banduwidth iz achieved without

excasglive requiremenc on switching frsguency
=

The new pusb-pull switching power ampliflier
can, thus, £ind attractive applicatiocs Iin high
efficiency, low cost, wmall aize and weight sarvao
pover ampiifiery, and also in low cost, high per-
formunce avdic power smplifiers.
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APPEND1X

In the derivation of the differentisal dc
valtage gain in presence of parasitics (18) and
coryesponding diffevential conirel transfer fune-
tion (30) on omiseion hay been made in agsuning
the same cteady—state de operating point for con-
vercers used weparately and when Lhey are put in
this new pugh-pull arrangement, Namely, in the
pugh~pull amplifier, at D= 0.5 the load de esrrent
ia.22A0, while in each convertar when used sepa-
rately ot the gape D = 0.5, Lhe load curyvent is
not zéAo. Hence, the de gains uwsed in (18) and ac
controk transfer funetdop 4o (29) do not nse the
proper expreasions valld at the same operating
point (zero load current at O = 0.5). The zimplest
and most straightforward way to get correct resullbs
ia to spply the state-space averaging method to
push-pull arrangemwent a4 a whote without regard o
its individual constituent converter dec and a :

cransfer properciee.

The differential dc voltage ggfﬁ#uf the push-
pull amplifier ig, thus, ¢
vy &-p i

Yo D' l4e [0+ (DM 4 2,

{39}
which apparently differs frow the previous rasult
given in (18), However, the subaeguent optimiza-
tign procedure {(equations (10) through (25)} is not
altered and vhen appiled to (39) inscend, resulcs
in

1L + Eﬂz w 14 (607

1
shich ia although analyrically differens, numert-
caily eguivaient to {23}. Por example, the optioum
value ia ' ]
a = %E" 0.0714 for o <<
lopt 2 |

the result which is numerically very close to
3.0718 given by (75). Hence aspproximstely the dane
opclem resigeance Rflﬁpt = 0.58 0 still applies,

{41)

Note, however, that the dynamic response
{contxel transfer fumction} ia qualitatively
changed from the expresalon (20), becayse of the

_ absence of ang zeaos in the push=-pull amplifier

responsen as given by

G, = = w BY 1
R g Ly 2, . 3 LjCiLa
d | 1+ #-E?E-: + 4L1Cie ¥ &n R/2

(42
The poles of control trensfer funcrion are given
by the same analyticsl expression as in {30) except
half of the load rexistance (R/2} shouwld have been
waed In (20), becayge of pingle~ended verans
differentiai loadings.
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