he ocutput ubes in common use in
audio amplifiers require anode loads of
Eetween about 1D and 10kL2 f the maxi-
mum undistorted power output is 1o be ob-
cained. There are pr..-:.'l:i:.:J diifscultes in
wanding a |u:|d.qw.l]-|.|:r voice ool weth the
Large number of ams of fine wire required io
achieve nuch high boad impedarsces directly
anddl thaas & 15 COMIMON PRACUCE Lo nsert an
output transformer between a speaker of low
impedance and the ougpan rubes as in Fig [
in ooder vo “nach” the :.pca.'lcr tex the tubes,
The enmung discussion is incended o be a
'\II'IIIJII'.T ?H:.:Irllll.l.il.lli af s |:|1.:ll.||i||g process
and of all the facrors thar conool the fre-
quency responie and the divtortion mtioe-
chagedd by an cmatpunt tranaformer,
Loadipeaker woiee coli can be wound
with sufficient wms to give an impedansce of
H1-42kid and, in Fact, these were common m
the very easly diys of radio. However, the
diffauilties of wanding rmale the coir dmas
pmhihifiw. andl 'll.Il.'I1.?.|'1iE|1 percentzge of the
limued space available = noopied wach inau=
lion berween s thar the efficiency is
rather bow. It need barndly be stressed thar the
use of high-reszitance wure 15 an madmessable
solumion to the problem for chis merely in-
creases the amount of audio power char is
dussipated uselessly in heating the loud-
speaker veace coil. The dficency of lowd-
speakers is already voo low for any further
Ipas 1o be rolepared,

There ase ather diftauhaes in the way of
conceting the voice ood dmeetly 10 the anode
circit of 2 tube or qubes, [f used i this way
the nubs anode current mast pass through the
voice cail, i:|1cn:.1.'||na the amount of power
chatis dissipacad in headng the coil and mer-
acting with the magnene feld i the gap in
sacha way as o drive the codl our of the g2p,

This s 3 difficuly s is eased buic not
chimsnased by the we of 2 par of tubes in
pash-pull as in Fig 2, for while the ancde
current can be belanced out in ehe no-signal
conditson the balsmce does aor hold ar otker
sigeral leweli, noe doe it usually hold formore
thar a ?m' murtes afier the :b;||a|1|mrn|: 1%
madke. 14 3 transformer 15 it used the mrable
can only be eimansed by imseming a barpe
Hecking capaciter though thas would need to
be ol several thousand microfarads (fora 1563
loudspeaker) in order to maimain the re-
sponse 11 low frequencies.

ABCAUT THE ALTHONR

From the mic- 10305 on, James Moir desolad hes anine
prolesional canen 10 aude acousbcs. Hislongest canses
sinil was. wilh the Britsh Thoerson-Housion Company,
v aiftar Word W 1 b wik ifrocived with ipacial
nstalltons bor poghvar Sonema sound eohing mul
ol and playDack faclites. He did in
March 1328, 3l T age of &0
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FIGURE 1: Output tarsforne: wmad 1o obtein
i cormpc load wmpacanca and solale the
-l curmard fram the plate aupply.

Foth problems—that of removing che an-
cide current from the coil while eificentdy
rasing the voice coll impedance—ane sobved
by ahie use of am ousput wransformer as in Fig,
Lo Thiz s the solution that 13 commoely
adopred even though i tonolves the sddivion
of another relutively expensive comporent.

Tron coned waraformers have a eputationas
*dizrorsion mtroduscers” bt later in the dsous-
mon it wll be shown that when properly de-
ﬂ.ETh'd..mm"F‘l': :mmrrﬂdhmmm
than most of rhe other components in thic
respect. If the arplidier despr is aich char the
cutput trarsformer can be inserted i the feed-
back loop, she extra dimomion istroduced 15
asclutely negligible by any standand,

Functioning ef Transformer
Furst of all let us conseder ju:l! havaran output
transformer enahles a l.;'n.!-irnp-cdn.rh:e |l
speaker 1o appear as & high-impedance load
in the anode circun of 2 owbe. The basic
trariformer merely consists of two cals of
wire wourkl around an iros path common to
both coils a5 in Fip 4. An dleernacing voltaze
applied to cither pair of verminals resules tn a

wOCE SOIL

WITH CEMTER
Tap

WOKCE COHL
WITH CEMTEE
1ap

L 1]

FIGURE 2: Lse of push-pull connection bal
Fices anode curmant Bl doas sod alimingte d34-
foulies dus bo curment in wce coil

current flowingin the coil and the sppesrance
of mapgnerc flux in the core, Atany instang the
fluix 'y -:bq.'-n'b'-l::lﬁul:u”:.' b lh;.ll.i|.;|!|L of as
mm?g;ing from the op af the cod, “leaang”
aroned vhe iron circuet and re-enenng the bot-

"Beprinsed from Asdio magszine, Feh,
1960, BHacheue Filipacchs Magaznes.




teamof the same coil, One half evele kanes the
direction of flow of both currene and flux
will be reversed. Iv is important to note thas
all the flux produced by the current in one
cotl 1 H_'Jidtlj r]':ruugh the seecasd eod |.1:r the
IMOM COEE.

Ax this poin there emerges a phenome-
non that s basic 1o all tranaformers; the flue
prosduced by the voltage appleed to the -
put or primary ol will induce m the sec-
ondsry coil exacly the same voltape per urm
ai exists across the primary coil, Thus if we
apply 10% to a prmany coul of 102 furms
{01V per wrn) 10% will appear across the
eermeanals of 4 secondary wanding having 100
gurns. Thes 5 quite independent of the fre-
quency of the applied voliage, If the sec-
ondary winding ha: 1,200 wrns a volage
of 165V (0.1V per taer) will appear across
i'll :rrmin:ﬂs.

However, iransformers can neather pro-
duce nor s1ore power, they are merely con-
vement devices for changng voltage levels
and therefore (neglecting losses at the mo-
men:) il the power pat mie the prmary
winding from the power supply mus: be
dissipared in the load nesiseance coancored
across the secondary wanding. Thus the
product of voltag: tmes current (Vo= L in
the primary winding must equal the product

g Aoanaw | 3
F i L HE I L
vy .y 4T v: b
t "—L} I—b l b3
| p—— -.l..-
T pLu PaTH

FIGURE 3: Diagram of basa: ransfomae:,

of voltage rimes curcent (Vs = B) in the
secondary winding.

]'I: I]'I.{H.'Ild la l'f I:I:.IF T.I'ﬁ.ll; a [I_.n.'l'l."l.i}l'l'ﬂrl'
with an equal number of rurns o both wind-
ings (rato of 1:1} car be insereed berween a
power source and a load ressstance sathout
gaining o7 losing any power though there are
often great pracucal advantages in isolating
patr circuats i this manner,

Condinons are apparently slightly dif-
ferent when a transformer having unequal
pumbers of wens on the wo windings is
inserted betwesn a power source and a load
circut. The powes supplied to the pumany
side 15 sull equal v the power drawn from
the secondary side and thus

Wl = ¥5l;

Thas may also be expressed in terms of the
pesistance connecied aceoss the secondury

19

FIGURE &: When the reto of Eremany 1o secon-
dary tuma equals n, the ranafarmes and resis-
::%:mmunmmmmm whars ) =

termunals |.I'.'I'I' "u";I; = I\'I;Iera. We may aluey
express the power supplid 1o the prmary
side in verms of 8 resisuance B which apper-
ently appeans acrods e primary terminals
when B 18 conmected across the :-mr.'l.‘ld.l:ﬂi'
terminals. Remembenng chat the power sup-
plied to the primany can only equal che poser
drawn from the secondary side we kave

WP = il =V Ry = Vil
or 2 we are interested i finding the vahue of B

W i,
Ry= F:f L] Fh- - { E‘- = HJ-
However VW5 15 also the tums 2t |'_|;|ri-
miary torns/secondary nures) and if we use che
symbal o 1o denote mims ratio, then



EDDY
"'rr'{.l.q:hr
3 PaTH
oo i
Sl
raTE ooy it
T

FIGURE &; Eddy curment paths ara al right an-
ghes toihe flux pash,

Ry = 'fig ¢}

Thiuzs bz nserting a rarsformer berween a load
resistance Kz and the nube or sny oeker form of
power generstor, W e dher the valae of the
I'ﬂilwﬁ.mn!h'rl'd:m:rbe miowe usefully
expressed in ancther way a5 we are generally
mmmm-nrhﬂ:]mﬁrrlmﬁultuﬂrmnﬂnmw
ratie m mast be i onder 1o make 3 voice aol of
bow resistance B look 1ke 2 much higher resis-
tnce Ko A smple anthmencal fiddle witk
Eaquarion {17 shows tha

“=‘“ri;_.rll_ (2

ind we have the well known formula for
determining the tums ratio 7 of an curpur
transtormer when we know the speaker im-
pedince By aad rJ'.le-upum.lm lesad By frr the
OLIEpUL Stage.

As a typical example of its we, the Turms
ranio required vo manch & 1561 lowsdspeaker to
a pair of EL3M wlbes may be worked ous, A
pairof ELMs requires a0 optimemn anoslc-1o-
anede load of AR, ard thas the ratw of
mndurlumlm'.u'l.a] pri.ma::r turms is

Lok e = 226 = 151

Number of Tumns R
A second and very impomast question im-
mediatzly springs 1o mind. We know the
| rurng ravio but i clearly pecessary to
- hnow the actuzl number of ums, for 2
turns ratio of 15:1 would be achieved with
15 wras and 1 wra or 15,000 wens and
1003 curns. Whae are the factors affecting
the choice? The answer leads on e a whole
serees of interesting points than should
t\'tn!uﬂl}-]nw:' us wizth a 'wq.';lﬂ: |.:|i.-.1 |:|-f
all the factors affecting the performance of
any pusput transformer,

S0 far, a perfeet transformer having zero
luases bas been assumed and therefome (A
and (B] of Fag. # are equavalent in thas they
botk absoeb che same amensnt of power from
the tuby or other source, This would only be
true of the translomer absorbed ao power
and if all the magnetic flue producsd by the

primary winding did 10 facr pass round the
trit core and encompass the secendary wind-
ing. Both chese sssumptions are very neardy
cormect, bt it is the small differerces between
correct and nearly correct thar account for all
the troubles, though the discrepancies have
no effect on the ums ratic problem pre-
viously discussed.

The warsformer |lorcex can be reduced 1o
a very small fraction of the power handled
by the transformer though the average ra-
dip receiver uses a transformer that dissi-
pases abowt 50% of the power supplied 1o
it Even a loss of 50% mighs pon be very
serioiss if the lesses were the same at all
frequencics for ther could be correciad by
micrely fitting a larger vube or nubes in the
output stage. Howewer, the losses are a
funcion of frequency and the applied valt-
age, and ag the avdio signals vo be handled
h_:r the transformer FANZE OVEF 3 biarsd from
2IHz-20kHz the frequency-dependent
losses can be very important. A diversion
to explain the nasure of the losses s neces-
sary ff we are o vnderscand the question of
“how many turns?” but this discussion wll
be made as pamnless as possible.

Losses in Transformes =
The losses in an output transformer have
severid components that require indnadual
cownisderation. 'l'hl::p T

. The power losees thit resule from set-
ting up the magnetic fizld in the won core.
These bosses have two components: (] hys-
teresis boss, and (B) eddy-current loss,

2. The power less shat rosalis from the
current dirculating in the copper wire of boch
primary and secondary windings.

3, Acche l-r:-'.--:'requr:nc:.' ehd of the FAREE
the transformer dverte some of the avalable
tignal current from the boad.

4. Acthe high-Frequency end of the range
the tmnsformer resrners the current thar can
be supplied wo the loudspeaker by the tubes.

The iron losses will be discussed firstof 211,
An alternating magnetic field @ 2n iron core
requires 3 contrucus supply of power w
overcome the “magnetc fricton” mvelved in
contimscusly re-onenting the fundamencal
magnetic particles along the line of the flux
path a5 the polanoy of the current ow re-
verses each half evele. An indication of the
process will be obtained of the iron cirouit is
considered w be compored of many mallens
of tny permanent magnets,

As the curremt flowarg an the primary ool
reveriss it direction all the individusd wicme
SOUPNC PETITUINETC Magnets Teverse their dinee-
ticna awd somee power omadt be supplicd e
overcoms their mechanical ressance 1w s
i C‘I'iﬂ'lm IIHi pnwrhu J.ﬁiEl.H ad Iﬂl
in the iran mminimeduunuw::,'upnm;r




and wall be constant at this vahes at all higher
frequencies (though soe the luer commens
about high-frequency espoese). The
reguirersenis for 3 flat reaponse are now fair-
h.'th:a.r. the industane: ¢[ Lp ﬂmdd. be suffs-
cienthy high to ensure that it does not shure
current away from Ry, for when the currert
in B, falls the voltage across Ry falls and che
frequency response begins 1o detenonne.

“The more technically minded wall see 2
flow in this reasoring At those low frequers
cies where the reactanee of Ly is low com-
pared to Ry, the wotal circuiv impedance will
fall and the current drawn from the con-
stami-valtage geaeracor will nise and thus
tend to mamtan eonstant the voltage across
K. I.rIIJ Li||.

A detailed analysis shows thae chis come
pensatirg effect can be eaaly dlowed for by
assuming that U gonerasor resisance has a
value lower than the slope restsrance £, and
ins Facr is oqual ko the wibe dope resisuance ¢,
and the losd resstance By in parallel. The

uivalent circuat then redisses 1o vhar of ()
ins Fig & and has the same voleage/frequency
relanion for Vo'V, s the appreciably more
complex circuit of (A) m Fig 6, an effective
demionstration of the advaseages of equiva-
lent circurts.

In a smple circuit such as that of (E) in
Fig, & it is fairly easy to see that Vi, will tend
to approach ¥ as the reactance of |p
becomes large relative 1w the resisior I".rn'r:
reactance Xy = 22flp s direcy propormion-
al to frequency and thus it is clearly going 1w
be difficult oo mamtain X, birge compared w
R‘, down o sach very low [reguenkics 45 a
few hemz. When rransformers arc uaed there
is no alrernavve 1o accepting a frequency
TRAponse ehat falls sowary at low frequency, bear
the frtn:lutnc}' at which the fallaff com-
meenees can be moved dowmn b any desined
frequency by increasing the vahe of L

Shapely Responses

For reasons thar will emerge later, it is usual
to take a5 the cutod! frequeney thar frequen-
¢y a1 which the reactance of Lp equals the
resistance Ky, this being the frequency at
which the output 15 down by KB, This is 2n

&) i
| i :
;‘ !r -d.'— ,; ; P,
3 - i € <
- y | e M,
n. i I e N
4 F4 vi g%t W tE v,
N s
14 ' :
r
EE
i
0.2 T EE § T g
[ ]
13 - 83
Lose-irpponrcy loud Sl 10 POFTEY NduCInGE Fgtvirmprer s ooy e b besi sgs nductsron

FIGURE 7: Basic outpat transhomer chamchenstics. T & e hequancy al whach the reactanca X &
mnnm&mﬂﬁhhmn%h&ununhw

a significant cutodf, for the power oatpus
only falling away at the rate of &dB/ooave,

The shape of the frequency response, 1.c,
l;l:r-: r\-:|.:.'.i|:|:| between the o ."lrn..'ﬂlrr ll'l-d
frequency, is controlled by the rtio of X,
to B, and thus i unaltersble, All ourpus
transformers have the same shape of fre-
quency response, but a good mansformer 1
up to its bevel value at a very low frequency
whereas a poor transformer does not
achieve its “Mat” value unad a much higher
frequency is reached. It is convenient 1o dis-
play this universal responsc in the form of &
single curve (Fig. 7}, f;, beng the frequency
at which the reactance X of Ly equals the
FESlECLNCE From this it wall be ween chat
an this cutoff frequency whene fs = 1, the
Toss is 3B, bue at kalf vhis frequency the
loss is only 7dB.

Some realism is put into the picoure by
taking a lock at the sort of vaboes of primary
|r.|:h,u:|;.1.11n:1 that ane rn.]'l.ul"td i pracnce if
3 flat Erﬁ.lu:nr:.' resporie is o be obtaned.
Thie e EL34s wied i the carlier example i

Part [ require an anode-to-anode load of
3.4k{Y ard have a quoted slope rensunce 1,
of 15k£2, though s a push-pull stage is being
considered the effective source resistance can
be paken as 30k{E

This is some ten umes the required anode-
to-anode load, a relaton ovpical of cetrodes
and pentodes and it results in the effective
generator tesistance B, being ki, only
stightly lower than the requined anodesto-
anode load 34KEL If it iy decided vo allow a
loss of 3dB at $0Hz the reactance of the pr-
rary inductance Ly must alio be 3k sc chis
frequency and Lp is then 3200 (3n = 50) =
10H approzimately. I the -3dR poine must
be at 10H:, then the nducrance must be frve
srmees bugher, or 50H.

Practical Design

While dealing with 1 specific example it &
worth calewlating the number of twms and
the sire of transformer requened 1o obtain the
primary inductance suggested. Any requined
value of inductance can be obuined in ether
of two ways; 2 small member of ums ona
large iroa core, or 3 large member of wms on

arithmetical smplificasion rather than the a small aron curc, A Ln'“y: core and few tama
paim in the frequency range a1 which there is b 1 should result in amall signal power bosses and
X3 H

p o LILAEASE FLLE PATH

. . H o

3 L LEEFLL, FLLD
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| 1
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FIGURE 9 Typical relaton Bebyssn oo s
density and pesmeabilty for iransformer Shesl

FIGURE 10; Spocndary wound owid Srmary
Siskahds cnly for fransformers daaling with a
resiricind fmguency rangsa
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lost in mechanical friction appears as hear. A
eore detailed svudy shiows that these byseer-
sty losses are directly proporgomal o the
signal frequency and to the (flux densiny) '
Snpﬂmud#.umbm: Fefer to proportional

—£4d.]| The frequency is
|h::nf|h=:udlu:|mﬂuﬂwmhe=lmred
but the hysteresis losses can be minimized by
working the rransformer cone at a low mug-
retiz flux density.

Eddy-currens losses ane the second compo-
pem of e iron koss and are fousd w be pro-
poriond w (fux density)® and (frequency)®.
Their orign is interesting, Very cacly in the
pwdimmhitmmmd that am emil
febectromotive force) was nduced 10 the nums
of a coil by the alsermating magnesc field Vlow-
ing” through the coil. Oin looking again at Fig
it walll b g chay the iron core itself consti-
tutes a lange snghe wirm and dhin currene wall
tend to flow in o ciscular path across: the ison
e section ot fight angles to the direction of
the magnetic hield.

Power i alworbed from the source tompply
the FR bosses due to this current flowing inthe
iron path. The circulating current and hence the
losses can be reduced by mereasing the resis-
mnce of the path taken by the carrent, 2 renh
that is generally achieved by lamirating the iron
crcuit o that the circulating current must pass
rween minatons. [t was also noted thar che
losses are proportional to (flux density)® and
thus the losses can be greatly mirumized by
desigming the cransformer to work with a low
o densixy.

“The copper lossed need lirde description. T2
current of 1 amps flows m a resistance of R
ohmes, then there is 2 wotal power loss of FR
wants chsipated as hear in the resistance. In an
sudio tansformer there ane power losses inthe
primmary soil due 10 the sgral carrentand due 1w
dtnmm:qunnﬂmn.lpﬂ'fﬁimhﬂﬂ-
the nignal currens flowing arcund dhe vosce-coal
circuir. A more complete analyes shows thar
all ehse Josses wre naov so simiply explaised s in
this preliminary discussion but the explina.
tion is adequate ag this sage.

Thelosses grouped togetherunder Toem Jare
pﬁqﬂ:lnhmnﬂhﬂ:lﬂu‘dﬂ‘!ﬂﬂ
but the problem is greaty cased by the intro-
duction of an equivalent cireuit, a techrique
much used in the study of tube ciruts. The
basic practical cirouit of an output transformer
inthe anode of 2 single rube is thay of Fig, 1. The
first step im producing an equivalent cincait s vo
remcrve all those items that do not affect the
agral-irequency perfommunce of the cirauit, the
aim being to simplify the cincuit by nedocing it
1o thie bare essentiaks in order that the effect of
each component should be mose deasly seen
and understoond. <




[ Feaders shoedad sefer rooGA 20, i M, for the
frmr patrt of Jarmes Moer's aefiniree Lok at Lbe
periormARcr cherarteriatios of owipwl rami-
formper— [l |
Tﬂ.ﬂ;gh it seeias a drastic sep, all the
hagh-vuliage aroatey can be removed,
Indced when the plfl'Il:ll'n'IIId:I: of the tube
and traniformer u baing considered, the
whale of the tube circurt—rtubse, bar resir-
tor, ard its shunt capacieor, gred apaciior,
and grid renistor—can be removed and
replaced by 1 sangle resistor having a valse
':\-'.|'.;.1J tir the 5|.-::-;|-|: resutance | of the tube
under 1k workmgg conditson.

However, the tube 18 an active dewice in
that it produces signal power and thus we
have 1o add o our slope resistarce r, 2 gen-
erator that we can assume o produce the
SAME PORET 15 the tube. When this 5 done
the whaole of the crouit inside the dotted box
can be replaced by the vwo devices in (B) of
Fig. 6, 4 resistor r, ind a generator, the come
DLBCH ADPELANE 45 & POWET GENERILOT haw
YR PO FEAEIEATOE in seres with & resisrance
.'I.'IIHI 1 the nahe 1.|c~.:'r AERRTARCE

A Leap of Faith

The ourput vansformer iself is sgain 2 liuke
more seoublesome. The praceical cirqwit is
that of (A} in Fig 4, two separace wandings
coupled by the iron core wich the second
winding supplyving power 10 the loudspeaker.
A manm can b mude by suhsnnaang 2 resistos
By 5 for the voice coil 1o give (B) of Fig 4,
g &t che momens the next siep will have 1o
pe taken on crust for larer verification. The
tramsformer ratie, usually denoied by the
s:;'rnl:hu| wy has no offect on the frrl.]ufn;:;\-'
response, 5@ to avard having 1o multply
svery impedance by m? 18 o semipher e assime
that the sarme rario is 151, the mn wandirgs
having exqual numbers of marms.

As was seen in Pan [, a load resistor of,
ey, 1) conmeced across the secondary of
1 1:1 rranaformer has exactly the same effect
a8 the same resistance coanccted across che
primany winding, at least a1 che low-frequen-
ov end of the audio range. The pracucal ar-
cuit has mow beent reduced to the mmich sim-
pler circuit of (C) in Fig 6, the transformer
and speaker woice coil being reduced 1o 3
resivior By andd an imbuciama Lp o peralich
the inductanee being that of the transformer
prmary winding measered as seme low
audey Frequensy with the ecandary wanding
-|Fu1|-||:;.|'-|"|llr||‘|‘|

BECHT THE ALTHOR

From e mi-1E00e on, James Mok devoind he sndm
prodessional caneer i Bude AcoUSSCs. His longes! camer
sl was wih the Britsh Thomson-Housion Company,
whins aier Wosd War (| e was invohvsd with spacial
restallations hor Do’ CiRAMA Bound mvakding Fulli-
chaanel recording and plegback facibbes. He ded in
Nolgohy 1528, o M g 0l S0
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FIGURE 4: '"When the ratio of primary 1o $8s-
andary tums aquals n, the transformer and
resistanos _t ’dwmmwwm.m
R, = Es,

11 the EEMETALON 15 prsumead o prndu.:z
constant wolts a5 all audio frequencies, the
vanasion of voltage across Ry and Lpwill fol-
lowr exactly che seme law as the vanaton with
frequency of the voluge across che loud-
speaber vowe coil in the pracuicsl drosic, This
i the :li-rrlq:lliﬁnl.imt that ix desired.

A Simpler Clreuli

[ pATEETE walibie CHY F..._, IL 15 ey
o s2¢ the sort of frequercy response thas
will be obuined 2t low Frequencies and o get
an idea of the design steps thar are necessary
oo et a flar response. With the generstor {an

PART II*

BY JAMES MOIR

AF pecillaor) set w 2 near-zero frequency,
wcurment will fow around the crcurt and dhe
generanor voluge will be dissipared across
in senies with B, and Ly in panllel. The vol-
ApE ACTOSS I'tr and [.r. will nnl:." e 2 small
fracnion of the towl generstor voluage for the
reactance of Ly (X, = 2nfl) will be small.

As the generator frequency is incressed,
the reactance of Le will incresse (being
directly proportional 1o frequency) untl at
some higher frequency the resctance will be
meuch higher than B;. At, and sbove thas fre-
qUency, the inductance I_Ip can be rermaved
for 12 has no effect on ciroust performunce
anxd the arouit then consists of the generatar
and e resistors, and K.

Ar these fru'u:r.u.'ﬂ the equivalent cnouit
f, weill be dhan of (I¥) an F:',g. & the ouTpul
mluge mlldﬂ.ﬂ} e

UQ-I"III u_R'i'_
rn-l-ﬂi_

*Repristed from Asedro mapazine, Mar. 1960,
© Hachene Filipsccks hiagamines.
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low Brecuencies: ), between 1 S0HE and 4kHE, (E), fral equiraient circull of fresguencies balow

H150Hz.




and wall be constant at this vahee 5 all higher
frequencies (though see the luer commens
abouut high-frequency respoese). The
l'ﬁ..l].“f]“lru!- [!Jr = I.LI-t “*}mm Are now '-.-ir'
h.'th:a.r. the industana: -:J Lp Il'rﬁl-“*'-‘t be suffs-
cienthy high to ensure that ix does not shure
current away from Ry, for when the currert
in B, falls the voltage across By, falls and che
frequency response begins 1o deteniorne.,

The more techrically minded wall see 2
flow ins this reasoring. Al those low frequens
cias where the reactance of Ly is low come
pared to Ry, the wotal circuiv impedance will
fall and the current drawn from the con-
stant=voltage pencracor will nise and thus
tend to mamtan constant the voltage across
H.l_ l.I1IJ Li|1.

A detailed amalysis shows that chis come
pensatirg effect can be eaaly dlowed for by
assuming that Use gencrasor resistance has a
value lower than the slope restsrance r, and
ins Facr i3 oqual ko the mibe dope resisuance ¢,
and the losd resmtance RI_ i pdﬂ"t]. The
tqui'.-nlu-_u circuat then rechazes 1o vhar of (E)
inn Fig. & and has the same voleage/frequency
relanion for Vo/'V; as the appreciably more
complex circuit of (A) m Fig. &, an effective
demonstragon of the advaseages of equiva-
lent circusts,

In a simple circuit such as that of (E) in
Fig. 6 itis fairly easy to see that Vi will tend
to approach V; as the reactance of Lp
becomes large relative 1o the resisior B The
reactance Xy = 22flp s direcy propormion-
al to frequency ard thus it is clearly going 1o
be difficult oo mantain X, birge compared w
Rﬂ down o sach very low [reguenkics 45 a
few hemz. When rransformers arc used there
is no aleeraanve to accepting a frequency
TeEpanIe ehat falls soway at low frequency, beut
the frequency at which the falloff com.-
meenees can be moved down b any desined
frequency by increasing the vahue of L

Shapely Responses

For ressons thar will emerge later, it is usual
to take a5 the cutoff frequency thar frequen-
cy a1 which the reactance of Lp equals the
resistance R, this being the frequency at
which the output 15 down by XE. This is an

L&) i
;‘ !r -d.'— ,; ; P
B e " RN
R’ y 1| e T h
LS i ' S i N
4 Vi ¥ MSv,T— MW EE v,
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FIGURE 7: Basc output transfommer charaderistics. f, i he equency al which (e reacance X, &
scual 1o he resistance R, and f; s the freguency alwhich the ioss i i be determined.

a significant cutodf, for the power oatpus
only falling away at the rate of &dB/ooave,

The shape of the frequercy response, 1.c,
l;h-: n:|.:r.i|:|:| between the o "'lr.-p.'"'lrr ll'l-d
frequency, is controlled by the rtio of X,
to B, and thus & unaltersble, All outpus
transformers have the same shape of fre-
quency response, but 3 good mansformer 1
up to its bevel value at a very low frequency
whereas a poot traniformer does not
achieve its “Mat” value unad a much higher
frequency is reached. It is convenient 1o dis-
play this universal responsc in the form of &
single curve (Fig. 7}, f, beng the frequency
a1 which the reactance ¥; of Lp equals the
FEETEa T B From this it wall be ween chat
an this cutoff frequency whene fs = 1, the
loss is 3B, bue at kalf vhis frequency the
loss is only 7dB.

Some realism is put into the picture by
taking a lock at the sor of vaboes of primary
ir.dh,u:;mn: I.In that ane mrl.l.ll"td i p-l'.lv.‘-n:l.‘ if
3 flat En:qu:nl::." resporse is 1o be obtaned.
Thee tes EL34s wied i the carlier example i

Part [ require an anode-to-anode load of
3.4k{Y ard have a quoted slope rensuance 1,
of 15k£2, though as a push-pull stage is being
considered the effective source resistance can
be eaken as 530k{E

This is some ten umes the required anode-
to-anode load, a relation ovpical of cetrodes
and pentodes and it results in the effective
generator tesistance R, being kil only
slightly lower than the required anode-to-
anode load 34KEL If it iy decided to allow a
loss of 3dB at $0Hz the reactance of the pr-
mary inductance Ly must alio be 3k at chis
frequency and Lp is then 3300 (3n = 50) =
10H approzimately. If the -3dB poing must
be at 10H:, then the inductance must be frve
srmees hugher, or 50H.

Practical Design

While dealing with 1 specific example it &
worth calewlating the number of twums and
the sixe of transformer requened 1o obtain the
primary inductance suggested. Any requined
value of inductance can be obuined in ether
of two ways; 2 small member of moms ona
large iroa core, or 3 large nember of wms on

arithmetical mmplificazion rather than the a umﬂﬂ im“m.n‘:]t”F wore and Few I:.lrr:
in i ’ i i shou t i signal ¢ bosses an
poing in the frequency range a1 which there is pordd | result n 8 i powe
15 "
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FIGURE 8 Typeal lamination shape
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FIGURE §: Typical relaton bebwsen core fus
densty and pesmeabilty for ransformen shesl

FIGURE 10: Spoondary wound owid Srimary
Suskahds cnly for fransformers daaling with a
resiricing frequency ranga
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3 hegh pece, wath the cenverse beang true if &
small core and a large number of fums are
adopred. The choice of core size is thus
somiewhat arbitrary unless the permissible
power boss can be specified.

An exxmrdnation of the lits of some of the
leading manuficrurens shows that their high-
qualsry transfoemers have an overall volume
of abour 2in® W, supgesting that 2 14" mack
of the lamirations shown in Fig. 8 wall hande
20%', though this & a peint that wnll be
checked more closely at a later stage when
the distorson prodects are being studied,
The inductance of a ool wound on 3 closed
irod gore {such as Fig. 3 in Pare 1) is given
[bast only approsmaczhy] by

L':I.IT’u.a.
10 %1
where T = number of mma
& = cross-seciional area of come
= permeability of core
I = lengah of flux path

(2l dimensions in inches).

&

‘.l..-.ﬁ.nl

FIGURE 11: Patns of working and lnakege fus-
a3 i basic ransforme s

All the factoes that appear in this formul
are unambiguous except W, the permeability
of the core materal, and chis is difficult 1o
specify because the permeshility of any of
the usial core matenals i5 3 functon of the
core fhux density. Typical varistions in per-
meability with flux densicy taken from che
ahata sheea 2 manufacmrer's liss are lus-
trated by Fig. 5, bue experience shows that
these permeabilicy vahses are not achicved
under working conditions, Data for these
curves are invariably taken on ing samoles
without xr gaps and sfer annealing.

Laminations punched from the same
maceral are rarely annealed afier punching,
are then assernbled with air gaps that are
small but unavoedable and finally vied in
transformers that carry small unbalanced
anode currents, all imporant factors in
reducing the permeability below the ring.
sarmple value. It 15 more realistic 10 use per.
mieabiliey vahses that are half chose read From
Fig ® when caloulating the windang induc.
ance from equation (3). The permeability
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will be scen eo vary by s fscvor of abour five
times over a range of Fux densities berween
02 and 5 teshs {T).

The inductance of the prnmary winding
will also vary with flisx density by the same
factor of five tmes, so that the frequency
respoense will change with power outpus
uribeis the inductance meaured at some low
flux density is adequate 1o maintain a flat
response. The chosce of an approprate flux
density and the relased vabae of permeabilicy
is somewhat arbawrary, bug if 3 value for poof
1500 corresponding 1o & core density of 5T
is used, the final performance is likely 1o be
very acoeptable. However, this problem of
core density will come up again at a lacer
stage when hasmonic distostion o beung cua-
sadered.

Lsing the Jin*/W figure it might be expected
thar a 1¥%-inch-derp siack of che laminanions
showm in Fig. & would handle 20 wich case.
The core area of 2 1% stack is roughly 1%int
and the iron path length &, Inseruing these
values into equation (3) shows thar sbour
1.10C rurms are required 10 give an inducrance
of 10H while 2,400 tumns are neceisary 1o
obuun 50H. When harmonic distortion is
consadered at 1 lster suage, it will be shown
that in general the primary inductance
required to held harmonic distortion o an
acceptably low Bmis ssmomarically ensures 3
good frequency resporse.

The specified number of turms can be
wound on o the core 21 4 single coil having
the secondary rurms wound on top as in Fig.
10, though this i nor the usual practice
when a transformer having a highequaliny
performance is required. Why is this simple
fand thevefore low prced) constrsction not
adopied? The anawer is that the relaiive dis-
posivon of the two windings on the core
cantrals the ]':rg.]':-fr:ql.r:nq pe:fﬁrrmnﬂ.
an aspect of the design probles that can
now be connidered,

o b

1 I
FIGURE 13- Equivalent sircut o Mogquencas
aboee didiz.

It 15 best approached by referming to the
Part 1 discussson dealing with the chaice of
tums rauo, [rwas then suned chae all the
magnetic flux produced by the primary
windeng was confined to the core and thus
interinked both cole Whea the surns mgo
and number of wimd are being consdered,

this ssiumption s perfectly valid, but when
the high frequency performance is under
Examination Iltl.'lnLrl"H’.i-:In;-ﬁ R SWATEpInTg.

Irn the nimple example of Feg, F1 magneuc
fhex linex ermengng from the top of the coil
have rw alternacive pachs that can be fol-
lowed hack to the borrom of the eoil. The
dessgned path is that through the ron core,
the path that is followed by the great majori-

THEl PEIMARY AMD T&O
SECOMDRLY LECTROME

FIGURE 13: Further subdnesion of wndings o
reduace beakage reactanos,

ty of the magnctic Mux. However, a very
small proportion of the total Mux leaks ot of
the iron and follows paths through the air as
iedicaved, with the result chat all the flux
froe the pramary winding does mot link with
all the rueni from the secondary winding,

I a pood transformer as mach as %9.9% of
the fhux fromm the prmary wanding links with
the secondary, but the r:mu'm'ng 0.1% 13
rﬁpuml:ilt for the majority of the high fre-
quency losses, A return to the equivalent dr-

cuit af () in Fig. & will caze the explanation.
F Y Fﬂi Lifts

The primary inductance Lp appears in parallel
with the boad resisance Ky, but above a quite
low frequency (55-150Hz) the reactance of
ehis inductame becoaees so h.i;_h EH :-urnpmi-
sodn 10 the rorisiance R.r. that the current
shupted off the load resistance becomes
quite negligble. Above this frequency, L,
has no effect on the frequency response,
which is then determined by the resistances
r, and By and is thus independent of fre-
quency, the conchusion armved ai when di-
cuszing the bow-frequency performance.

A flar frequency response is maintined
wp w frequencies of a few thowand henz
bur it then begins to fall away again, in effect
that 8 not predicted by the equivalent cie-




cuits as they stand in Fag. 6. The missng ele-
et i3 an inductance that represents the
cifoct of the magnewc Nux which scays froom
the iron path and thus fails o link body coils.
It 1= omutted from Fig & because it has no
effect on the performanice of the tnnsformer

at bowr Frespuencies.

KT
L#
1

FIGURE 14; wmwm
of leakage nouctandg:

The clesresy memesl F-:iemu 18 ohasimed h:,-
ansipming thay the whaole of the fin prodused
by thee pramary wanding bypaises a few of the
secondary rums, lesving thes: few wims as an
inductance outside the rapsformer and in
series with the secondary losd resistance R,
It iz peally imeanenial whether we consider
that 9% of the fux Lnks wich 100% of the
secondary ums or that 100% of the prinary
fhux links wath %% of the econdary rums,
for it is the producs of (flux) = (narms) thae is
important; bug a clearer picture of the
process is given by the sevond approach.

The issductance that cxists as 3 reaudt of
the faduire of the pramary fux o link all the
pecondary turns is gemerally Known ak the
leakage inchuctance and can be micarured on
any of the standard AC bridges by short air-
cuiting the secondary termirals and measur-
ing the inductarce thit appears at the prima-
ry vermanals, The same final answer i3
obuained if the primary terminals are shomed
and measurements made an the secondary
erminals, bur the vwo messurements will
differ in the ratio of the (verns ratio)?,
[ Supersoriped nurnlvers refer t0 propostEanal
telues thvonpbont.—Fid]

The general effect of this leakage induc-
tanse on the frequency raponse is now fairly
|:I:||]-' scen from a consideration of i posi-
tuen i the equivalent carcust where it apprar
in kenes with the n:t-nmhl:.' kad resistance
R, ae m Fig 12, A the signal frequency nves,
the resctance of Ly rides propomonal o fre-
mueney, eveniually becoming comparable in
valae wo the secondary losd resistor B, and
with Further incresse in frequency the resc-
vance of Lo will exceed Ry, The signal volt-
age produced by the generator 15 now dimded
berween three circuit elements—r, the equiv-
alent resistance of the generator, Ly the
leakape inductance, and By the secondary
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Iad resimance—and cherefore Vo will fall off
with increase in frequency ac the rate of
& B oorave,

The poin inthe frequency range a1 which
the fallodf btsu'u 10 e :igrl.-i:l'.:;-_m'l: [rather
arbivearily, the fﬂqu:nev ar whiech the
respose 5 ME down) @ a furction of the
ratens of the rescranes of Ly 1o the com-
bined total cirows resistance r, + Ky, When
Xio = Inflgr = 1, + By the loss iz MB
and increases at the rate of 6dBfocrave as
shown at (B} in Fig. 7. The similaricy
berween the relanons governing the high-
frequency loss and those governing the low-
frequency loss will be apparent on compar-
ing (A} and (B} Fig, 7.

Leakage Reaclance

Clearly if the response is 1o be well main-
nxined up vo the highest frequencies, Ly
rerust be reduced 1o a mansmem so the facton
that affect Ly will now be considered Listle
thaughs mall be required 1o decide thas the
ln'ugf enciaztance mall increate at the nam-
ber oof tams an the sardings merease, Eallowe-
ing the normal biw that inductance & progaor
trocial bo (tams ).

Advantage cannot be tzken of this relation
to reduce the leakage inductance, for as we
have seen earlier the total ums are fized by
the response that 5 desized ar the lowe-fre-
quency end of the range. The alveraative
course of actor is wo reduce the amount of
leasage flux frem the primary that fals o
couple with the secondary wanding. Thas s a
question of brnging e secondary wusding
as dhose to the pimary wanding ar physically
passible. Some possibilicies will be
considered.,

The warst possible armangement is that of
the elementary transformer of Fg. 11, where
the pl‘in‘“}' WLFI'J.I:I" i :.mn-pd.m one hmb
and the secondary wanding on the ather bmb.
Leakape fux then follows the path shown and
M} AMOUNE 10 a0 able fraction of the
votal fhoe. Tt mnay be greathy reduced by wind-
ing the secondary on top of the peirary wind-
ing as shown in Fig 10 and abandonang the
core vpe of lamination shown im Frig 17 in
favor of the shell oype of Fig & Magscu: lak-
age then follows dee path shosm in Fig 10 and
wil obwvicusly be a great deal less than in the
sumple armangement of Fig, 11,

Furtl'l.rr “duf‘iﬂﬂ. ill lllklsl may bf
achisved by dividing sither winding icto two
halves and disposing them about the other
windirg, This techniqae of subdivision may
be carried still furtber, both primary and see-
ondarr windings being subdmvided ineo sec-
tions snd imerdeaved. Some rypical arrange-
mienits are shown in Fig /3, That of (B) has
parscular advarmage in push-pull circuins in
that the rwo half primames can be made 1o
have the same resistasce by wsing Fr4 and

P74 i senes for one half primary, wath P2
for the ather half. Thus also equalizes the
leakage inductance from erther half primary
inn the secondany,

Twor altemative approaches o the prob-
lern af rtduring |l:.|Ju5c inductance are wor-
thy of comment. Reduction of the spacng
herwercen che prmary and secondary sections
i elearly an advantage, bus a limie to thas
technique is set by the necesaty of providing
interminding insulition beroeen the sections
capable of withstanding the plate iupply
voluage and signal voltage excursions, Tt i
wsual vo operare amplifiers with the sec-
endary winding at or very near ground
porential but with the primary wanding a
B+ potentigl. The newer inselazons wath
high dielectric strengths offer considersble
advanages in reducing the thackness of the
erberscs i uasalation

The kakage inductance of any partcular
armangerment of cotls can be caloulased wath a

/ﬁ’ff’ffffff’ff
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FIGRE 15; Lamingtons hanving ong windws
LAY have kvt leakiage Pdusancg Ban s
Iag Buans windows a8 &t (B).

miderate degree of accuracy and it i3 worth-
while examining the relationshap for the Hghe
it throws on the factors respansble for leah-

age. A simple formula that grves good agree-
ment with meassred vabucs is

d
Ly =3-2x T = iw [l+—1+d—j]lfﬂ'4|“|
I 3 3

the symbols having the meaning shown in
Fig. 14.

From this it will be seen thar the leakape
meductance 45 inerexsed by an incresse in the
radras r of the winding by an increase in 5,
ihe specing berween eoils; or decreased by an
mngtease in ly, the wound leagth of the coal,



A Lisrumaison Iu\'in;g_ & I-:.-ng TRATTOW Wi
dorwe such as char of {A) ﬁ:g-. 15wl Ei""F i
bovmer Ju'ug«t induerames pef narm than one
with & square window puch a1 thay a1 (B}
Thes is mor quine vhe advancage that it sppears
at first segha, for laminanons warh long win-
dows rend o have loeg won paths and e
have 2 lower premary indoctance Le por narm
than ope with 1 square window
Meverheless, there 15 an advannage 1o be
gained by an appropmate choice of limona-
won shape,
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FIGLIRE 16: Typical B relation kr imn amina-
s

proporanaicly eo the curment ugs to point @
i Fig 16 then less chan proporuonaely
from & to f, and findly sataraces ar o very
Ii rg_r inmﬂ! il'l mlﬁl’h’.‘uﬂﬂﬁ CLFTETL AR
then required to produce very srmall ncreas-
exin flux

If the direction of the current flow s
reversed, B commences 1o fall, ot along the
pach eba, but doag a new path def where
thie values of B are always higher than were
cbeained for the same values of H shen H
wai increasing. The magretizing current
st be reersad o reduce B opo zero at ) a
symmetrical pach gbu ke then being taced a
H increases 1o 2 negalive maimum, reverses,
and feturms 10 2ero.

Cul-de-Sac
The imporant point is chay the path faol-

lowed by the valoe of B encloses an area
instead of merely following a straight kine.
From the B'H relsticn of Fig 16 5t may he
deduced that 3 strusesdsl magnenzing cur-
rent in the primary coil wall not produce 2
sinusoidal flux waveform in the iron cirosic
As the secondary volage is propoertional w
the rate of change of flux, 2 sinusoidal sec-
ondary voluge can only be produced by 2
sinusoidal flux waveform and chés will in rurn
only be produced by 3 nonsinusoidal current

impedance of the source is very small, 3 sini-
sondal volvage applied vo the transformer pri-
mary will resule in 3 oonsinuscsdal primary
current, & sinuigedal flax warchorm, and a
sisssoidsl secondsry voltape, The significant
poine is contained i the phraie " the resis-
tance of the e is very small® and the
question that immediatdy pmps 1w mand is,
how small?

There are few sbrups disconunuities in
nature and it & wnlikely thar the dissomion
will prove to be zero when the source resis-
tance i5 zero and yet rise sharply for very low
values of source ressstance. Common sense is
nght on this poing,

A detailed analysis shows thar the percent-
agz distorion is related 1w the ratio of cirouir
reaslance o Uie inducuve feactance of the
prirary wisding of the transfonmcr and is a
functon of the maxienum flax densivy at
which the iron i worked, This laver resuals is
tor he expeceed for chere is a fair degree of
proporonslicy herween H and the rendrast
B if the Aux dersery & not dlowed o exoesd
point & in Fig. 16 Unformunacely a bow fhx
densiny means a larpe core and an expensive
transformer.

Handling Harmonic Distortion
The advamages of a low-ressstance source m

wave in the primary winding, minimizing hirmonic distorion are less
Distardion
The last pedformance charsctenstic we be dis- I | win 2
sussed a5 the genemation of harmonics and gt I‘/

mitermodulaton distorion by an iron-core
dewvice. This 15 not such a well undersiood
adbject and in consequeence will he covered in
rather greater detail than was thoughs neces-
sary for some of the earlier charsciensues.

Howr diver diztortion anse in an iron-
cored device! Fundamentally it s due 1o the
nochnzar relation between the mugnenzng
force H and the resultant flux density B
produced i the iron core, but 1t u also
dise 1o the presence of Bystereiss n fhagnetie
maserials,

I ain ideal mmagmctic matonal, the magne-
sizing force H would produce a magnetic
flun density B proportonal so H. Thus f H
were doubled (by doubling the current or the
[=L1] mbET DF lurﬂ:} B Ihﬂuld dﬂublt.
Moreover, B should have the same vahee for
any particular vahoe of H, imespectve of dhe
directson in which the current flows in the
magnetizing cod. Meither of these require-
menls 4 met 10 a magnetc arout that cons
susts wholly of magnetic materal. What does
happen is illucraned by Fip 16, 2 o] B'H
relation for a transformer steel.

Maming from zero current an the magne-
rizing windirg, bur with che iron path mag-
necized by the previoas cvcles of the supply,
the flux l.i-r.:uil;r in the iron rises muEh|}'
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At chis stape it would appear thar an
impasse has been reached, for distorooniess
reproducton demands that 2 stnusoidal wols-
age on the grd of the cusput wbe produces 2
sinusoidal volezge across the curpur trans-
former secondary, though it has been shown
that this result can only be schieved by sup-
plymng a nomsmusodal current to the trans-
former primary. However, the impasse 1
only the result of shalkow tnling about the
Frnb!:m as i may ke shown that if the

afwamid amd peed 3 mose detailed explana-
ton. [F a penesator of mero revistance and a
simusoadal voleage waveform supplies cumrent
v 2 resisoive boad, both the current and vols-
age have sinusoidal waveforms. When che
resstance load &5 replaced by an inductance
the voltage waveform remuins sevusosdal b
the current waveform is distomed by nass the
rght amount o produce 2 sinesoadal flug
waveform and thus 2 sinusoidal secondary
videage waveform. The primary current wave



Appendix

The Flux density B an 2 trarbormeer coee can
e caboudazed from the folkrasmg equaticn

vx1a"
A inas /om?
444 1TA

where B = flax densaty
W = woliage across wanding
f = frequency
T = number of varns or winding
A = core area ¢m?

[n the example used in this wrucke V' is
the voltage developed scrss the anode load
Ry of J4kit & ihe raved outpet power of
20%. This =

Ve JWR, = 203400 = 260V

Using a core having an area of 1.5in¢
(16cm?) and the 2 400-urn winding. the
cowe Pl density B at Froquency S0HE i

[ e m 40 pauitn, o BT

Ax this vduz of fhax densny the elfctne
permesbilicy may be taken as 3,200 and the
wnductance of the 2 408-murn w'illiilg 2

them
2 32524007 x3,200:15
gx10"

L w 50Hz = M,400 making ml/R = 115
The distortion where B = 40 and LR =
105, from Fig 17 approsamarely 1.6,

=110H

is then found o contan 3 high percentage of
thard, fifth, and seventh harmonics.

In an intermediate condision when the
CIrCult COnLing some resisuance, the oument
drawn from the source is less disored but
the dustorvion of the voltage waveform s
ineressed, In general any resistance in the
circui prevents the inductance driwang the
harmomic Curnents it requires o mustamn a
sinugoidal flux waveform, If 3 sinusoidal
flux waveform is nos mainined then the
wavelorm of the sccondary voluge will be
II’LII.'IL'IU}E."I.ih.In

When considering the low-frequency
response of a tranifosmser it wa shown than
the resistance that comerols the response is
the parallel combination of the souree and
lowaed resistances. The same parallel combena-
ticn dlso controls the harmonic distoruon
that it generated. If the cransformer is 2 poor
exarmple with high resiscance windings these
winding resistances must be sdded to the
boad resustor before working out the parallel
combinason.

Most of the manufacturers of tansformer
steels have produced curves showing the rela-

IH'!lI'I.ll'I.*] hmtl’l di.lln‘ﬂ'.lm ﬂ'ﬂi d": I'Iw fd-
the effecuve cirouai resistanoe b the reas-
rance of the pnmary smding. Typscsl carves
fior 2 4% silicon steel commenly used i high
qualicy transformers are shown i Fig. 17,
The most segnificant information o be
obuaned from the curves is the very high dis-
norons that occur even at bow fhax dersivies
when the source resistance 15 comparable
with the reactance of the ransformer prima-
ry winding. Farlier in thu amiclk | showed
that a2 tansformer having a primary induc-
ance af only 10H would have 3 frequency
response only 3dB down at 50Hz when used
with two ELM wbes working imo & boud of
3,4kEE o is inceresting o cakoulate the har-
moaic disterion that v produccd W sush a
rranaformer i3 used.

At a frp:lutnc}' of 30Hz am inductance af
10H hag 3 rescrance of 3.14k{, :ppmxirrulr-
Iy equal v the effective genentor resistance
when wsing rwo ELMs in push-pull. The left
hand curve for ol. = R & then ypproprate.
The core flux densiry when she power out-
put it up 1o the raved figare of 208 may be
computed (gee Appendir) o be appraxdmate-
Iy 1T, & wahse char is well off the curve but it
will be seen thar the harmonic distortion 15
up to 12% for a flux densicy of only .31 and
continses 1o increase rapidly at higher flux
dersities, 2 quite intolerable resul for 2 highe
quality transformer.

The alicrnative discussed was o use a
vransformer having a primary inductance of
50H and thus having a regponse thae i flac
down wo about 10Hz. Eardier in thes amicle
we determined that such an inductance
wrrald be achieved with a primary wanding of
2400 rurns oa the wame core. The increassd
turns bring the core flux densiy on full load
[ 20%) down 1o abour 45T, the core matenal
having an effective permeability of abour
5,200 at chus fhux densiny, The mesulant pn-
mary inductanee bas then nisen 1o sbout
118H, makirg the rso of primary resctance
to effective source resistance approxmatehy
11.5% at 30Hz Extrapolaing she corves on
Fig 17, we find that the harmonic distortion
is about 1.7% at full boad, s very considerable
imiprovement 10 performance.

Winding Down
These figures makie it quite clear thay when a
highequality amplifier is being designed, the
frequency response must extend well below
the nomanal lower frequency limin required
by the signal spectrum if karmonic distorgon
is not to be intolerably high on low-frequen-
ey signals. In this particular, though typical,
examyple, the response must be flac down w
10Hz in arder to achieve dissoruon values as
Jovor a8 2% ar S0H 2.

The reduction of flux density appears
advantageoas in reducing harmaonic distor-

tion but o 8 grest eent this is an dlusory
advantage. Provided char the flux density is
kepie belowe showr 5T ar full rzed power, bi-
tle it 1o be gamed by further redocuon, for
though reference to Fig 17 would suggest
thar the disworion is falkng as che flux densi-
ty is reduced, it must be remembered dhar p
and in consequence the pamary inductance
L, and the ratio of @l w K 5 also falling,
Thus there is no very significant reducoon m
harmeonic distorzon peroentags as the max-
mum flux density is reduced. MNone of the
aliemartive core matenals at present available
iller hup: of any ii.F.'IE\J.II.I: KTk 1
ahis siCuarion.

The Fig. I7 curves also suggest that dis-
rormion can be grestly reduced by decreasing
the effective resainance of the source. At fimt
1|-m-1|5|-::| rersader and Prn'ndﬂ. Apear
appreciably worse than criodes in this
respect but farther investgarion does not
alwavs support this view. Two ELMs have
an effective shope resistance of k£ as pen-
todes in pushepull but only 856} conmected
as a pair of triodes, but it should be remem-
bered that the effective source resistance
froom the point of view of harmonic generz-
twxn 15 the parallel combinazion of mbe ress-
tance and boad ress e,

As pentodes, two ELMs require an anode
to ancde boad of 34603, muking te effective
source resstance about JREL A tnedes the
tube slope resistance had drepped to 62
ke the opumum load has nsen to 10k(L

the effective source resistance abous
37k} Thus in this nstance tnode-conses-
ed mbes are slightly worse than the same
tubes pentode-connected.

Ulgralinear operation of pentode or
ietrode tubes offers 1 sspmificant reduoction in
effective source resistance, another reason
for the obsolescence of "seraight” operstion
of pentodes or tetrodes. Negative feedback,
either over the whole amplifier as 3 distoroon
recucer, or frormn the anodes of the outpat
tubes back into the cathode circuit of an ear
lier tubx as a source impodase reduces, has
great advantages and is in facs she only
method of obtaining distortion values ia the
region of 0.1% at full rated load. o
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