Output Transformers

An easy-to-understand discussion of the factors that
affect the performance of all output transformers.

audio amplifiers requires anode loads

of between about 1000 ohms and 10,-
000 ohms if the maximum undistorted
power output is to be obtained. There
are practical diffieulties in winding a
loudspeaker voice coil with the large
number of turns of fine wire required to
achieve such high load impedances di-
rectly and thus it is common practice to
insert an output transformer between a
speaker of low impedance and the out-
put valves as in Fig. 1 in order to
“mateh” the speaker to the valves. The
ensuing discussion is intended to be a
simple explanation of this matching
process and of all the factors that eon-
trol the frequeney response and the dis-
fortion introduced by an output trans-
former.

Loudspeaker voice coils can be wound
with sufficient turns to give an imped-
ance of 3 to 4000 ohms and, in fact,
these were common in the very early
days of radio. However, the difficulties
of winding make the cost almost prohibi-
tive, and such a high percentage of the
limited space available is oceupied with
insulation between turns that the effi-
ciency is rather low. It need hardly be
stressed that the use of high-resistance
wire is an inadmissible solution to the
problem for this merely increases the
amount of audio power that is dissipated
uselessly in heating the loudspeaker
voice coil. The efficiency of loudspeakers
is already too low for any further loss
to be tolerated.

Tlm OUTPUT VALVES In common use in

* Pechnical Director, Goodmans Indus-
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Fig. 1. Output transformer used to obtain

the correct load impedance and isolate

the voice-coil current from the plate
supply.
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Fig. 2. Use of push-pull connection balances anode current but does not eliminate
difficulties due to current in voice coil.

Theve are other difficulties in the way
of connecting the voice eoil directly in
the anode cireuit of a valve or valves. If
used in this way the valve anode current
must pass through the voice coil, inereas-
ing the amount of power that is dissi-
pated in heating the coil and interacting
with the magnetic field in the gap in
such a way as to drive the coil out of
the gap. This is a diffieulty that is eased
but not eliminated by the use of a pair
of valves in push-pull as in Fig. 2, for
while the anode current can be balanced
out in the no-signal condition the balanee
does not hold at other signal levels, nor
does it usually hold for more than a few
minutes after the adjustment is made. Tf
a transformer is not used the trouble
can only be eliminated by inserting a
large blocking eapacitor though this
would need to be of several thousand
microfarads (for a 15-ohm loudspeaker)
in order to maintain the response at low
frequencies.

Both problems—that of removing the
anode current from the coil while effi-
ciently raising the voice coil impedance
—are solved by the use of an output
transformer as in Fig. 1. This is the
solution that is commonly adopted even
though it involves the addition of an-
other relatively expensive component.
Iron cored transformers have a reputa-
tion as “distortion introducers” but later
in the discussion it will be shown that
when properly designed, an output
transformer need be no worse than most
of the other components in this respect.
1f the amplifier design is such that the
output transformer can be inserted in

the feedback loop, the extra distortion
introduced is absolutely negligible by
any standard.

Functioning of Tiansformer

First of all let us consider just how
an output transformer enables a low-
impedance loudspeaker to appear as a
high-impedance load in the anode cireuit
of a valve. The basie transformer merely
consists of two coils of wire wound
around an iron path common to both
coils as in Fig. 3. An alternating voltage
applied to either pair of terminals re-
sults in a current flowing in the coil and
the appearance of magnetic flux in the
core. At any instant the flux may eon-
ventionally be thought of as emerging
from the top of the coil, “flowing”
around the iron cirenit and re-entering
the bottom of the same eoil. One half
cycle later the direction of flow of hoth
current and flux will be reversed. It is
important to note that all the flux pro-
duced by the current in one coil is guided
through the second coil by the iron core.

At this point there emerges a phenom-
enon that is basie to all transformers; the
flux produced by the voltage applied to
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Fig. 3. Diagram of basic transformer.
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the input or primary coil will induee
in the secondary coil exactly the same
voltage per turn as exists across the
primary coil. Thus if we apply 10 volts
to a primary coil of 100 turns (.1 volt
per turn) 10 volts will appear aecross
the terminals of a secondary winding
having 100 turns. This is quite inde-
pendent of the frequency of the applied
voltage. If the secondary winding has
1000 turns a voltage of 100 volts (.1
volt per turn) will appear across its
terminals.

However, transformers ecan neither
produce nor store power, they are
merely convenient devices for changing
voltage levels and therefore (neglecting
losses at the moment) all the power put
into the primary winding from the
power supply must be dissipated in the
load resistance connected across the sec-
ondary winding. Thus the product of
voltage times eurrent (V,x1I,) in the
primary winding must equal the product
of voltage times current (V,x1I,) in the
secondary winding. It should now be
clear that a transformer with an equal
number of turns on both windings (ratio
of 1:1) ean be inserted between a power
source and a load resistance without
gaining or losing any power though
there are often great practical advan-
tages in isolating two cireuits in this
manner.

Conditions are apparently slightly
different when a transformer having
unequal numbers of turns on the two
windings is inserted between a power
source and a load ecircuit. The power
supplied to the primary side is still equal
to the power drawn from the secondary
side and thus

V,I,=V,1,

This may also be expressed in terms of
the resistance connected across the sec-
ondary terminals for V,I,=V,*/R,.
We may also express the power supplied
to the primary side in terms of a re-
sistance R, which apparently appears
across the primary terminals when R,
is connected across the secondary termi-
nals. Remembering that the power sup-
plied to the primary can only equal the
power drawn from the secondary side
we have

VE/R, =V, I, = Vi2/R,=V, 1,

or as we are interested in finding the

value of R,
If 2
x Ry= (ﬁ) xR,

=y
However V,/V, is also the turns ratio
(primary turns/secondary turns) and if
we use the symbol n to denote turns
ratio, then

R,

R, =n*R, (1)

Thus by inserting a transformer be-
tween a load resistance R, and the valve
or any other form of power generator,
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we can alter the value of the resistor R,
to n?R,. This may be more usefully ex-
pressed in another way as we are gen-
erally more interested in finding what
the transformer ratio n must be in order
to make a voice coil of low resistance I,
look like a much higher resistance R,.
A simple arithmetical fiddle with Eq. (1)
shows that
_ |&,
R,

and we have the well known formula for
determining the turns ratio n of an out-
put transformer when we know the
speaker impedance R, and the optimum
load R, for the output stage.

As a typical example of its use, the
turns ratio required to mateh a 15-ohm
loudspeaker to a pair of KEL34 valves
may be worked out. A pair of EL34’s
requires an optimum anode-to-anode
load of 3400 ohms, and thus the ratio of
secondary turns to total primary turns is
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Fig. 4. When the ratio of primary to

secondary turns equals n, the transformer

and resistance of (A) can be replaced by
(B), where R, =n%R,.

Number of Turns

A second and very important question
immediately springs to mind. We know
the turns ratio but it is clearly necessary
to know the actual number of turns, for
a turns ratio of 15:1 would be achieved
with 15 turns and 1 turn or 15,000 turns
and 1000 turns. What are the factors
affecting the choice? The answer leads
on to a whole series of interesting points
that should eventually leave us with a
very clear idea of all the factors affect-
ing the performance of any output
transformer.

So far, a perfect transformer having
zero losses has been assumed and there-
fore (A) and (B) of Fig. 4 are equiva-
lent in that they both absorb the same
amount of power from the valve or other
source. This would only be true if the
transformer absorbed no power and if
all the magnetic flux produced by the
primary winding did in fact pass round
the iron core and encompass the sec-
ondary winding. Both these assumptions
are very nearly correct, but it is the
small differences between correct and
nearly correct that account for all the
troubles, though the diserepancies have
no effect on the turns ratio problem pre-
viously discussed.

The transformer losses can be reduced

to a very small fraction of the power
handled by the transformer though the
average radio receiver uses a trans-
former that dissipates about 50 per cent
of the power supplied to it. Even a loss
of 50 per cent might not be very serious
if the losses were the same at all fre-
quencies for they could be corrected by
merely fitting a larger valve or valves
in the output stage. However, the losses
are a funetion of frequency and the ap-
plied voltage, and as the audio signals
to be handled by the transformer range
over a band from 20 to 20,000 eps the
frequency-dependent losses can be very
important. A diversion to explain the
nature of the losses is necessary if we
are to understand the question of “how
many turns?” but this discussion will be
made as painless as possible.

Lasses in Transformer

The losses in an output transformer
have several components that require
individual consideration. They are—

1. The power losses that result from
setting up the magnetic field in the
iron core. These losses have two
components—

(a) Hysteresis loss
(b) Eddy-current loss

2. The power loss that results from the
current eireulating in the copper
wire of both primary and secondary
windings.

3. At the low-frequency end of the
range the transformer diverts some
of the available signal current from
the load.

4. At the high-frequency end of the
range the transformer restriets the
current that can be supplied to the
loudspeaker by the valves.

The iron losses will be discussed first
of all. An alternating magnetic field in
an iron core requires a continuous
supply of power to overcome the “mag-
netic frietion” involved in continuously
re-orienting the fundamental magnetic
particles along the line of the flux path
as the polarity of the current flow re-
verses each half eyele. An indication of
the process will be obtained if the iron
cireuit is considered to be composed of
many millions of tiny permanent mag-
nets. As the eurrent flowing in the pri-
mary coil reverses its direction all the
individual mieroscopic permanent mag-
riets reverse their direction and some
power must be supplied to overcome
their mechanical resistance to this re-
orientation. This power loss appears as
heat in the iron core in just the same
way as power lost in mechanical frietion
appears as heat. A more detailed study
shows that these hysteresis losses are
direetly proportional to the signal fre-
quency and to the (flux density)*¢. The
frequency is that of the audio signal and
cannot be altered but the hysteresis losses

(Continued on page 82)
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| DON'T THROW AWAY YOUR
| TAPE RECORDER BECAUSE
t OF HIGH NOISE LEVEL

© THE MOST COMMON CAUSE

OF HN.L. IS A
MAGNETIZED HEAD

ROBINS HD-6
The best prescription for this is Robins Head

Demagnetizer (HD-6) listed by U.L. Most
manufacturers recommend demagnetizing of
recording heads after every 5=10 hrs. of use.
Such knowledgeable care of your head
will eliminate the cumulative effects of start-
ing and stopping your recorder, switching,
transients, line noise, etc. Magnetized heads
can ruin recordings. Stay clear of annoy-
ance from background noise and insure best
possible performance by demagnetizing with
Robins Head Demagnetizer HD-6 list $10.00.

ROBINS NEWEST BOOKS!
“TELEVISION TAPE RECORDING”
by George B. Goodall (48 pp. illus.) TE-48
A semi-technical book by ROBINS on meth-
ods and techniques in the amazing new
field of Video Tape Recording, just pub.
Price $1.00.
“HOW TO GET THE MOST OUT OF TAPE
RECORDING’’, by Lee Sheridan (TE-128)
128 pp. illus. For the non-professional
recordist, describes developments in stereo,
how to buy and operate a tape recorder, etc.
“TAPE EDITING AND SPLICING’’ (TE-24)
24 pp. illus. $.35

SEND FOR FREE CATALOG

AT DEALERS EVERYWHERE!
ROBINS Industries Corp. '
Flushing 54, N. Y. A
Att.: Miss Rose !
Please send catalog to:
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¢ Address . S,
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Circle 82A

OUTPUT TRANSFORMERS

(from page 32)

can be minimized by working the trans-
former core at a low magnetic flux
density.

KEddy-current losses are the second
component of the iron loss and are
found to be proportional to (flux den-
sity)? and (frequency)? Their origin
is interesting. Very early in the present
discussion it was noted that an E.M.F.
was induced in the turns of a ecoil by
the alternating magnetic field “flowing”
throngh the coil. On looking again at
Fig. 5 it will be seen that the iron core
itself constitutes a large single turn and
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WHY STAND ON
YOUR HEAD?

Some people practically do, but
not the owners of the beautiful
new MOVICORDER. Tape
editing is convenient and easy
because the tape moves up and
over the heads in clear view.
But...this is only one of the
many advantages of owning
the MOVICORDER.

0000

The MOVICORDER can be seen
and heard at authorized dealers
or write direct to...

MOVIC COMPANY. INC.

12432 SANTA MONICA BLVD.
LOS ANGELES 25, CALIFORNIA
Circle 82B
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Fig. 5. Eddy current paths are at right
angles to the flux path.

thus current will tend to flow in a eircu-
lar path aeross the iron core section at
right angles to the direetion of the mag-
netie field. Power is absorbed from the
source to supply the IR losses due to
this current flowing in the iron path.
The circulating eurrent and hence the
losses can be reduced by increasing the
resistance of the path taken by the cur-
rent, a result that is generally achieved
by laminating the iron cirenit so that the
circulating current must pass across the
relatively high vresistance contact be-

fween laminations. It was also noted
that the losses are proportional to (flux
density)? and thus the losses can be
greatly minimized by designing the
transformer to work with a low flux
density.

The copper losses need little deserip-
tion. If a current of I amps flows in a
resistance of R ohms, then there i1s a
total power loss of I*R watts dissipated
as heat in the resistance. In an audio
transformer there are power losses in
the primary coil due to the signal cur-
rent and due to the current required to
supply the iron losses. In the secondary
winding there are losses due to the signal
current flowing around the voice-coil
circuit. A more complete analysis shows
that all the losses are not so simply ex-
plained as in this preliminary disceussion
but the explanation is adequate at this
stage.

The losses grouped together under
item 3 are perhaps a little more trouble-
some to understand but the problem is
greatly eased by the introduction of an
equivalent circuit, a technique much
used in the study of valve circuits. The
basic practical cirenit of an output
transformer in the anode of a single
valve is that of Fig. 1. The first step in
producing an equivalent cireuit is to re-
move all those items that do not affect
the signal-frequency performance of the
cireuit, the aim being to simplify the
cirenit by reducing it to the bare essen-
tials in order that the effect of each
component should be more clearly seen
and understood.

TO BE CONTINUED

AUDIO ETC

(from page 14)

stroke, you see, was that with this new
(and legitimate) center-emphasis, it be-
came possible to yell about three channels.
What else, if you add something in dead-
center, with something on cach side? That
makes three, does it not?

You know, T have a suspicion that maybe
a few of the admen don't even know they
are misrepresenting anything. There are
three output “channels” of sorts and how
is an advertiser to know what really gives,
in audio terminology? Wishful thinking,
perhaps, but it is easy enough to go along
with the new designation.

Especially when “three-channel” makes
that silly old two-channel sterco of 1959
sound so utterly obsolete. Most of it is,
alas.

* % % %

Just for the record, let’s say it again
(and I'll cease fulminating for months
and months, maybe).

If from the very first we all had quietly

stated that stereo—any stereo—requires at
least two well-separated and identical
speaker systems, of exactly equal impor-
tanee, people would have learned to get
along with the idea. Good results would
have “sold” stereo itself on its own good
merits.

It remains true to this very moment
that the best, the very best, stereo repro-
duetion uses two well-separated, identical
speaker systems. Period.

If we don't get this over to the public
pretty soon, there’ll be four-channel, five-
channel and finally—you guessed it—=Super
Ultramono.

2. SHERWOOD AM-FM

A brace of Sherwood components came
in a few months ago, the first I'd had a
chance to try, and herewith an in-use re-
port on one of them, the well-known Sher-
wood tuner, in this case the S2000 II,
AM-FM model.
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Output Transformers

An easy-to-understand discussion of the factors that
affect the performance of all output transformers.

Though it seems a drastic step, all the
high-voltage cirenitry ean be removed.
Indeed when the performance of the
valve and transformer is being consid-
ered, the whole of the valve circuit—
valve, bias resistor and its shunt ca-
pacitor, grid capacitor, and grid re-
sistor—ean be removed and replaced by
a single resistor having a value equal to
the slope resistance r, of the valve under
its working condition. However, the
valve is an active device in that it pro-
duces signal power and thus we have to
add to our slope resistance r, a gener-
ator that we can assume to produce the
same power as the valve. When this is
done the whole of the cireuit inside the
dotted box can be replaced by the two
devices in (B) of Fig. 6, a resistor 7,
and a generator, the combination ap-
pearing as a power generator having no
resistance in series with a resistance
equal to the valve slope resistance.

The output transformer itself is again
a little more troublesome. The praectical
circuit is that of (A) in Fig. 4, two
separate windings coupled by the iron
core with the second winding supplying
power to the loudspeaker. A start ean
be made by substituting a resistor Ryg4
for the voice coil to give (B) of Fig. 4,
but at the moment the next step will
have to be taken on trust for later veri-
fieation. The transformer ratio, usually
denoted by the symbol #n, has no effect
on the frequeney response, so to avoid
baving to multiply every impedance by
n? it is simpler to assume that the turns
ratio is 1:1, the two windings having
equal numbers of turns.

As was seen earlier in this discussion,
a load resistor of, say, 1000 ohms con-
nected across the secondary of a 1:1
transformer has exactly the same effect

* Technical Director, Goodmans Indus-
tries, Ltd., Wembley, Middz., England.
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Fig. 4. When the ratio of primary to

secondary turns equals n, the trans-

former and resistance of (A) can be re-
placed by (B), where R, = n?R,.
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Fig. 6. Practical single-ended output circuit, (A), and its equivalents; (B), simplest
form; (C), at low frequencies; (D), between 150 and 4000 cps; (E), final equivalent
circuit at frequencies below 150 cps.

as the same resistance connected across
the primary winding, at least at the low-
frequency end of the audio range. The
practical circuit has now been reduced
to the much simpler cireuit of (C) in
Fig. 6 the transformer and speaker
voice coil being reduced to a resistor Rj,
and an inductance L, in parallel, the
inductance being that of the transformer
primary winding measured at some low
audio frequency with the secondary
winding open circuited.

If the generator is assumed to produce
constant volts at all audio frequencies,
the variation of voltage across R; and
L, will follow exactly the same law as
the variation with frequency of the volt-
age across the loudspeaker voice coil in
the practical circuit. This is the simpli-
fication that is desired.

Even without putting values on Ry, it
is easy to see the sort of frequency re-
sponse that will be obtained at low fre-
quencies and to get an idea of the design
steps that are necessary to get a flat re-
sponse. With the generator (an a.f. oseil-
lator) set to a near-zero frequency, cur-
rent will flow around the circuit and the
generator voltage will be dissipated
across r, in series with R; and L, in
parallel. The voltage across Ry and L,

will only be a small fraction of the total
generator voltage for the reactance of
L,. (Xp=2nfL,) will be small,

As the generator frequency is in-
creased the reactance of I, will increase
{being directly proportional to fre-
queney) until at some higher frequency
the reactance will be much higher than
Ryp. At, and above this frequency, the
inductance L, can be removed for it has
no effect on ecircuit performance and the
circuit then consists of the generator
and two resistors, and R;. At these fre-
quencies the equivalent circuit r, will be
that of (D) in Fig. 6, the output voltage
will elearly be

By,

V,=V;x
° : T0+RL

and will be constant at this value at all
higher frequencies (though see the later
comment about high-frequency re-
sponse). The requirements for a flat re-
sponse are now fairly clear; the indue-
tance of L, should be sufficiently high
to ensure that it does not shunt current
away from Rj for when the current in
Ry, falls the voltage across Ry, falls and
the frequency response begins to de-
teriorate.

The more technically minded will see
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Fig. 7. Basic output transformer characteristics. f

., is the frequency at which the

reactance X, is equal to the resistance R, and f, is the frequency at which the loss
is to be determined.

a flaw in this reasoning. At those low
frequencies where the reactance of I,
is low compared to R;, the total cireuit
impedance will fall and the ecurrent
drawn from the constant-voltage gen-
erator will rise and thus tend to main-
tain constant the voltage across R; and
L,. A detailed analysis shows that this
compensating effect can be exactly al-
lowed for by assuming that the gener-
ator resistance has a value lower than
the slope resistance r, and in faet is
equal to the valve slope resistance r,
and the load resistance R in parallel.
The equivalent circuit then reduces to
that of (E) in Fig. 6 and has the same
voltage/frequency relation for V,/V; as
the appreciably more complex -eireuit
of (A) in Fig. 6, an effective demon-
stration of the advantages of equivalent
circuits.

In a simple circuit such as that of (E)
in Fig. 6, it is fairly easy to see that V,,
will tend to approach ¥; as the reactance
of L, becomes large relative to the re-
sistor R, The reactance X =2xnfL, is
directly proportional to frequency and
thus it is clearly going to be difficult to
maintain X, large compared to R,
down to such very low frequencies as a
few cycles per second. When transform-
ers are used there is no alternative to ac-
cepting a frequency response that falls
away at low frequency, but the fre-
quency at which the falloff commences
can be moved down to any desired fre-
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Fig. 8. Typical lamination shape.
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quency by increasing the value of L,.

For reasons that will emerge later, it
is usunal to take as the cutoff frequency,
that frequency at which the reactance of
L, equals the resistance R,, this being
the frequency at which the output is
down by 3 db. This is an arithmetical
simplification rather than the point in
the frequency range at which there is
a significant cutoff, for the power output
i3 only falling away at the rate of 6 db
per octave.

The shape of the frequency response,
i.e. the relation between the ratio V,/V;
and frequeney, is controlled by the ratio
of X;, to R, and thus is unalterable. All
output transformers have the same shape
of frequency response but a good trans-
former is up to its level value at a very
low frequency whereas a poor trans-
former does not achieve its “flat” value
until a mueh higher frequeney is
reached. It is convenient to display this
universal response in the form of a
single curve Fig. 7, f, being the fre-
quency at which the reactance X, of L,
equals the resistance R, From this it
will be seen that at this cutoff frequency
where F;/F,=1, the loss is 3 db, but at
half this frequency the loss is only 7 db.
Some of the simpler relations are given
in Table I.

Some realism is put into the picture
by taking a look at the sort of values of
primary inductance L, that are required
in practice if a flat frequeney response
is to be obtained. The two EL34’s used
in the earlier example require an anode-
to-anode load of 3400 ohms and have a
quoted slope resistance r, of 15,000
ohms, though as a push-pull stage is
being considered the effective source re-
sistance can be taken as 30,000 ohms.
This is some ten times the required
anode-to-anode load, a relation typieal
of tetrodes and pentodes and it results
in the effective generator resistance R,
being 3000 ohms, only slightly lower

than the required anode-to-anode load
3400 ohms. If it is decided to allow a
loss of 3 db at 50 cps the reactance of
the primary induetance L, must also be
3000 ohms at this frequency and L, is
then 3000 (2rmx50)=10H approxi-
mately. If the 3-db point must be at 10
eps, then the inductance must be five
times higher or 50 henries.

Practical Design

While dealing with a specific example
it is worth ecaleulating the number of
turns and the size of transformer re-
quired to obtain the primary inductance
suggested. Any required value of in-
ductance can be obtained in either of
two ways; a small number of turns on
a large iron core, or a large number of
turns on a small iron core. A large core
and few turns should result in small sig-
nal power losses and a high price, with
the converse being true if a small core
and a large number of turns are adopted.
The choice of core size is thus somewhat
arbitrary unless the permissible power
loss can be specified. An examination of
the lists of some of the leading manu-
facturers shows that their high-quality
transformers have an over-all volume of
about two cubie inches per watt, sug-
gesting that a 114-in. stack of the lami-
nations shown in Fig. 8 will handle 20
watts, though this is a point that will be
checked more closely at a later stage
when the distortion produets are being
studied.

The inductance of a coil wound on a
closed iron core such as Fig. 3 is given
(but only approximately) by

32T A
L= (3)
where T =number of turns.
A =eross sectional area of core.
w = permeability of core.
I=length of flux path.
(all dimensions in inches)

All the factors that appear in this
formula are unambiguous except u, the
permeability of the core material, and
this is difficult to specify because the
permeability of any of the usual core
materials is a function of the core flux
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Fig. 9. Typical relation between core flux
density and permeability for transformer
steel.
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Suitable only for transformers dealing
with a restricted frequency range.
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density. Typical variations in permea-
bility with flux density taken from the
data sheets in a manufacturer’s lists, are
illustrated by Fig. 9, but experience
shows that these permeability values
are not achieved under working condi-
tions. Data for these curves are invari-
ably taken on ring samples without air
gaps and after annealing. Laminations
punched from the same material are
rarely annealed after punching, are then
assembled with air gaps that are small
but unavoidable and finally used in
transformers that ecarry small unbal-
anced anode eurrents, all important fae-
tors in reducing the permeability below
the ring-sample value. It is more real-
istic to use permeability values that are
half those read from Fig. 9 when ecaleu-
lating the winding inductance from Kg.
(3). The permeability will be seen to
vary by a factor of about five times over
a range of flux densities between 200
and 5000 gauss.

The inductance of the primary wind-
ing will also vary with flux density by
the same factor of five times, so that the
frequeney response will change with
power output unless the inductance
measured at some low flux density is
adequate to maintain a flat response.
The choice of an appropriate flux den-
sity and the related value of permea-
bility is somewhat arbitrary but if a
value for n of 1500 corresponding to a
core density of 500 gauss is used, the
final performance is likely to be very
acceptable. However, this problem of
core density will come up again at a
later stage when harmonie distortion is
being considered.

Using the two cubic inches per watt
figure it might be expected that a 1%4-in.
deep stack of the laminations shown in
Fig. 8 would handle 20 watts with ease.
The core area of a 1%-in. stack is
roughly 114 sq. ins. and the iron path
length 8 inches. Inserting these values
into Eq. (3) shows that about 1100 turns
are required to give an induectance of 10
henries while 2400 turns are necessary
to obtain 50 henries. When harmonic
distortion is considered at a later stage,
it will be shown that in general the pri-
mary inductance required to hold har-
monic distortion to an aceeptably low
limit automatically ensures a good fre-
quency response.

The specified number of turns can be
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wound on to the core as a single coil
having the secondary turns wound on
top as in Fig. 10, though this is not the
usual practice when a transformer hav-
ing a high-quality performance is re-
quired. Why is this simple (and there-
fore low priced) construetion not
adopted? The answer is that the relative
disposition of the two windings on the
core controls the high-frequency per-
formance, an aspect of the design prob-
lem that ean now be considered.

It is best approached by returning to
the first section of this discussion deal-
ing with the choice of turns ratio. Tt
was then stated that all the magnetic
flux produced by the primary winding
was confined to the core and thus inter-
linked both coils. When the turns ratio
and number of turns are being consid-
ered, this assumption is perfectly valid
but when the high frequency perform-
ance is under examination the assump-
tion is too sweeping. In the simple ex-
ample of Fig. 11 magnetic flux lines
emerging from the top of the coil have
two alternative paths that can be fol-
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Fig. 11. Paths of working and leakage
fluxes in basic transformers
lowed back to the bottom of the coil.
The designed path is that through the
iron core, the path that is followed by
the great majority of the magnetic flux.
However, a very small proportion of the
total flux leaks out of the iron and fol-
lows paths through the air as indicated,
with the result that all the flux from the
primary winding does not link with all
the turns from the secondary winding.
In a good transformer as much as 99.9
per cent of the flux from the primary
winding links with the secondary but the
remaining 0.1 per cent is responsible for
the majority of the high frequency
losses. A return to the equivalent eir-
cuit of (C) in Fig. 6 will ease the ex-

planation.

The primary inductance I, appears
in parallel with the load resistance Rj
but above a quite low frequeney (50 to
150 eps) the reactance of this inductance
becomes so high in comparison to the
resistance R; that the current shunted
off the load resistance becomes quite
negligible. Above this frequency, L, has
no effect on the frequency response
which is then determined by the resist-
ances r, and R and is thus independent
of frequency, the conclusion arrived at
when discussing the low-frequency per-

formance. A flat frequency response is
maintained up to frequencies of a few
thousand eps but it then begins to fall
away again, an effect that is not pre-
dicted by the equivalent cireuits as they
stand in Fig. 6. The missing element is
an inductance that represents the effect
of the magnetie flux which strays from
the iron path and thus fails to link both
coils. It is omitted from Fig. 6 because
it has no effeet on the performance of
the transformer at low frequencies.

The clearest mental picture is obtained
by assuming that the whole of the flux
produced by the primary winding by-
passes a few of the secondary turns,
leaving these few turns as an inductance
outside the transformer and in series
with the secondary load resistance Rj.
It is really immaterial whether we con-
sider that 99 per cent of the flux links
with 100 per cent of the secondary turns
or that 100 per cent of the primary flux
links with 99 per cent of the secondary
turns, for it is the product of (flux) x
(turns) that is important; but a clearer
picture of the process is given by the
second approach. The inductance that
exists as a result of the failure of the
primary flux to link all the secondary
turns is generally known as the leakage
inductance and can be measured on any
of the standard a.c. bridges by short
circuiting the secondary terminals and
measuring the inductance that appears
at the primary terminals. The same final
answer is obtained if the primary termi-
nals are shorted and measurements made
at the secondary terminals but the two
measurements will differ in the ratio of
the (turns ratio)Z2.

The general effect of this leakage in-
ductance on the frequeney response is
now fairly easily seen from a considera-
tion of its position in the equivalent eir-
cuit ‘where it appears in series with the
secondary load resistance Ry as in Fig.
12. As the signal frequency rises, the
reactance of Lg, rises proportional to
frequency, eventually becoming com-
parable in value to the secondary load
resistor Ry, and with further inecrease in
frequency the reactance of Lgy will ex-
ceed R;. The signal voltage produced
by the generator is now divided between
three circunit elements—, the equivalent
resistance of the generator, Ly the leak-
age inductance, and R; the secondary
load resistance—and therefore ¥, will
fall off with inerease in frequency at
the rate of 6 db per octave.

Lsc

‘ +

Fig. 12. Equivalent circuit at frequencies
above 4000 cps.
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Fig. 13. Further subdivision of windings to reduce leakage reactance.

The point in the frequency range at
which the falloff begins to be significant
(rather arbitrarily, the frequency at
which the response is 3 db down) is a
function of the ratio of the reactance of
Lgo to the combined total eircuit resist-
ance 7,+ R;. When Xgo=2rfLgo=r,+
Ry, the loss is 3 db and increases at the
rate of 6 db per octave as shown at (B)
in Fig. 7. The similarity between the
relations governing the high-frequeney
loss and those governing the low-fre-
quency loss will be apparent on com-
paring (A) and (B) in Fig. 7.

Leakage Reactance

Clearly if the response is to be well
maintained up to the highest frequencies,
Lge must be reduced to a minimum so
the factors that affect Lg, will now be
considered. Little thought will be re-
quired to decide that the leakage induet-
ance will increase as the number of turns
on the windings increase, following the
normal law that inductance is propor-
tional to (turns)?. Advantage cannot be
taken of this relation to reduce the leak-
age inductance, for as we have seen
earlier the total turns are fixed by the
response that is desired at the low-fre-
queney end of the range. The alternative
course of action is to reduce the amount
of leakage flux from the primary that
fails to couple with the secondary wind-
ing. This is a question of bringing the
secondary winding as close to the pri-
mary winding as is physically possible.
Some possibilities will be eonsidered.

The worst possible arrangement is
that of the elementary transformer of
Fig. 11 where the primary winding is
arranged on one limb and the secondary
winding on the other limb. Leakage flux
then follows the path shown and may
amount to an appreciable fraction of the
total flux. It may be greatly reduced by
winding the secondary on top of the
primary winding as shown in Fig. 10
and abandoning the core type of lamina-
tion shown in Fig. 11 in favour of the
shell type of Fig. 8. Magnetic leakage
then follows the path shown in Fig. 10
and will obviously be a great deal less
than in the simple arrangement of Fig.
11. Further reduction in leakage may
be achieved by dividing either winding
into two halves and disposing them
about the other winding. This technique
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of sub-division may be ecarried still fur-
ther, both primary and secondary wind-
ings being sub-divided into sections and
interleaved. Some typical arrangements
are shown in Fig. 13. That of (B) has
particular advantage in push-pull eir-
cuits in that the two half primaries ean
be made to have the same resistance by
using P/4 and P/4 in series for one
half primary, with P/2 for the other
half. This also equalizes the leakage
inductance from either half primary
into the secondary.

There are two alternative approaches
to the problem of reducing leakage in-
ductance that are worthy of comment.
Reduction of the spacing between the
primary and secondary sections is clearly

r=MEAN
RADIUSF

Fig. 14. Dimensions required for calcula-
tion of leakage inductance.

an advantage but a limit to this tech-
nique is set by the necessity of providing
interwinding insulation between the sec-
tions capable of withstanding the plate
supply voltage and signal voltage excur-
sions. It is usual to operate amplifiers
with the secondary winding at or very
near ground potential but with the pri-
mary winding at B+ potential. The
newer insulations with high dielectric
strengths that are now appearing offer
considerable advantages in reducing the
thickness of the intersection insulation.

The leakage inductance of any partic-

ular arrangement of coils can be caleu-
lated with a moderate degree of accuracy
and it is worthwhile examining the rela-
tionship for the light it throws on the
factors responsible for leakage. A simple
formula that gives good agreement with
measured values is

2
Lsg:3‘2xT2X%.
a4, -8
(S+3+3)x10 H.

the symbols having the meaning shown
in Fig. 14. From this it will be seen that
the leakage inductance is increased by
an inecrease in the radius » of the wind-
ing, by an increase in S, the spacing be-
tween coils or decreased by an increase
in I, the wound length of the coil. A
lamination having a long narrow window
such as that of (A) in Fig. 15 will give
a lower leakage inductance per turn
than one with a square window such as
that at (B). This is not quite the ad-
vantage that it appears at first sight, for
laminations with long windows tend to
have long iron paths and thus have a
lower primary inductance L, per turn
than one with a square window. Never-
theless there is an advantage to be gained
by an appropriate choice of lamination
shape.

Distortion

The last performance characteristie to
be discussed is the generation of har-
monies and intermodulation distortion
by an iron-core device. This is not such
a well understood subject and in conse-
quence will be covered in rather greater
detail than was thought necessary for
some of the earlier characteristics.

How does distortion arise in an iron-
cored device? TFundamentally it is due
to the non-linear relation between the
magnetizing forece H and the resultant
flux density B produced in the iron core,
but it is also due to the presence of
hysteresis in magnetic materials.

In an ideal magnetic material, the
magnetizing force H would produce a
magnetic flux density B proportional to
H. Thus if H were doubled (by doubling
the current or the number of turns) B
should double. Moreover, B should have
the same value for any particular value
of H, irrespective of the direction in
which the current flows in the magnetiz-

YIS I I
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Fig. 15. Laminations having long windows (A) have lower leakage inductance than
those having square windows as at (B).
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Fig. 16. Typical B/H relation for iron

laminations.

ing coil. Neither of these requirements
is met in a magnetie circuit that con-
sists wholly of magnetic material. What
does happen is illustrated by Fig. 16, a
typical B/H relation for a transformer
steel,

Starting from zero current in the
magnetizing ‘winding, but with the iron
path magnetized by the previous eyeles
of the supply, the flux density in the
iron rises roughly proportionately to the
current up to point e in Fig. 16 then
less than proportionately from a to b,
and finally saturates at ¢; very large
inereases in magnetizing current are
then required to produce very small
increases in flux, If the direction of the
current flow is reversed, B commences to
fall, not along the path ¢, b, a, but along
a new path, d, e, f, where the values of
B are always higher than were obtained
for the same values of I when H was
increasing. The magnetizing current
must be reversed to reduce B to zero at
f, a symmetrical path g, h, 4, &, I then
being traced as H inereases to a negative
maximum, reverses, and returns to zero.
The point of importance is that the path

followed by the value of B encloses an’

area instead of merely following a
straight line. From the B/H relation of
Fig. 16 it may be deduced that a sinu-
soidal magnetizing current in the pri-
mary coil will not produce a sinusoidal
flux waveform in the iron circuit. As the
secondary voltage is proportional to the
rate of ehange of flux, a sinusoidal sec-
ondary voltage can only be produced by
a sinusoidal flux waveform and this will
in turn only be produced by a non-
sinusoidal current wave in the primary
winding.

At this stage it would appear that an
impasse has been reached for distortion-
less reproduction demands that a sinu-
soidal voltage on the grid of the output
valve produces a sinusoidal voltage
across the output transformer secondary,
though it has been shown that this result
can only he achieved by supplying a
non-sinusoidal current to the transformer
primary. However, the impasse is only
the result of shallow thinking about the
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problem as it may be shown that if the
impedance of the source is very small, a
sinusoidal voltage applied to the trans-
former primary will result in a non-
sinusoidal primary current, a sinusoidal
flux waveform, and a sinusoidal second-
ary voltage. The significant point is
contained in the phrase “if the resistance
of the source is very small” and the
question that immediately jumps to
mind is, how small? There are few
abrupt discontinuities in nature and it
is unlikely that the distortion will prove
to be zero when the souree resistance is
zero and yet rise sharply for very low
values of source resistance. Common
sense is right on this point. A detailed
analysis shows that the percentage dis-
tortion is related to the ratio of cireunit
resistance to the inductive reactance of
the primary winding of the transformer
and is a funetion of the maximum flux
density at which the iron is worked.
This latter result is to be expected for
there is a fair degree of proportionality
between I and the resultant B if the
flux density is not allowed to exceed
point @ in Fig. 16. Unfortunately a low
flux density means a large core and an
expensive transformer.

The advantages of a low-resistance
gsource in minimizing harmonic distor-
tion are less obvious and need a more
detailed explanation. If a generator of
zero resistance and a sinusoidal voltage
waveform supplies eurrent to a resistive
load, both the current and voltage have
sinusoidal waveforms. When the resist-
ance load is replaced by an induectance
the voltage waveform remains sinusoidal
but the current waveform is distorted by
just the right amount to produce a sinu-
soidal flux waveform and thus a sinu-
soidal secondary voltage waveform. The
primary eurrent wave is then found to
contain a high percentage of third, fifth,
and seventh harmonies. In an inter-
mediate condition when the ecireunit con-
tains some resistance, the eurrent drawn
from the source is less distorted but the
distortion of the voltage waveform is

increased. In general any resistance in
the cireuit prevents the inductance draw-
ing the harmonie currents it requires to
maintain a sinusoidal flax waveform, If
2 sinusoidal flux waveform is not main-
tained then the waveform of the second-
ary voltage will be non-sinusoidal.

When considering the low-frequency
response of a transformer it was shown
that the resistance that controls the re-
sponse is the parallel combination of the
source and load resistances. The same
parallel combination also controls the
harmonie distortion that is generated.
If the transformer is a poor example
with high resistanee windings these wind-
ing resistances must be added to the load
resistor before working out the parallel
combination.

Most of the manufacturers of trans-
former steels have produced eurves show-
ing the relationship between distortion
and the ratio of the effective circuit re-
sistanee to the reactance of the primary
winding. Typical curves for a 4 per
cent silicon steel commonly used in high
quality transformers are shown in Fig.
17. The most significant information to
be obtained from the eurves is the very
high distortions that oceur even at low
flux densities when the souree resistance
is eomparable with the reactance of the
transformer primary winding. Earlier in
the contribution it was shown that a
transformer having a primary induct-
ance of only 10 henries would have a
frequency response only 3 db down at
50 eps when used with two EL34 valves
working into a load of 3400 ohms. It is
interesting to ealculate the harmonie dis-
tortion that is produced if such a trans-
former is used.

At a frequency of 50 eps an induet-
ance of 10 henries has a reactance of
3140 ohms, approximately equal to the
effective generator resistance when using
two EL34’s in push-pull. The left hand
curve for oL =R is then appropriate.
The core flux density when the power

(Continued on page 68)

Fig. 17. Third-har-

monic distortion in
the voltage across
L as a function of

the flux density B
for values of w; /R.
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postulated a large flat diaphragm, and
because we did it had to become a heavy
one. Since the diaphragm turned out to
be a heavy one, it became tightly sus-
pended, and so the radiator cirele closes
in on itself.

While this discussion has been mainly
about the low-frequeney portion of the
Bi-Phonie Coupler, let it be said that
the high-frequency aspects have not been
neglected. These are handled by a tweeter,
seen in Fig. 1 as the small cirele in the
upper corner of the panel. Tt consists of
a deep-molded phenolie dome serving as
a semi-direct radiator with a erossover
at 2000 eps. The entire system has an

impedance of 8 ohms, and will handle
powers up to 50 watts.

Objectively, the live room response
curves shown in Fig. 5 indicate that the
analysis from which the bi-phonie cou-
pler was derived was basically correct,
and that it is possible to get excellent
low-frequeney response from a stiffly
suspended heavy immobile, unbaffled
radiator. Subjectively, several dozens of
listening sessions with outside personnel
have without exception credited the bi-
phonic coupler with a “freeness”, or
“largeness” of sound as against the
limited spaciousness of the boxed sys-
tems. £

TRANSFORMERS

(from page 42)

cutput is up to the rated figure of 20
watts may be computed (see appendix)
to be approximately 10,000 gauss, a
value that is well off the eurve but it
will be seen that the harmonie distortion
is up to 12 per cent for a flux density
of only 3000 gauss and continues to
increase rapidly at higher flux densities,
a quite intolerable result for a high-
quality transformer.

The alternative discussed was to use a
transformer having a primary induect-
ance of 50 henrics and thus having a re-
sponse that is flat down to about 10 eps.
Reference back to the earlier discussion
indieates that such an induetance would
be achieved with a primary winding of
2400 turns on the same core. The in-
creased turns bring the core flux density
on full load (20 watts) down to about
4500 gauss, the core material having an
effective permeability of about 3200 at
this flux density. The resultant primary
induetanee has then risen to about 110
henries, making the ratio of primary
reactance to effective source resistance
approximately 11.5 at 50 eps. Extra-
polating the curves on Fig. 17 it is
found that the harmonie distortion is
about 1.7 per eent at full load, a very
considerable improvement in perform-
ance,

These figures make it quite clear that
when a high-quality amplifier is being
designed, the frequeney response must
extend well below the nominal lower
frequeney limit required by the signal
spectrum if harmonie distortion is not
te be intolerably high on low-frequenecy
signals. In this particular, though typi-
cal, example, the response must be flat
down to 10 eps in order to achieve dis-
tortion values as low as 2 per cent at
50 eps.

The reduction of flux density appears
advantageous in reducing harmonic dis-
tortion but to a great extent this is an
illusory advantage. Provided that the
flux density is kept below about 5000
gauss at full rated power, there is little

to be gained by further reduction, for
though reference to Fig. 17 would sug-
gest that the distortion is falling as the
flux density is reduced, it must be re-
membered that p and in consequence the
primary inductance L, and the ratio of
oL to R is also falling. Thus there is no
very significant reduction in the per-
centage harmonie distortion percentage
as the maximum flux density is reduced.
None of the alternative core materials
at present available offer hope of any
significant improvement in this situation.

The curves of Fig. 17 also suggest that
distortion can be greatly reduced by
decreasing the effective resistance of the
source. At first thought, tetrodes and
pentodes appear appreciably worse than
triodes in this respect but further in-
vestigation does not always support this
view. Two EL34’s have an effective slope
resistance of 30,000 ohms as pentodes in
push-pull but only 6000 ohms connected
as a pair of triodes, but it should be
remembered that the effective source
resistance from the point of view of
harmonie generation is the parallel com-
bination of valve resistance and load
resistance. As pentodes, two EL34’s re-
quire an anode to anode load of 3400
ohms, making the effective source resist-
ance about 3000 ohms. As triodes the
valve slope resistance had dropped to
6000 ohms but the optimum load has
risen to 10,000 ohms, making the effec-
tive source resistance about 3,700 ohms,
Thus in this instance triode connected
valves are slightly worse than the same
valves pentode connected.

Ultra linear operation of pentode or
tetrode valves offers a significant reduc-
tion in effective source resistance, an-
other reason for the obsolescence of
“straight” operation of pentodes or

tetrodes. Negative feedback, either over:

the whole amplifier as a distortion re-
ducer, or from the anodes of the output
valves back into the cathode circuit of
an earlier valve as a source impedance
reducer, has great advantages and is in
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fact the only method of obtaining dis-
tortion values in the region of 0.1 per
cent at full rated load.

APPENDIX

The flux density B in a transformer core
can  be caleulated from the following
cquation

B V x 10°

T14dfT 4

where B = flux density
¥V =voltage across winding
f =frequency
T =number of turns on winding
A =core area sq. ems,

lines/sq. em.

In the example used in the discussion V
is the voltage developed across the anode
load R, of 3400 ohms at the rated output
power of 20 watts. This is

V=VWZR,=V20x3400=260V.
Using a core having an area of 1.5 sq. ins.
(10 sq. ems.) and the 2400-turn winding,
the core flux density B at a frequency of
50 eps is

260 x 10°

Y T el

At this value of flux density the effective
permeability may be taken as 3200 and the
inductance of the 2400-turn winding is
then

T 3.2 x 2400° x 3200 x 1.5
p=

T — = 110 Henries.

L at 50 eps=34,400 making oL/R=11.5
The distortion where B =4900 lines/sq.
em. and L/R =11.5 is, from Fig. 17, ap-
proximately 1.6 per cent. E
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