How an Output Transformer
Causes Distortion

NORMAN H. CROWHURST*

The operation of audio transformers has long been surrounded with an aura
of mystery. This article distinguishes the different forms of distortion an
output transformer can produce, and gives some simple measurement methods.

he use of audio transformers has
Tlong‘ been deprecated on the grounds

that they cause distortion. In fact
the output transformer seems to he al-
most the sole survivor of the species
and many attempts have heen made to
do without even this. A few amplifiers
have been designed to dispense with the
output transformer, apparvently in the
belief that the output transformer is the
principal remaining cause of distortion.

Careful analysis will usually show that
the tubes introduee more distortion than
the output transformer would have and
that a well-designed amplifier using the
conventional output transformer ecan
achieve a much lower order of distortion
than is possible without one.

A few simple faets about transformers
seem to get overlooked: when tube ecur-
vature causes distortion it distorts all
frequencies; but the distortion a trans-
former causes due to nonlinearity of its
magnetizing current is concentrated at
the low-frequency end. The worst trans-
former made will not distort the middle
frequencies and the way it distorts at
both lower and higher frequencies is one
of the things we shall clarify in this
article.

But, surely, someone will say, a trans-
former can cause distortion at middle
frequencies? “I remember replacing a
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Fig. 1. Usual method of measuring out-
put power consists of calculating the
watts dissipated in a load resistor con-
nected to the secondary of the output
transformer. While this is the available
power output, the output tubes actually
deliver a little more than this.
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In Two Parts — Part 1

transformer, and the replacement would
not give so much power without distor-
tion as the original did.” Doesn’t this
prove that the transformer distorts at
the middle frequency? To understand
the cause of this experience, let’s con-
sider the effect of transformer efficiency
on amplifier performance.

The Importance of Efficiency

Amplifiers are rated to give a certain
maximum output, determined by the
performance of the output tubes. How-
ever, the output power is always meas-
ured on the secondary side of the output
transformer, as shown at Fig. 1.

A good output transformer is prob-
ably about 95 per cent efficient. This
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Fig. 2. Connecting a suitable load re-

sistor on the primary of the output trans-

former to measure power avoids some

of the loss in the output transformer, but

the tubes still have to supply the core
loss.

means that, if the amplifier gives 50
watts output, measured on the secondary
side of the transformer, there must be
nearly 53 watts output delivered to the
primary side from the output tubes.
The output tubes are having to give
nearly 53 watts output for us to measure
a good 50 watts.

This is a little difficult to verify by
actual measurement. The simplest step
towards it is to remove the secondary
resistance load and apply a plate-to-
plate load on the primary, as at Fig. 2.
If the secondary load was 16 ohms and
the transformer refers this back to be,
say, 6000 ohms plate-to-plate resistance,

then a 6000 ohm vresistor, of at least
50 watts dissipation, should be connected
across the primary. The power is now
delivered by the output tubes directly
to the load, without passing through
the output transformer, and can now
be measured in the 6000-ohm resistor.

But all of the losses in the output
transformer have not been removed by
transferring the load from the secondary
to the primary. The transformer core
loss 1s still present. If, of the 3 watts
lost in the transformer, 1 watt is due
to core losses and 2 watts to losses in
the winding resistances, we shall only
measure 52 watts in the load comnected
to the primary, hecause the odd 1 watt
will still be lost in the core.

This discussion is bhased on a trans-
former having an efficieney of 95 per
cent. A H0-watt output transformer with
an efficiency of 95 per cent, and a really
good frequency response from 20 to
20,000 ¢ps, is going to be fairly large
and expensive. A 5 per cent power loss
is only 0.2 db, so some will argue that
we can accept a transformer of 90 per
cent efficiency, which still represents a
loss of less than 0.5 db, in order fto
achieve better quality in terms of fre-
quency response, at a size and cost that
is more reasonable. From some aspects
the second ftransformer could he re-
garded as a better-quality job than the
first, but . . .

Supposing we have made a substitu-
tion of a 90 per cent efficiency trans-
former into an amplifier that originally
used a 95 per cent transformer: the
tubes will still be capable of giving the
same output-—slightly less than 53 watts,
which, with a 95 per cent efficient trans-
former will deliver 50 watts on the
secondary; but with a 90 per cent effi-
cient transformer, the same tubes will
only deliver a little over 47 watts on
the secondary.

At fiest glance, this may not seem to
be a very serious loss. If you make the
measurement at 47 watts on the second-
ary, you may correctly assess its true
value. But unfortunately, output tubes
to give 50 watts quickly run into distor-
tion when they are pushed to a higher
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Fig. 3. Typical distortion characteristic
of amplifier, plotted in terms of the
power given by the tubes, to illustrate
how use of transformers of differing
efficiency can change the distortion at
rated maximum output quite drastically,
because the tubes also have to supply
the transformer losses.

level. The distortion characteristic is
similar to that shown at Fig. 3: the dis-
tortion at the 53 watts required to give
50 watts from a 95 per cent efficient
transformer may be only 0.5 per cent;
but to get the almost 56 watts needed
for a 90 per cent efficient transformer,
the distortion may rise to 214 per cent,
or even more. So, if the measurement
is made only at the 50 watt level meas-
ured on the secondary, the impression
can easily be obtained that the second
output transformer is considerably in-
creasing the distortion, as ecompared
with the first one.

Unfortunately also, many people place
considerable stress on getting the full
value of wattage stated, within the rated
distortion limit. If the output is stated
to be 50 watts at 0.5 per cent distortion,
then an amplifier is considered to be
seriously lacking if it only delivers 48
watts with 0.5 per eent distortion, and
runs up to 2 or 3 per cent distortion
when the output is pushed to 50 watts.
This viewpoint can be seriously detri-
mental to an assessment of transformer
quality, when the only deficiency in the
transformer is that it is slightly less effi-
cient: it introduces a loss of 0.5 db, or
maybe even less, instead of the original
0.2 dh. '

Low-Frequency Distortion

At the low-frequency end of the re-
sponse, an output transformer causes
distortion due to saturation of the core,
which causes a nonlinear magnetizing
current. This at one time was always
true. But in recent years, with modern
magnetic materials, and with some meth-
ods of operating tubes, the statement
needs modifying, as we shall see. First
let us see how we measure the low-fre-
quency waveform of the transformer
itself, .and what kind of results we get.

Transformer Waveforms

In Fig. 4, (A) shows the arrangement
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for measuring the magnetizing current
in a sample transformer by means of an
oscilloscope pattern. Resistor R should
be chosen so its voltage drop is a small
fraction of that across the transformer
winding, so the voltage on the winding
is also close to sinusoidal. As full line
voltage will probably be not enough to
produce saturation in the primary of
an output transformer the secondary
winding should be used for the test,
leaving the primary open-circuited and
taking care not to get too near the open
ends, which will produce a prohibitively

large a.c. voltage.

It is important to take care which
way round the Variac is connected to
the line and also to see that the ground
side of the scope does not return to the
line ground, hecause, in these measure-
ments, the scope ground is returned to
a floating point between the resistor R
and one side of the transformer wind-
ing. So take care to avoid having more
than one ground point and also avoid
metal-to-metal contact hetween the scope
case and other grounded chassis.

The type of trace that the arrange-
ment of (A) Fig. 4 gives when the core
begins to go into saturation is shown
at (A) in Fig. 5. The voltage applied
to the vertical plates is approximately
sinusoidal while the horizontal voltage
follows the magnetizing current wave-

// MAGNETIZING
CURRENT

©)

Fig. 5. Traces associated with core analy-
sis: (A) magnetizing current horizontal
with voltage vertical, using nearly sinu-
soidal voltage waveform; (B) circular
pattern to check for 90-deg. phase shift
in voltage display; (C) hysteresis loop ob-
tained by 90-deg. shift on vertical plates;
(D) waveforms displayed by normal time
base, corresponding to the patterns of
(A) and (C). Magnetic flux is shown
dotted, because this cannot be displayed
directly.

form, shown separately against a econ-
ventional time base at (D) in Fig. 5.
With a little adaptation, the circuit
can be made to display the well-known
hysteresis loop for the transformer core.
The necessary changes are illustrated at
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Fig..4. Circuit arrangements for producing the oscilloscope traces: (A) the arrange-

ment for the trace of (A) in Fig. 5; (B) connections for setting 90-deg. phase shift, by

adjusting to get circle of (B) in Fig. 5; (C) connections to use with 90-deg. phase

shift to give hysteresis loop at (C) in Fig. 5; (D) circuit with switching so that each
display can be presented in quick sequence.
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(B) and (C) in Fig. 4. When a sinu-
soidal voltage is used the magnetic flux
in the core is also sinusoidal, but dis-
placed 90 deg. from the voltage it in-
duces. So, by introducing a 90 deg.
phase shift in the vertical deflection,
we can produce a hysteresis loop.

First we have to set up the 90-deg.
phase shift. To do this, the components
shown at (B) in Fig. 4 are added and
the 0.25-megohm variable resistor and
the scope gain controls are adjusted to
obtain the cireular trace of Fig. 5. Then,
without altering the setting of the 0.25-
meg. resistor, change the eireuit to the
arrangement of C in Fig. 4, when the
hysteresis loop shown at (C) in Fig. 5
will be displayed.

This setting will give the hysteresis
loop at 60 eps, and its hehavior at dif-
ferent levels can be observed by turning
the Variae up and down. However, to
arrange the setup so that this procedure
can be repeated at different frequencies,
the switching arrangement of (D) in
Fig. 1 can be included, which provides
for making the connections shown at
(A), (B), and (C) of Fig. 4 in quick
succession. The Variac should then be
fed from a high-power amplifier that
will deliver the necessary voltage with-
out waveform distortion at the frequen-
cies required.

If you switch the scope back to regu-
lar time hase, which means the horizon-
tal input is then disconnected and the
vertical 1s displayed against time, the
waveforms shown at (D) in Fig. 5 ean
be obtained (exeept the magnetic flux
waveform, bhecause there is no means
of measuring this). Although these wave-
forms can be displayed there is no sim-
ple means of identifying the relative
phase. This is the advantage of using the
loop kind of display shown in Fig. 5 at
(A), (B), and (C).

Transformers in Tube Circuits

All of these displays use at least an
approximately sinusoidal voltage wave-
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Fig. 6. Showing the quantities displayed
in Fig. 7: (A) fed from a pentode, or high
resistance source, the current is sinu-
soidal; (B) with a lower source resistance,
neither the voltage or current is sinu

soidal. y
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form. Distortion oceurs because the volt-
age departs from the true sine wave.
This happens because the distorted cur-
rent waveform is drawn from a source
resistance that produces a volt drop. In
the arrangement of Fig. 4 we used the
Variac and the low value of resistor R
to maintain an approximate sinusoidal
voltage by avoiding this voltage drop.
But in practical amplifier cireuits the
plate resistance of the output tubes does
not allow this condition.

Pentode Outputs

A pentode is virtnally a “current”
souree, so swinging to the other extreme
for a moment, we could assume that
the current is sinusoidal, as represented
at (A) in Fig. 6. In this case the mag-
netie flux will be determined from the
hysteresis loop and the voltage, in turn,
is produced by the rate at which the flux

CURRENT
MAGNETIC

DROP ACROSS
SOURCE
RESISTANCE

(8)

Fig. 7. Waveforms in different practical
circuits: (A) with a pentode or high re-
sistance source, the current is sinusoidal;
(B) with a lower source resistance, these
waveforms are typical.

varies at any instant. The waveforms
produced are shown at (A) in Fig. 7.
Current and voltage can of course be
displayed on the scope, but the magnetie
flux we can only deduce.

These waveforms apply approximately
to a pentode output stage without feed-
back. When feedback is used, the volt-
age waveform gets fed back over the
whole amplifier so as to “correct” the
current waveform, which then is no
longer sinusoidal.

Triode Outputs

(B) in Fig. 6 shows how we can simu-
late the condition for triode amplifiers.

The input voltage, which is sinusoidal,
can be regarded as the open-circuit volt-
age at the plate. This input voltage is
that applied to the grid multiplied by
the amplification factor of the tube.
The source resistanee corresponds with
the tube plate resistance and because
of the drop in this source resistance, due
to the current drawn by the transformer
winding, the terminal voltage will differ
from the output voltage, as shown at
(B) in Fig. 7.

Notice that the terminal voltage comes
much nearer to being in phase with the
input voltage than the phase relation-
ship between voltage and current at
(A) in Fig. 7.

From this brief diseussion it becomes
evident that the magnetizing current
and terminal voltage of a transformer
cannot both be sinusoidal. In practice
both of them depart from a true sine
wave in shape and a certain amount of
distortion results.

Another Kind of Low-Frequency
Distortion

However, if the magnetizing current
is a relatively small proportion of the
total eurrent in the transformer wind-
ings, the distortion may bhe a very small
percentage, These curves were displayed
with the transformer unloaded so that
the magnetizing current is the only cur-
rent in the windings. Had the trans-
former been terminated by its normal
load resistance, the waveforms would
probably have been indistinguishable
from pure sine waves and distortion
could only be detected by means of an
analyzer.

Magnetizing current is invariably re-
lated to effective primary inductance
and the way a transformer distorts at
low frequencies depends upon the pre-
cise relationship between primary indue-
tanee and magnetizing current. Two nu-
merical cases will illustrate this distine-
tion.

First, suppose that the magnetizing
current is 10 per eent of the load cur-
rent. This means that the reactance due
to primary inductance would be ten
times the primary load resistance. This
would cause an attenuation of less than
.05 dh. But if this magnetizing current
was running into saturation so the mag-
netizing current waveform is as shown
at (B) in Fig. 7, containing 20 per cent
harmonie, this magnetizing current, be-
ing 1/10th of the total load ecurrent,
could produce 1/10th this amount of
distortion in the output waveform, or
2 per cent.

The second kind of distortion that
can occur at low frequencies is not
directly due to the waveform of the
magnetizing eurrent at all. The trans-

(Continued on page 75)
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fiers. Plug-in preamps can he so designed
that any trouble in the amplifying
stages, attenuator, or program switch
can be cured by simply plugging in a
replacement preamp while the defective
unit is being repaired. This trick is used

to some extent in the more elaborate
Stromberg-Carlson sound distribution

systems,
After experimenting with various
types of audio mixing systems I feel
that either the high-impedance or cath-
ode-follower design can be used for per-
fectly stable high-quality consoles if the
following points are kept in mind:

I. Keep all components as compact
and close together as possible. High-
impedance audio ecircuits should be
separated  from output lines and
a.c. power leads.

2. Design as little switching as possi-
ble in high-impedance eircuits.

3. Be sure that no possible switching
combinations will result in capaci-
tive  erosstalk  between  adjacent
leaves of telephone switeh

4. Grounding is exiremely eritical.

familiar with
f low-noise mi-

Naturally, 1f you aren’t
the design and wiring o
crophone amplifiers and high-fidelity
cireuits vou’ll have trouble if you at-
tempt anything so ambitious as an eight-
channel audio console. But anyone who
has had experience with good grounding
proecedure and low-capacitance wiring
layout can build a custom designed con-
sole that will meet the specifications of
factory built broadeast equipment at
about one-half the cost.

[ J

OUTPUT TRANSFORMER

(from page 22)
former may operate well within the
saturation limit, but the inductance only
represents a reactance of, say, twice
that of the load resistance. This will re-
sult in about 1 db loss at this frequency
and also will cause the load line on the
tube characteristics to open out into
an ellipse. In this the distortion
present will be due to the elliptical load
line rather than to the nonlinearity of
the transformer magnetizing current,

Another varation of this condition
oceurs in amplifiers with large amounts
of feedback. This produces a low effec-
tive source resistance, so the distortion
component of magnetizing current does
not appreciably distort veltage. With a
damping factor of 30, a magnetizing cur-

case

rent 25 per cent of load current,
containing 30 per cent harmonie, will

only cause 0.25 per cent distortion in
the output. But the 25 per cent reactive
magnetizing current may cause the tubes
to clip, producing a much bigger distor-
tion than this.

(to be concluded)
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How an Output Transformer
Causes Distortion

NORMAN H. CROWHURST*

The operation of audio transformers has long been surrounded with an aura
of mystery. This article distinguishes the different forms of distortion an
output transformer can produce, and gives some simple measurement methods.

s rtHIS distortion due to reactive
Aloading is quite similar to the vari-

eties that a transformer causes at
high frequencies we will consider both
together. (A) in Fig. 8 shows the practi-
cal circuit of an output transformer
while (B), Fig. 8 shows the load seen by
the output tubes.

Directly shunting from plate to plate
is the primary capacitance of the trans-
former. The load resistance gets stepped
up by the ratio N* but, due to leakage
flux that gets between the primary and
secondary windings, there is an effective
inductance between this load and the
tubes, shown in the equivalent circuit
of (B), Fig. 8 as leakage inductance.

The winding capacitance has the same
properties as any other capacitance in
a eircuit. A leakage inductanee is pre-
cisely similar to any air-cored indue-
tance: it eannot introduce distortion of
itself.

However, if the leakage inductance is
the dominant reactance at the high-fre-
quency end, then the load resistance, re-
ferred back to the primary will look like
a resistance with an inductance in series.
If the output tubes cause distortion with
series reactance added to the load resist-
ance, then this kind of transformer will
appear to cause distortion.

In other amplifiers, distortion may
appear more rapidly when a reactance
is added in parallel with the load resist-
ance. In this case a transformer, in
which the winding capacitance is the

~
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LOAD RESISTANCE
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In Two Parts — Part 2

CURRENT

[e]

PLATE

Fig. 8. Practical and equivalent circuit

of output transformer for high frequency

response: (A) actual circuit: (B) equiva-
lent plate load for output tubes.
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Fig. 9. A succession of elliptical load
lines representing progressively larger
values of reactance in series with a con-
stant value of resistance, represented by
the straight line. The parallel sloping
lines at top and bottom represent the
ideal tube characteristics for the ex-
tremes of grid voltage excursion.

dominant reactance at the high fre-
quency end, will show distortion more
rapidly.

These facts can be more readily appre-
ciated by looking at the effect on the
resultant load line of reactances applied
in series and parallel with the resistance
load. The kinds of ellipse produced are
shown at Figs. 9 and 10. When these
kinds of elliptical digression are applied
to tube characteristics, distortion may
appear more rapidly when the ellipse
departs from the straight line on one
side than on the other.

The two ways in which the reactances
of (B), Fig. 8, ecan cause the load line
to open out to an ellipse are illustrated
against composite tube characteristies
at Fig. 11. The series leakage inductance
causes a voltage drop additional to that
in the load and increases the effective
plate-voltage swing while cutting down
the current. The shunt capacitance takes
additional current from the output tubes
and tends to drop the plate-voltage
swing. The resultant ellipse depends on
which of these two effects is the greater.
As we shall see presently, the trans-
former ean present one of two kinds of
impedance response to the output tubes.
From the viewpoint of potential high
frequency distortion this is the most
important difference between different
output transformers that may appear

to give the same frequency response.

How Reactance Causes Distortion

In Fig. 11 the almost parallel lines
are not a carelessly drawn attempt—
they represent typical composite curves
for a pair of pentode or tetrode type
tubes operating in pushpull. In practice
these lines would not be straight, but
slightly curved. To make the drawing
easier, straight lines have been shown,
but the angle of the lines is representa-
tive of typical tubes. The middle line,
passing through the operating point, is
at the shallowest slope, while the ex-
treme lines, representing zero grid volt-
age on alternate tubes, have the steepest
slopes. This fact is generally true,
whether pentodes or triodes are used—
it is a little more prominent with tetrode
or pentode type tubes than with triodes
but the trend is the same.

The arrowheads marked on the two
ellipses show the way the operating point
travels around the ellipse in the course
of a cycle, Notice that, for shunt capaci-
tance, the spacing between intersections
on consecutive grid voltage lines is wider
going out from zero than coming back,
while for series inductance it is nar-
rower going out from zero than coming
back. This introduces a form of distor-
tion illustrated on the noriual waveform
display at Fig. 12.

In curve A the slope from each peak
back to the zero line is steeper than that
from the zero line up to the following
peak. Curve B is a sine wave represent-

CURRENT

PLATE

I
VOLTAGE

Fig. 10. A succession of elliptical load
lines representing a reactance in shunt
with a constant value of resistance.
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Fig. 11. Load lines on composite charac-

teristics relevant to different possibilities

in high-frequency response: the straight

line across the characteristics represents

the resistive load value at middle fre-
quencies.

ing the output with the resistive load
line, while curve C shows the reverse
condition to that of curve A, the upward
slope from zero to the peak is steeper
than the return from the peak to zero.

If the grid voltage swing is increased
a little more than that shown in Fig.11,
clipping occurs at both ends of the load
line. The dotted sections in Fig. 12 show
how the clipping shows up on each of
the output waveforms.

Reverting now to the case of the shunt
primary inductance causing distortion.
This will produce an ellipse in a similar
position to that shown for shunt capaeci-
tance in Fig. 11, because it will draw
more plate current for a lower voltage
swing than the resistance load line, but
the direction of rotation will be reversed
because it is the opposite kind of reaec-
tance. This means that the kind of wave
shape will be similar to that produced
by series inductance as shown at A in
Fig. 12. If clipping occurs due to this
shunting effeect (maybe aided by feed-
back) then the flattening will also be
in a position similar to that shown on
curve A.

All the foregoing discussion is based
on symmetrical forms of distortion.
Some kinds of distortion, especially at
the high frequencies, occur due to asym-
metrical loading by the output trans-
former. If the leakage inductance and
winding capacitance are not uniformly
distributed between the two halves of
the primary, each may have its own
pattern of resonant frequencies. This
will give rise to phase differences at the
two plate’s cireuits (other than the nor-
mal 180 deg.). And these differences, es-
pecially in (a) pentode output ecircuits.
and (b) with over-all feedback, can pro-
duce the most erratic forms of asymmet-
rical waveform distortion. In a sense
the output transformer is responsible
for this kind of distortion, but it is
not due to non-linearity in the accepted
sense. All the reactances in the trans-
former that cause it are linear ecircuit
elements.
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Identifying the Distortion

The curves shown in Fig. 7 and Fig.
12 show how the waveforms depart from
sinusoidal when there is a relatively
large amount of distortion. Tt would be
difficult to determine the cause of dis-
tortion from the waveform when it is
considerably less than 5 per cent. So we
need a more precise method of observa-
tion. In some instances the distortion
would be more than 5 per cent without
the over-all feedback applied. In these
cases the method of testing just to be
described is a great help, because it
shows up the original amount of distor-
tion even with the feedback conneeted.

This very simple method employs loop
traces on the oscilloscope, using the setup
shown in Fig. 13. If over-all feedback
is applied, the waveform at the plate

Fig. 12. Possible output waveforms, cor-
responding with the varieties of load
line shown in Fig. 11: (A) for series in-
ductance component; (B) for pure resist-
ance (the only curve that is a sine wave;)
(C) for shunt-capacitance component. The
dotted portions illustrate the additional
effect when clipping begins.

may be practically sinusoidal but, to
achieve this, the waveform at the grid
may need to depart considerably from a
true sine wave. However, both wave-
forms, observed separately, may be so
close to a sine wave that it is difficult
to determine what kind of distortion is
oceurring, but by using the loop trace
method of observation the two wave-
forms are compared and the kind of dis-
tortion is much more easily identified.

Before applying this method it is ad-
visable to make sure that the amplifier
is balanced to see that the waveform
on both grids is identical and also that
on both plates. A difference between the
waveforms on each side indicates there is
lack of proper balance somewhere in the
amplifier, which should be attended to
before further investigation. This pro-
cedure has been adequately described
elsewhere, so we will assume that the
amplifier is operating under a condition
of good balance.

Figure 14 shows the kinds of trace
that will be obtained with each of the

varieties of distortion we have discussed
except the asymmetrical one, which can
cause such a variety of forms that no
trace can be regarded as representative.
These are somewhat exaggerated so the
differences in shape can be clearly seen.
Observation of a scope trace, even where
the distortion is small, will quickly iden-
tify which of these varieties (or a com-
bination of two or more) is occurring.

In Fig. 14, (A) is the kind of trace
produced by saturation rather than re-
actance loading. The reason for this
shape will be seen by reference to (B)
of Fig. 7, where the input and terminal
voltages are practically in phase but the
latter has considerable distortion.

(B) shows the kind of trace produced
by the relationship represented at (A)
in Fig. 7 where the principal effect is
due to the inductive reactance. The mag-
netizing current approaches 90 deg.
phase lag behind the terminal voltage.
In (A) of Fig. 7 the current is sinusoidal
and the voltage waveform is distorted.
If over-all feedback is used to “correct”
the input waveform so that the output
voltage waveform is almost sinusoidal,
the sequence of relations will be similar,
so the spot will travel round a similar
trace but its traverse speed will vary.
Either way a loop similar to (B) in
Fig. 14 is displayed.

(C) shows the kind of trace produced
by the reactive ellipse on pushpull char-
acteristics. If the ellipse departs from
its true shape by a straightening along
alternate quadrants and a bending along
the others as shown here, the cause of
distortion is the reactive loading on the
output tubes.

(D) shows what clipping does to re-
actance loading. If the horizontal deflec-
tion is taken from the grid circuit, as

>
> OuTPUT
> LOAD

BIAS

Fig. 13. Method of applying oscilloscope
to amplifier circuit to check performance
of output transformer at low and high
frequencies. Before applying this method
the waveforms on both grids and plates
should be checked for symmetry.
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shown in Fig. 13, the exeursion will be
abruptly limited by the grid current,
producing the “lopped-off” end shown
in solid line. The dashed line shows the
true elliptical form in the absence of
clipping. If the horizontal deflection is
taken from some point earlier in the
amplifier, the grid elipping will not
show on the horizontal, but its result on
the output waveform will produee distor-
tion represented by the dot and dash
curve in (D) Fig. 14.

Impedance Characteristic

By sweeping the audio generator over
these higher frequencies we can see what
kind of load-line response the trans-
former produces for the output tubes.
One variety is illustrated at Fig. 15,
which represents the display presented
at successively higher frequencies: start-
ing at a mid-frequency where the load is
resistive; first the leakage inductance in-
creases the output voltage producing an
ellipse with a slightly increased slope,
shown at (B); continuing to higher fre-
quencies, the capacitive reactance begins
to take effect: a point is reached where
the two reactive components produce a
dynamiecally resistive load line, as at

[ ]
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Fig. 15. Sequence of patterns at progressively higher frequencies when inductive and

capacitive reactances resonate: (A) mid-frequency—totally resistive; (B) series in-

ductance has predominant effect; (C) both combine to produce resistive dynamic im-

pedance higher than (A); (D) and (E) successive shapes when capacitive reactance
takes over,

(C); because the effective resistance is
now higher than the criginal value, the
slope of the line trace will be steeper
than at (A).

Do not confuse slope with lemgth. 1f
the amplifier has a non-uniform fre-
queney response the length of the line
or size of the trace may increase or de-
crease but the slope indieates the relative
magnitude over the output stage only.

At (D) a further increase in frequency
turns the reactance over to the capaci-

v
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Fig. 14. Kinds of trace associated with different sources of distortion: (A) due to
magnetizing current waveform only; (B) due to magnetizing current where this is
highly inductive, producing considerable phase-shift; (C) due to tube curvature and
any kind of reactance component; (D) due to clipping caused by reactive compon-
ents: the solid line represents grid voltage horizontal, plate voltage vertical; the
dashed line is a true ellipse, for comparison; the dot-and-dash line represents the
shape where the input waveform is taken from a point before clipping occurs.
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tive side and the output amplitude is
falling off relative to the input ampli-
tude; finally, at (E), the eapacitive re-
actance is well on the way to a high-
frequency roll-off.

The alternative kind of load-impe-
dance characteristic a transformer can
present to the output stage has the ca-
pacitive reactance predominating all the
way. This happens because the leakage
inductance is made so low that the load
resistance is tightly coupled to the pri-
mary, and primary capacitance produces
considerable roll-off before leakage in-
ductance has appreciable effect.

In this case the intermediate patterns
represented by (B), (C), and (D) of
Fig. 15 will not appear, but the transi-
tion will be directly from the straight
line of A in Fig. 15 to an ellipse in the
direction indicated at (E).

Conclusions

On the basis of the facts, the prevalent
prejudice against output transformers
would seem unfounded. This does not
mean that we should turn around and
get audio transformers at other places
in the ecircuit in place of tubes once
again. Maybe interstage transformers
died a little prematurely because of
prejudice, but the advent of over-all
feedback would have signed their death
warrant anyhow. The fact is, the tubes
are still the prineipal cause of distortion.

This article has concentrated on giv-
ing a clear picture of how to make meas-
urements on the performance of a trans-
former with a particular view to deter-
mining the cause of distortion. Some-
times two transformers may be equally
good basically, but they will not operate
equally well in the same amplifier circuit
without certain eircuit modifications.
What we need to know is how to make
the changes so the replacement trans-
former can produee best results. In a
further article we shall go into the ques-
tion of how to make measurements on
different transformers operating in am-
plifiers and how to determine the changes
necessary to produce the best operating
conditions.
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