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Transformer-Couprled Amplifiers

An Analysis of the Operation of a Transformer

ETORE we go ahead with this article
let us recapitulate what has gone be-
fore. This series of articles began
with a general discussion of the na-

ture of music, analyzing the relations be-
tween pitch and frequency, fundamentals and
overtones and the cffect of the overtones or
harmonics on the quality or “timbre” of the
musical sounds emitted from the vartous
musical instruments. It was shown how the
introduction of spurious frequencies into
these sounds or the loss of any of the over-
tones affects the timbre of the sound, when
reproduced by an audio amplifier.

Other articles pointed out some of the dif-
ficulties that are met in the design and oper-
ation of audio amplifiers, and from the prac-
tical viewpoint, what is required of an am-
plifier in order that it may reproduce faith-
fully the sounds, musical or otherwise, which
go into it. After that we studied some of
the effects of overloading the amplifier upon
the reproduction, and some of the inherent
characteristics of electron-tube circuits
which influence this overloading. The pre-
ceding article took up the structural study
of the amplifier, showing how the various
arrangements of amplifiers closely resemble
each other, both in structure and operating
characteristics; this will be devoted to the
analysis of the several types of amplifiers
separately.

We shall begin with the type of amplifier
that is in most general use at the present
time—the transformer-coupled amplifier. Its
structure in schematic diagram form is
shown in Fig. 1, while Fig. 2 pictures a
“bread-board layout” of this type of ampli-

fier. The operation of the amplifier is well
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Fig. 3, which reprcsents a portion of an
audio amplifier utilizing transformer coupl-
ing. We will consider mainly the trans-
former itself, in connection with its fer-
minal impedances, by which we mean the
impedances, resistances, or what-not, which
are connected to the primary and secondary
windings of the transformer. An alternat-
ing voltage V, due to the impulses to be
amplified, is impressed on the grid or input
circuit of the first tube. This voltage V
is amplified in the tube, giving rise to an
alternating voltage V. in the plate circuit
of the first tube, having the same wave-form
and frequency. We will assume that the
alternating voltage established in the plate
circuit of the first tube is an exact repro-
duction of the alternating voltage, V, put
into it, but magnified. This is not exactly
true, for the tube may contribute a little
toward distorting the signals; but since we
are not primarily studying tubes we will
omit this source of distortion for the pres-
ent.
We, therefore, are starting out with an
alternating voltage in the plate circuit of
the first tube, which is represented by V,
in Fig. 4. Now, the path which the elec-
trons take in the first tube, in their course
{rom the filament to the plate, has a certain
resistance, known as the plate resistance of
the tube; and this resistance, which is con-
sidered as in series with the load external
to the tube, is represented as rp in Fig. 4.
Connected .in series with this is the prim-
ary of the transformer,

In Fig. 3 the secondary of the transformer
is shown connected to the input or grid cir-
cuit of the second tube. It was shown in
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understood; the electrical impulses to he
amplified are impressed upon the amplifier
at the input terminals, while those which
are to actuate the loud-speaker emanate
from the output terminals. Between the in-
put and output terminals of the amplifier we
desire to have the various components of
the electrical impulses—whether they arise
from music or otherwise, whether they be
pleasant to the ear or not—amplified ¢n the
same ratio, regardless of frequency or am-
plitude.  'This has been brought out in the
previous articles.

THEORY OF THE COUPLING
For our present purpose, let us consider

Fig. 2 (above)
shows an excel-
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These four figures illustrate the theory of the

operation of transformers in audio-frequency

amplifiers. See the accompanying text for
explanation.

the previous article that the input of an
electron tube represents a certain load on
the transformer. This load is a resistance
in series with a capacity, as indicated in
Fig. 4, by Cz and re. In the ideal ampli-
fier, the input of the electron tube should
have infinite impedance; that is, the resist-
ance re would be infinite, or the capacity
Cs be zero, or both. Actually, this is not the
case, as shown in the preceding articles;
and for our purpose we shall represent the
input of the second tube as a resistance load
on the secondary of the transformer, desig-
nated by re¢ in Fig. 4A, and having impres-
sed upon it the secondary voltage V,.

For a given input voltage V; we wish this
secondary terminal voltage V, to be as high
as possible, without introducing distortion.
In other words, we wish the ratio of V, to
Vs, which is the voltage ratio of the system,
to be as high as possible. This is the circuit
of the transformer which we are to study.

(Continued on page 594)
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THE FLUXES

Now, in every transformer, it is the
magnetic flux, which is established by the
current flowing in the primary and which
threads the secondary winding, that induces
the electromotive force in the secondary.
But not all of this flux is utilized in thus
producing the secondary em.f. Part of the
flux set up by the primary current does not
thread the secondary winding; this is known
as the “primary leakage flux.” Likewise,
since the secondary winding derives its
energy from the energy in the primary, it
is the reaction of the secondary, which de-
termines how much energy the primary
draws from the source V: in Fig. 4A.

In other words, the induced secondary
e.m.f. establishes a secondary current, which
sets up a flux threading back through the
primary windings. As with the primary
leakage flux, all of this secondary reacting
flux does not thread the primary winding;
and this part of the secondary flux is known
as the secondary leakage flux. To sum up
then, that part of the primary flux which
threads both windings is the useful part of
the flux and is known as the “mutual flux”;
it is reacted upon by part of the secondary
flux. That part of either the primary or
secondary fluxes, which does not link both
windings, but threads only that winding in
which it is generated, is the leakage flux.
It is the relation between the mutual flux
and the total fluxes which determines the
degree of coupling in the transformer.
(This principle applies to radio-frequency
transformers as well).

1t is well to know that these leakage fluxes
exist, although it is difficult to apply this
knowledge analytically in the design of
transformers. The leakage flux, in every
case, will lower the voltage ratio of the
transformer and make it act less efficiently.

To simplify the explanation, we will as-
sume that our transformer has no leakage
flux; in other words, that it is a perfect
transformer, and that all the energy fed into
the primary goes into the secondary via the
mutual flux. In that case when the trans-
former works into an open circuit (that is,
when the resistance load connected to the
secondary has infinite impedance so that
there is no current in the secondary cir-
cuit) the voltage ratio is equal to the turns
ratio of the transformer. This is the
simplest case.

THE PRIMARY IMPEDANCE

Another thing which interests us consid-
erably is the primary impedance of the
transformer ; that is, the impedance which it
presents to the impressed alternating volt-
age V. in Fig. 4A. In voltage amplifiers,
which are generally used in radio receivers,
it is required that this be as high as pos-
sihle; in order that the greatest part of the
total voltage Vi be expended in the trans-
former and not in the resistance rp. On
the other hand there are limitations to the
application of this principle which are deter-
mined by size of transformer, cost, etc.
The question of faithful reproduction also
depends upon the magnitude of the primary
impedance ; the greater the inductance of the
primary the better will he the amplification
of the low frequencies. More of this later.

In the theoretical perfect transformer the
primary impedance is entirely due to the mu-
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tual inductance and is equivalent in ohms to
6.28ufM, in which » is the ratio of the prim-
ary turns to the secondary turns, f is the
frequency, and M is the mutual inductance
in heuries. Thus, in a 3-to-1 transformer,
having a mutual inductance of 20 henries,
the primary impedance at 1,000 cycles is
6.28x1,000x20x%45, or about 42,000 ohms.
When the transformer windings have re-
sistance, as must be true in practice, the
impedance is increased somewhat: although
generally this change of impedance due to
the resistance is megligible in amplifier
fransformers.

It is advantageous to have the primary im-
jedance of the transformer as high as pos-
sible for two reasons; first, this prevents the
voltage applied to the transformer primary
terminals from dropping too low and thus
impairing the amplification at low frequen-
cies; and, secondly, the high impedance
tends also to straighten out the characteris-
tic of the tube to which the transformer is
connected. This effect is negligible in com-
parison with the former, so we will defer
discussing it, and consider the former in
detail.

FORMULAE OF THE INTERACTIONS

Let us look at Fig. 5. The primary cir-
cuit of the transformer is essentially an
em.f. Vo in series with a resistance rp and
an inductance L:. We will neglect, as be-
fore, the resistance of the transformer, as its
effect is generally negligible. The primary
impedance of the transformer will then be
the reactance; which is equal to 6.28fL:, in
which Le is in henries.
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These theoretical curves give an excellent graph-
ical representation of the theory of transformer
coupling.

Now, the total voltage generated in the
plate circuit is Vo, which is the same as
weg (m is the voltage-amplification constant
of the tube and eg the input on the grid).
This voltage is divided into two parts:
viz., that part which appears as a voltage
drop in the plate resistance, re, and the re-
mainder, which is the useful part, and which
is impressed on the primary terminals of the
transformer. The former is designated as
Ve and the latter as V: in Fig. 5.

The voltage drop in either the resistance
or the reactance is equal to the resistance
or reactance multiplied by the current. Thus,
if Ip is the current, the voltage drop in
the resistance is relp and that in the react-
ance is 6.28fL¢Is. (Ip is in amperes). Since
o and Lt are in series, both carry the same
current; and it follows that the voltage
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drops in the two are proportional to their
impedances.

This is not important at the present, but
it indicates that in order to have a large
part of the total voltage drop appear across
the terminals of the transformer, L¢ must
be large.

A GRAPHICAL SOLUTION

This whole discussion may seem compli-
cated at first, just as the figure which we
are about tq describe, but once understood,
the simplicity of it all will be apparent.
In connection with I7ig. 6, the following
ideas must be borne in mind: ]

(1) The reactance of ihe transformer is
dependent upon the frequency and is equal
to 6.28fL.¢. .

(2) The impedance of a series circuit,
such as we are studying, is the square root
of the sum of the squares_ff_thi_resistgnce
and the reactance, or, Vri -+ (6.28fL)"
This is the same formula which gives the
hypotenuse of a right triangle whose sides
are respectively equal in length to the
values of the resistance and the reactance.
For this reason in Fig. 6, instead of com-
puting the total impedance of the plate cir-
cuit, we obtain it graphically by construct-
ing right-angled triangles.

(3) Assuming the alternating voltage ap-
plied to the grid of the tube preceding the
transformer to be constant, then the volt-
age Vo developed in the plate circuit will
be constant, and the current in the plate
circuit, or Is, will be this voltage divided by
the total impedance of the circuit.

(4) The voltage drop in the resistance is
relp, and that across the terminals of the
transformer is Xt +; where X represents the
reactance of the transformer (and is equal
to 6.28fL.t).

Now to study Fig. 6: at the upper right
we have a diagram showing the irequency
f on the horizontal axis, and the reactance,
X+ on the vertical axis. (The straight line
drawn on the graph shows the manner in
which the reactance varies with the fre-
quency ; it is straight for the reason that the
reactance is proportional to the frequency,
that is, if the frequency is double the re-
actance is double, etc.)

Now, at any given frequency, as at fj,
the reactance is Xy Using this value as the
line Om in the figure, the altitude of a right
triangle, we can lay off at right angles to it
the line mR, the length of which represents
the resistance rp. The length of the hypote-
nuse of this triangle, or the line OR, repre-
sents the total impedance of the plate cir-
cuit, and is marked Z;. Then, taking a
pair of compasses, from the center O, meas-
ure OR on the axis of X, as indicated by
the broken arc, giving the line On. Then
(moving horizontally over the dotted line,
from the point n to the vertical line drawn
through f,) we obtain the point a, the height
of which above the axis of frequency Of,
is the total impedance Z; at the particular
frequency. If this sounds complicated, go
back and read this paragraph again. It
will very soon become clear enough.

If we follow this procedure for many
points on the axis of frequency, we shall
obtain the curve marked Z, which shows
how the total impedance of the plate circuit
varies with the frequency. It will be noted
that at very low frequencies, the total im-
pedance differs considerably from the trans-
former reactance, but as the frequency in-
creases they become more and more nearly
equal.

EFFECT OF CHANGE IN FREQUENCY

This means that at low frequencies the
resistance of the plate, ro, has a predominat-
ing influence on the impedance of the cir-
cuit; whereas at higher frequencies its in-
fluence is less, the reactance contributing the
greater part of the total impedance.

Now we will go a step farther. We have
assumed that the voltage developed in the
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plate circuit, Vo in Fig. 5, is constant. There-
fore, if we divide this voltage by the total
impedance for various frequencies we will
obtain a curve which shows how the plate
current Ip varies with the frequency. For in-
stance, divide the voltage, Vo, by the im-
pedance, Zi, at the frequency f, and we ob-
tain the plate current, I,, at that frequency.
By doing this for various points on the Z
curve, we obtain the curve shown at 6A,
marked Ip.

This curve tells us something interesting,
which it is probable may not have occur-
red to the reader before. If we have an
alternating voltage applied to the grid of a
tube, and increase its frequency {from a
very low to a high value, keeping the volt-
age the same, the current in the plate cir-
cuit will decrease from a definite value at
zero frequency (direct current) as the fre-
quency is increased.

Now we will look at Fig. 6B, and in in-
terpreting it will make use of some of these
things we learned from Fig. 6. Suppose we
take the plate current at zero {requency and
multiply it by the resistance ro. We will
then obtain the voltage drop in r», which
may be represented by the length of the line
Oa. If we multiply the current at zero
frequency by the reactance at zero fre-
quency (which is 0), we will get zcro, so
that at zero frequency there is no voltage
drop in the transformer. Now do the same
thing at the frequency f,; multiply the cur-
rent I, by the resistance rp and obtain the
voltage drop Ob. Again multiply the cur-
rent I, by the reactance X, and obtain the
voltage drop be. Note that we have again
formed a right triangle; for the same law
applies to the voltage drops across the resist-
ance and rcactance as to the resistance and
reactance themselves, provided of course, the
current 1s the same in cach, as it is in this case.

THE PERFECT CHARACTERISTIC

If we now project the point ¢ horizontally
to the vertical line corresponding to the fre-
quency iy, we have the point d representing
the voltage across the transformer primary
at that frequency. By doing this succes-
sively for several values of the frequency we
get a complete curve, showing how the volt-
age lnlprpsse(l at the transformer terminals
varies with frequency. Note the similarity
between the appearance of this curve and the
usual amplification characteristic.

If we had a perfect transformer, without
resonance peaks, we could simply multiply
every pomnt on this curve by the turns ratio
of the transformer and the amplification con-
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stant of the tube, and obtain the true ampli-
fication characteristic of the complete stage.
This would also require that the load to
which the secondary is attached have infinite
impedance so that the secondary winding
would carry no current. Of course, such a
condition does not occur in practice; but this
method of analysis can be applied to deter-
mine approximately the operating conditions.

Now, to discuss the curves. When the
irequency is low the reactance is low; the
total impedance is therefore low and is de-
termined mainly by the plate resistance. As
the frequency increases the reactance in-
creases. This increases the circuit imped-
ance and decreases the current. The de-
crease of current causes the drop in rp to les-
sen. But the reactance increases at a greater
rate than the current decreases, so that the
woltage drop in the transformer increases
with the frequency. With the resistance drop
decreasing and the transformer voltage in-
creasing, it is seen that as the frequency in-
creases the transformer assumes a greater
and greater proportion of the total voltage.

As the frequency becomes very high the
transformer voltage approaches a maximum
constant value. This must be so; as it is not
possible to get a voltage on the primary
terminals higher than that which is available
at the plate. This is shown at the left of
Fig. 6B. In the first place the arc ac is part
of a circle, because the developed voltage
Vo, which is the same as Z.I, remains con-
stant; and the radius of the arc is of course
constant. The Jargest value that the voltage
drop in the reactance can have is obtained by
swinging Z,I; into a vertical position. Then
the reactive drop will be represented by the
radius of the circle, which is the total avail-
able voltage in the plate circuit. This is the
limiting case, and is not quite realized in
practice.

This diagram can be used also to show
why a high transformer reactance is desir-
able. Suppose at the frequency fi the react-
ance was greater than X,. Then the reactive
drop XiI, would be drawn in the position of
the dotted line in the circle diagram; the re-
sistance drop would be smaller, and the volt-
age on the transformer primary would be in-
dicated by the point e instead of d. The
characteristic would then he higher at the
low frequencies, although the limiting volt-
age would be the same.

In this article we have considered quali-
tatively the operation of the transformer;
the next will deal with some points of prac-
tical design, such as the best turn-ratio to
use, the required impedances, and the factors
which influence the selection of these.



