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RADIO COILS AND HOW THEY WORK

Coil Fundamentals

Radio Uses for Coils. Coils have
many important jobs in radio
receivers and transmitters. Working
alone or in partnership with conden-
sers and resistors, coils make it pos-
sible to tune in stations, to remove
hum from power supply circuits, to
keep signals in proper paths, to change
a.c. voltages to higher or lower values,
to transfer signals from one circuit to
another without wire connections, and
to do a host of other equally important
jobs, all of which we will take up
in this Course.

Definition of a Coil. In its sim-
plest form, a coil is nothing more than

ln this Western Electric magnetic-tape sound recorder, coils have many important jobs.
in the dynamic microphone produces the audio signal.
wansfers the signal to the first a.f. amplifier stage.

one or more turns or loops of wire,
usually wound in a circular or helical
shape. More often, however, a radio
coil also has certain accessories, such
as & coil form, an iron core, or & metal
housing or shield.

Basic Action. Coils produce mag-
netic lines of force, known also as
magnetic flur. No matter what kind
of coil we have—large or small, thick
or thin, wound around air or iron—
it produces magnetic flux whenever we
send current through the coil.

Many different types and sizes of
coils are used in radio, in order to
get a particular desired amount of this

Oourtosy Wostorn Hleotrio e,

A coil
An a. f. input transformer inside the cabinet

Other transformers transfer the signal to succeed-

ing amplifier stages to boost its strength, then feed it to a coil which magnetizes a moving steel

tape.

Sounds are thus recorded on the long tape.
the speaker to hear her own voice from the loudspeaker, which has two more coils.

A flip of a switch reverses the process, enabling
Still another

coil demagnetizes the tape to erase previous recordings.



magnetic flux in a particular and defi-
nite location inside or near the coil.
This flux makes it possible for a
coil to offer more opposition to the
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FIG. 1. Review of the basic princi;:lc apply-

ing to coils—that magnetic lines of force are

produced whenever electrons Aow through &
wire or other object.

flow of alternating current than direct
current, to transfer energy to another
circuit without connecting wires, to
produce mechanical motion, to convert
mechanical motion into a correspond-
ingly varying voltage, and do all the
other jobs which are described in con-
nection with coils in this and later
lessons.

Fundamental Facts About Coils.
You have already learned that when-
ever we send current through a straight
piece of wire, magnetic lines of force
are produced around the wire. These
lines of force encircle the wire in much
the manner shown in Fig. 14. They
are distributed along the entire length
of the wire, because the electrons are
distributed throughout the wire and
each electron has its own circular mag-
netic field. The larger the current
(the greater the number of electrons)
we send through the wire, the more
lines of force there will be—just as
we might naturally expect. Further-
more, reversing the direction of the

current will reverse the direction of
the magnetic lines of force.

If we bend the wire into a loop or
single-turn coil as shown in Fig. 1B,
the lines of force all pass through the
center of the loop in the same direction
and give a concentration of magnetic
flux there. The greater the current,
the more flux we have passing through
the coil.

If we add more turns of wire as in
Fig. 2, still more flux is concentrated
inside the coil. Each current-carrying
turn of wire contributes its share of
flux to the total amount, so the more
turns of wire we have in a coil, the
more flux we get from a given current.

MAGNETIC LINES OF FORCE

Y ELECTRON FLOW THROUGH
4 MANY TURNS OF WIRE {

r

FIG. 2. A coil is simply a device which con-
centrates in a useful manner the magnetic lines
of force produced by moving electrons.

The number of turns is, therefore,
just as important a factor as current
in determining how much flux a coil
will produce. Many of these facts
you will recognize as a review of what
you have already studied about mag-
netic lines of force.

MAGNETIC CIRCUITS

The magnetiec lines of forece which
are produced by a coil can exist only
as complete loops having no ends, pass-
ing through and around the coil turns
which produced the lines. Thus, the
lines of force going out of the eoil
at the left and into it at the right



in Fig. 2 are each portions of complete
loops like those shown above and
below the coil. In many cases, it
would be impractical to show complete
loops on diagrams, so for convenience
we show only those portions of the
loops in which we are most interested.

Each coil may have thousands of
such loop paths, all passing through
part or all of the coil and going out
in all directions from the ends of the
coil. Together, the paths of these mag-
netic lines of force make up the mag-
netic circuit of the coil.

The material inside a coil is called
the core of the coil. Sometimes the
core material is continued around the
outside of the coil, and then forms
the chief magnetic circuit of the coil.

When the path for the magnetic
lines 1s entirely through air, as it is
in Fig. 2, we have an air-core coil.

When a coil of wire is wound or
placed around an iron or steel ring, as
shown in Fig. 8, magnetic lines of force
are produced in this core by the cur-
rent flow in the coil turns. As we will
ghortly see, the iron core is a better
magnetic circuit than air, and a greater
number and concentration of flux lines
exists. This is called an 1ron-core

FIG. 3. A coil wound on an iron ring pro-
duces more Aux and a greater concentration of
flux than a similar coil having only air for a core.

cotl, and you will often meet it in
radio work. The iron core will usually
have some other shape than a ring,
but there will usually be a continuous

5.

Courtesy Western Electric Co.

The direction-finding loop antenna of this 30-
ton Douglas DC-4 transport plane, being in-
spected here by a United Air Lines communi-
cation engineer, is nothing more than a coil
enclosed in a tubular aluminum hoop. It is
mounted inside the nose of the plane, but the
magnetic fields of radio waves from beacon
stations go right through the non-magnetic
metal covering of the plane and through the
loop housing.

path through iron for the magnetic
lines of force.

Three Magnetic Terms. The mag-
netic circuit of a coil is just as im-
portant to us as the electric circuit in
which the coil is connected. In fact,
magnetic circuits are similar to electric
circuits in many ways, and have terms
which correspond to the voltage, re-
sistance and current of an electric cir-
cuit. The terms are magnetomotive
force, reluctance and flux, and they
have the same relationship to each
other as that expressed by Ohm’s Law
for voltage, resistance and current in
an electric cireuit.

1. Magnetomotive Force. Just
as we have an electromotive force or
voltage which forces current around



an electric circuit, so do we have in
every current-carrying coil a mag-
netomotive force which forces the flux
around the magnetic circuit.

A true indication of the strength
of the magnetomotive force of a coil
can be obtained by multiplying the
coil current in amperes by the number
of coil turns, giving the number of
ampere-turns. The greater the mag-
netomotive force (ampere-turns), the
more flux it sends through the mag-
netic circuit, other things being equal.
This corresponds to the Ohm’s Law
relationship that increasing the volt-
age will increase the current.

A clear understanding of ampere-
turns can prevent plenty of headaches
if you ever wind experimental coils
for electromagnets or relays. For ex-
ample, adding more turns of the same
size wire doesn’t do any good if you
still use the same coil voltage, Because
it doesn’t change the ampere-turns.
Here is the explanation: The extra
wire increases the coil resistance, and
this reduces the current just enough
to offset the increase in turns.

EXAMPLE: A 560-turn coil carry-
ing 4 amperes grves 200 ampere-turns.
Adding 50 more turns of the same wire
gives 100 turns, but doubles the coil
resistance. Therefore, if the coil volt-
age s the same as before, the extra
turns just about cut the current in
half, to 2 amperes. Multiplying 2 by
100 gwes 200 ampere-turns, so the
strength of the magnetic field stays
the same even though the turns were
doubled.

It should be pointed out that many
radio coils are used in circuits where
the resistance of the coil is negligibly
small in comparison to the total re-
sistance of the circuit. Here the coil
current stays essentially the same even
though we double the coil resistance,
#0 inereasing the number of turns in-

creases the ampere-turns and gives a
more powerful coil.

Remember, then, that the magneto-
motive force (the force which sends
magnetic flux around the magnetic
circuit of a coil) depends upon the
number of ampere-turns in the coil.
The more ampere-turns we have, the
more flux we get.

2. Reluctance. Just as resistance
limits the amount of current flow in an

N2
RERE 7
Magaeto- w

motive
Force

(NJ}I)

Magnetic Flux

Currenf

|

AAAARARA
CYYIYYYRY

Electromative
fForce "
(SOURCE VOLTAGE)

Resistance

f

FIG. 4. Similarity between magnetic and elec-

tric circuits. The total reluctance is here the

reluctance of the air through which the mag-

netic Aux loops flow, Lines of force go out

of the ends of the coil in all directions, but

only a few of the lines can be shown in &
diagram of this nature.

electric circuit, so does the flux path
of every magnetic circuit have reluc-
tance which offers opposition to mag-
netic flux. This reluctance is distrib-
uted along the entire path taken by
the flux, but for study purposes it can
be considered as concentrated at one
point like a resistor. The comparison
between reluctance and resistance is
shown in Fig. 4. Here the magnetic
path is through air.



The lower we make the total reluc-
tance of a magnetic circuit, the more
flux we will get from a given magneto-
motive force. This corresponds to the
Ohm’s Law relationship that lowering
the resistance increases the current.
On the other hand, increasing the re-
luctance cuts down the amount of flux.

From the standpoint of reluctance,
all materials can be divided into two
groups: 1. Non-magnetic materials;
2. Magnetic materials.

Non-Magnetic Materials. In this
group, we have air and other non-mag-
netic materials, like paper, glass, bake-
lite, wood, brass, aluminum and cop-
per. A coil having only non-magnetic
materials in its core and in the form
which supports the wire i1s an air-core
coil, because the magnetic circuit has
the high reluctance of air.

Magnetic Materials. This group
includes iron, steel, ferrous (iron) al-
loys, and a few other metals and al-
loys which give magnetic circuits a
lower reluctance than air.

Magnetic materials make it possible
to secure large amounts of flux with
only moderate values of magnetomo-
tive force. A coil having magnetic
material in its magnetic circuit is
known as an iron-core coil.

How Reluctance Affects Fluxz, You
can think about reluctance much as
you do about resistance. Thus, the
longer the magnetic circuit, the higher
is its reluctance. (Compare with an
electric circuit, where increasing the
length of a wire increases its total
resistance.) Conversely, shortening
the path for flux decreases the total
length of the magnetic circuit and
thereby decreases the total reluctance.

The greater the cross-sectional area
of a magnetic circuit, the lower is its
reluctance. (In electricity, the thicker
a wire, the lower is its resistance for
a given length.) Conversely, reducing
the cross-sectional area of the mag-
netie path increases the reluctance.

The kind of magnetic material used
has considerable bearing on the total
circuit reluctance. Some materials are
better magnetic conductors than
others; the technician says the ma-
terial has better permeability, just as
copper has better conductivity than
iron and therefore provides a lower-
resistance path for current.

Permeability. The radio term which
most conveniently expresses how much
more flux we will obtain with a given
magnetic material than with air is

Courtesy Continental Rudio & Televigion Corp.

Coils are wound in many different shapes and
sizes, In this cut-away view of the rear of a
table-model Admiral receiver you see a basket-
weave coil known by the trade name '‘Aecro-
scope,” serving as a built-in loop antenna.

permeability. In a practical sense,
permeability expresses how well a ma-
terial can conduct magnetic flux. (Per-
meability comes from permeate, which
means to pass through.)

The permeability of a core material
determines what the total reluctance
of the core will be; when the permea-
bility goes up, the reluctance goes
down, and vice versa. .

The permeability of air and all other
non-magnetic materials is by agree-
ment given the numerical value of 1.
Magnetic materials all have higher
permeability values than 1, with ae-



tual values ranging from about 50 all
the way up to 10,000, or even higher
for certain special alloys.

Air Gaps. In electrical circuits, we
often find paths with different resist-
ances in series. In magnetic circuits,
we often find different magnetic ma-
terials in series, as shown in Fig. 6.
Here we have a magnetic cireuit made
chiefly of iron having low reluctance,
but with a high-reluctance air gap at
one point.

This is an actual case where most of
the reluctance is concentrated at one
point (in the air gap), with the rest
of the circuit having such low reluc-

2 AIR GAP

FIG. 5. The flux produced by this coil travels
along a magnetic circuit consisting of an iron
core and a short air gap. The total reluctance is
but slightly higher than the air gap reluctance.

tance that it is comparable to the
conducting wires in the electric eir-
cuit of Fig. 4.

3. Magnetic Flux. Finally, cor-
responding to current in an electric
circuit we have magnetic flux (mag-
netic lines of force) in a magnetic cir-
cuit. Just as current is equal to volt-
age divided by resistance, so is flux
equal to magnetomotive force divided
by reluctance.

Summary. The Ohm’s Law rela-
tionships for these three magnetic
characteristics can be summarized as
follows:

You can INCREASE the amount
of flux either by increasing the mag-
netomotive force or decreasing the
reluctance.

You can DECREASE the amount
of flux either by decreasing the mag-
netomotive force or increasing the
reluctance.

Every change in flux is thus due
to a change either in magnetomotive
force or reluctance. This thought is
well worth keeping in mind during
the remainder of your study of coils.

Using Coils to Produce Motion

There are a great many radio de-
vices in which we use flux to produce
motion. Typical examples are meters,
loudspeakers and automatic switches
(called relays).

Three Explanations. There are
three fundamental ways of explaining
how current-carrying coils can produce
motion. Once you clearly understand
these fundamental explanations, you
can choose whichever is the most con-
venient for explaining the action of
any motion-producing coil you may
encounter.

1. Attraction and Repulsion of
Magnetic Poles. The basic law of

6

magnetism which you took up in an
earlier lesson (like poles repel, and
unlike poles attract) is highly con-
venient for explaining the operation of
many types of coil devices.
Whenever a magnetic circuit made
of iron or other magnetic material is
broken by an air gap, the ends of the
iron core on each side of the air
gap will have opposite magnetie po-
larity due to the flux which flows
through the iron magnetie circuit. The
end which magnetic lines of force en-
ter will be the S pole, and the end
which lines of force leave will be the
N pole. In other words, flux mag-



FIG. 6. Movement due to the attraction of
unlike magnetic poles.

netizes any magnetic material through
which it passes.

When you place a nail or other
piece of iron on the pole of a perma-
nent magnet, this nail acts like a mag-
net, and is capable of picking up
small iron objects. The nail alone
would not do this, so we say that the
nail is inductively magnetized by the
flux from the permanent magnet.

Since the core ends which are on
opposite sides of an air gap have op-
posite polarity, they tend to attract
each other in accordance with the law
of magnetism. If a portion of the iron
magnetic circuit of a coil is movable,
as is the case in Fig. 6, this attraction
across the air gap will result in a
motion which tends to bring the N
and S poles closer together.

If an electromagnet is pivoted in
the air gap between N and S poles in
the manner shown in Fig. 74, the re-
pelling action between like poles will
cause rotation in a clockwise direction
as indicated by the arrows. If there

1 unLike N
n POLES>
3 ATTRACT

FIG. 7. Rotation due to repulsion of like poles
(A) and attraction of unlike poles (B).

is no retarding force, this coil will
finally come to rest at the position
shown in Fig. 7B, in which the unlike
poles are as close as they can get to
each other. Magnetic poles thus at-
tract and repel in the same manner
regardless of whether they are on per-
manent magnets, electromagnets or in-
ductively magnetized pieces of iron.

2. Position of Maximum Flux.
In some cases it is more convenient to
explain the action of a coil device by
means of the following basic rule:
Whenever a movable magnetic object
is in or near a magnetic circuit, this
object will tend to move to the posi-
tion which gives maximum flur in the
magnetic circuit.
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FIG. 8. Pivoted objects in magnetic circuits
take the positions shown here.

In the case of a movable iron ob-
ject, this rule means that it will move
to a position wherein its longest di-
mension is parallel to the magnetic
lines of force in its vicinity. The
movable object is then placing as
much as possible of its length in the
magnetic circuit, thereby lowering the
reluctance of the magnetic circuit and
giving maximum flux.

In the case of a movable electro-
magnet, this coil will take a position
wherein its flux acts in the same di-
rection as the original flux. The two
fluxes then add, so as to give maximum
flux as specified by the rule.

Thus, an iron object pivoted in the
air gap between N and S poles of a



magnetic circuit will take the position
shown in Fig. 84, with its longest
dimension parallel to the lines of force
in the air gap. You will shortly learn
that in this position the magnetic
circuit also has minimum reluctance.

A current-carrying coil freely piv-
oted in the air gap between the N and
S poles of a magnetic circuit will take
the position shown in Fig. 8B. Its flux
is then aiding the air-gap flux, thereby
giving maximum fluz.

3. Position of Minimum Reluc-
tance. Last to consider, but equally
as useful, is the rule which says: A
movable magnetie object located in or
near a magnetic circuit will tend to
take a position which makes the re-
luctance of the magnetic circuit a
minimum.,

Minimum reluctance occurs when
the greatest possible portion of the
magnetic circuit is through iron or
some other low-reluctance magnetic
material.

The movable piece of iron in Fig. 6
is moving to the position of minimum
reluctance, because the reluctance is
a minimum here when the air gap is
closed up. Likewise, the pivoted iron
object in Fig. 84 is in the position of
minimum reluctance, because it is in
the position which gives the shortest
possible air gaps.

Since lowering of reluctance makes
flux increase, the position of minimum
reluctance is identical with the posi-
tion of maximum ‘flux. It is simply
more convenient sometimes to think
of reluctance rather than flux. Like-
wise, since opposite poles at an air
gap attract each other and tend to
close up the air gap, thereby lowering
the reluctance and increasing the flux,
the law of magnetic attraction ex-
presses exactly the same result as the
other two ways of explaining the mo-
tion produced by a current-carrying-
coil.

Using Coils to Produce Voltage

Some microphones and some phono-
graph pick-ups are coil devices which
use changes in magnetic lines of force
(flux) to produce a voltage. The
basic rule is: Whenever the flux link-
ages of a cotl are changed, a voltage
1s tnduced in the coil. Before going
into the explanation of this rule, let
us first see what flux linkages are.

FLUX LINKAGES

Let us imagine that we have four
lines of flux (4 magnetic lines of force)
passing through a 5-turn coil, as il-
fustrated in Fig. 94. These lines of
force can be produced by another coil
or by a permanent magnet. (We will
let straight lines represent flux, al-
though we know that each of these

straight lines is actually a portion of
a complete loop of flux.) The elec-
trical characteristics of this coil de-
pend both on the number of turns in
the coil and on the number of lines
of flux passing through the coil. For
convenience, radio men use the term
flux linkage to describe this combina-
tion of flux and turns in a coil.

S TURNS 2 TURNS

FIG. 9. Multiplying turns by lines gives Aux
linkages for a coil.



There are plenty of coils in this interesting view of the r.f. section of a short-wave transmitter.

Courtesy Bud Radw, Inc.

The

transmitter coils, without cores and with plastic spacer bars instead of forms, are prominent on top

of the assembly.

the approximate frequency at which the transmitter is operating.

The box with a coil projecting from its back is a wavemeter, used to determine

The bulb on top of the box lights

up when the transmitter is properly adjusted.

Definition of Flux Linkage. One
flur linkage is equal to one line of flux
passing through (linking with) one
turn of the coil. Thus, 1 line of flux
passing through 10 turns gives 10 flux
linkages.

When all the flux passes through all
of the turns of a coil, the total flux
linkage is obtained by multiplying the
number of turns in the coil by the
number of magnetic lines of flux pass-
ing through all of the turns of the coil.

As an example, with our 4 lines
passing through the 5 turns, we would
have 4 X 5, or 20 flux linkages.
Clearly, it is much easier to say ‘20
flux linkages” than to say “4 lines of
flux passing through 5 turns.”

We can get the same number of flux
linkages in a number of different ways,
all of which will give exactly the same
result. Thus, we can get 20 flux link-
ages by having 10 lines of force pass-

ing through 2 turns as in Fig. 9B,
because 2 X 10 is 20. We can have
5 lines of force passing through 4
turns, because 5 X 4 is algo 20. The
important thing for you to remember
is that flux (lines) times turns is
equal to flux linkages.

Changing Flux Linkages. Now
imagine that we have the 5 turns
shown in Fig. 94, but we tncrease the
number of lines of flux from 4 to 8.
This increases the flux linkages from
20 to 40, because 5 X 8 is 40. When-
ever we Increase the flux linkages of a
coil in this manner, a voltage is in-
duced in the coil, and this voltage is
known as an induced voltage.

If we decrease the number of flux
linkages in a coil, such as by ehanging
them from 40 back to 20 or from 40
all the way down to 0, we will again
have a voltage induced in the coil.

The strength of the induced voltage



depends not only upon how much we
change the flux linkages, but also upon
how long a time we take to make the
change. If we change from 20 to 40
flux linkages in 1 second, we will get
a certain voltage (the exact value of
this voltage is not important to us in
this explanation). If, however, we
change from 20 to 40 flux linkages in
only 1/1000 of a second, we will get
exactly 1000 times as much voltage
as before. The faster the rate of
change in flux linkages, the greater
will be the induced voltage.

There i3 no need to figure exact
values of flux linkage in practical radio
work, because we are concerned chiefly
with the effects produced when flux
linkages change from instant to in-
stant. The one thing you should
remember, however, is this simple
induced voltage rule:

Whenever the flux linkages of a coil
are changing, a voltage is induced in
the coil.

Lenz’s Law for Coils. The in-
duced voltage in a coil always acts in
& definite direction. This direction at
any given instant depends on just two
things—on the direction of the origi-
nal flux, and on whether its flux link-
ages are increasing or decreasing.

The exact relationship between these
things is expressed by a famous elec-
trical law. Itis known as Lenz's Law,
because he was the first to realize
that the direction in which an induced
voltage acts can always be predicted
beforehand. The law in itg basic form
is expressed as follows:

LENZ’S LAW FOR COILS

The induced voltage always
acts in such a direction that
it tends to oppose the original
change in flux linkages.

. DIRECTION OF |
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FIG. 10. Diagram illustrating how a conductor
culting across 2 magnetic field changes the Aux
finkages and gives an induced voltage.

If the flux linkages are tncreasing,
the induced voltage will tend to pre-
vent the flux from increasing. This
means that the induced voltage will
be in such a direction that it will
tend to send through the coil & current
which produces a magnetic flux which
opposes the original coil lux. The in-
duced voltage thus tends to prevent
the increase in flux linkages.

On the other hand, if the flux link-
ages are decreasing, the induced volt-
age will be in such a direction that
its current (when the coil circuit is
complete}) will produce a flux which
aids the original flux, and thus tends
to prevent the flux from decreasing.

METHODS OF PRODUCING
CHANGES IN FLUX LINKAGES

The three basic methods of pro-
ducing changes in the flux linkages of
a coil are: 1. Cutting lines of force,
2. Changing the reluctance; 3. Chang-
ing the coil current. Each method will
now be taken up in turn, after which
actual radio devices using these
methods will be studied.

1. Cutting Lines of Force.
Imagine a steady magnetic field pro-
duced by a permanent magnet or elec-
tromagnet, with a conductor (wire)
located in this field and connected to
a voltmeter, as shown in Fig. I0.
When we move this conductor upward

10



through the flux in direction A, we
induce a voltage into the conductor,
and the voltmeter will indicate the
presence of the voltage.

We get this induced voltage because
motion of the conductor changes the
flux linkages of the single-turn coil
formed by the conductor and the volt-
meter circuit. Moving the conductor
upward, for example, increases the
number of flux lines which are passing
through the loop, thus increasing the
flux linkages.

Sometimes it is easier to visualize
and explain the production of an in-
duced voltage by thinking of cutting
lines of force. Whenever the con-
ductor is moved through a line of
force, it is cutting that line of force

-,

FIG. 12.

The large heavy arrows indicate the direction
of coil motion.

FIG. 11,

FIG. 13.

momentarily, and this produces an
induced voltage in the conductor.

If we move the conductor parallel to
the lines of force, as indicated by di-
rection arrow B in Fig. 10, however,
we do not get an induced voltage. We
have neither cut lines of force nor
changed the amount of flux passing
through the coil, hence we have not
changed the flux linkages of the coil.

Exactly the same explanation ap-
plies to Fig. 11, where an entire coil
i8 being moved parallel to lines of
flux. There is no cutting of lines,
no change in flux linkages, and hence
no induced voltage.

When we move & coil across & mag-
netic field as in Fig. 12, however, we
are definitely cutting lines of force

and changing the flux linkages of the
coil, so we get an induced voltage.

Likewise, we cut lines of force and
get an induced voltage when we rotate
a coil in a magnetic field, as illustrated
in Fig. 13. Here we are changing the
amount of flux which passes through
the various turns of the coil.

The faster we cut across lines of
force with a conductor or coil, the
faster we will be changing the flux
linkages and the higher will be the
induced voltage.

2. Changing the Reluctance.
Motion of a movable iron portion of
the magnetic circuit of a coil will
change the reluctance. Any change in
the reluctance of the magnetic circuit
will change the amount of flux which
passes through the coil, thus changing
the flux linkages of the coil and in-
ducing a voltage. Remember, when-
ever there is a change in flux linkage,
a voltage will be induced.

3. Changing the Coil Current.
When two coils are arranged as shown
in Fig. 14, whereby the flux produced
by current-carrying coil L passes
through coil L,, we can induce a volt-
age in coil L, simply by changing the
current through coil L. By changing

RHEOSTAT CHANGES
coiL CURRENT‘\WR ||
XXX NN X
LY X A IR 1 X A1 TN 2\ I Wl
B i e e
+ I S T T { T R 3 -
N ] J1 7 ] [ ] lr Jr T
VAYAVEVAY/ VAVAVAVAY,
L Ly

FIG. 14. This diagram shows how a change In
current in one coil can induce a voltage in
another coil.

the current, we change the amount of
flux produced by L. This changes the
amount of flux passing through L,,
thereby changing its flux linkages and
producing the induced voltage. The
faster the current is changed, the
faster the flux linkages will change
and the greater will be the induced
voltage.
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Changes in curtent are usually se-
cured in radio coil devices simply by
sending alternating current through
the flux-producing coil. An alternat-
ing current is varying continually in
value from zero to maximum values
in either direction, so it makes flux
linkages change continually.

The higher the frequency, the more
¢ycles of change there are per second
and the faster is the current changing
at all times. Therefore, increasing the
frequency makes current, flux, and flux
linkages all ehange faster, giving a
higher induced voltage.

EXAMPLES

The best way to understand (not
memorize) basic radio principles is by
seeing how they are app'ied in actual
radio parts. The following examples
of voltage-producing devices will
therefore familiarize you with these
important principles and at the same
time make you acquainted with the

HOW A Dynamic Microphone WORKS

'SOUND WAVE_~ SOUND WAVE
\ coiL

PER“ANENT
MAGNET

©

FIG. 15. Simplified cross-section views of a
dynamic microphone.

construction and operation of some
highly important radio parts.
Dynamic Microphone. This Is
an example of a voltage-producing
radio device in which the changes in
flux linkages are produced by making
a coil cut magnetie lines of force.
The general construction of a dv-
namic microphone is shown in Fig.

16A. A strong fixed magnetic field ig
produced by a permanent magnet in-
serted in the central soft iron core.
Two return paths through iron, with
an alr gap in each one, are provided
to complete the magnetic ecircuit of
the permanent magnet from its lower
end to its upper end.

Modern Dynamic Microphones

The voice coil is attached to a
flexible metal diaphragm in such a way
that this coll moves in and out of the
flux in the air gap whenever the dia-
phragm is moved up and down by
sound waves.

When the voice coil is at the normal
at-rest position determined by the
springiness of the diaphragm (Fig.
154), only a few turns of the voice
coll are in the air gap. Only a part
of the total air gap flux passes through
these few turns, hence the number of
flux linkages is quite small. These
flux linkages are constant when the
coil is at rest, hence no voltage is
induced in the coil.

When sound waves push the dia-
phragm down, the coil moves farther
into the air gap, as in Fig. 158, cut-
ting magnetic lines of force and thus
increasing the flux linkages of the
voice coil. This induces a voltage in
the voice coil.

When sound waves pull the dia-
phragm up, the coil moves out of the
air pep as in Kig. 15C, cutting those
lines of force which formerly were
passing through some of the coil turns.
Now we are reducing the flux linkages,
and again we have an induced voltage,

12



The voice coil thus cuts magnetic
lines of force and changes its flux
linkages whenever the coil is in mo-
tion. As a result, the voltage induced
in the coil is an a.f. voltage correspond-
ing to the sound wave which causes
the movements of the diaphragm and
voice coil.

Magnetic Phono Pick-up., Here
is an example of a unit which depends
for its action upon a change in reluc-
tance. The series of diagrams in Fig.
16 will help you to understand the
construction and operation of one
of these units,

This phono pick-up unit is designed
for lateral-cut phonograph records,
where the groove is always the same
depth but wiggles from side to side in
accordance with the audio signal. In
following the wavy path of a groove,
the phonograph needle moves from side
to side. This causes the pivoted iron
armature to rock back and forth be-
tween the two U-shaped soft iron
pieces, one of which is on the inside of
each pole of the horseshoe-shaped per-
manent magnet.

When the groove in the phonograph
record is straight, as during a moment
of silence in a recording, the pivoted
armature has the mid-position shown
in Fig. 16A. Flux now divides about
equally over the two paths from the
N poles to the S poles because both
paths have about the same reluctance,
and there is essentially no flux travel-
ing vertically through the armature.
As a result, there is no flux passing
through the coil and no flux linkages
in the coil.

When the needle tilts the armature
to one side, as shown in Fig. 16B, the
lowest-reluctance path is that shown
by the dotted arrows in this dia-
gram. The farther the top of the
armature tilts to the left, the lower
becomes the reluctance and the more
flux flows through the armature. This
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changing flux induces a voltage in the
coil which surrounds the armature.
The flux is changing continually be-
cause the phonograph needle is mov-
ing continually from side to side as
it rides in the groove.

When the needle tilts the armature
the other way, the flux will travel] in
the opposite direction through the
armature, as indicated in Fig. 16C.

HORSESHOE~SHAPED
PERMANENT MAGNET

PIECE OF

SOFT IRON DAGBER

DAMPERS

NEEDLE

FIG. 16. Cross-section views illustrating the
basic operating principles of a magnetic phono
pick-up.

When the needle moves continually
back and forth between the positions
of Figs. 16B and 16C during the play-
ing of a record, the continually vary-
ing and reversing flux in the armature
and in the coil keeps the flux linkages
of the coil changing continually,
thereby inducing in the coil an a.f.
voltage corresponding to the sounds
recorded on the phonograph record.

Rubber dampers prevent the top of
the armature from “sticking” in any
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Examples of iron-core transformers you will encounter in radio receivers.

one position, and also prevent it from
vibrating too greatly under certain
conditions.

Transformer. The best-known
example of a radio part in which
changes in flux linkages are secured by
changing the coil current is the trans-
former. The basic construction of
one type of transformer, an iron-core
unit, is shown in Fig. 17 to illustrate
the basic principles involved.

Two coils are wound around the
central part of the iron core. These
coils could be placed side by side as
shown in the diagram. In actual
units, however, one is usually wound
over the other, with insulating cloth
between, because this gives lower man-
ufacturing costs without affecting
performance.

The winding through which we send
the current from our voltage source is
called the primary winding, and is
usually marked PRI. or P. The other
winding, in which the voltage is in-
duced, is called the secondary winding
and is usually marked SEC. or S. A
transformer will have only one pri-
mary winding, but can have any
number of secondary windings.

When steady direct current is sent
through the primary winding, this cur-
rent produces magnetic lines of force
which take the paths shown in Fig. 17.
This flux passes through the secondary
winding and gives it a definite num-

ber of flux linkages.
rent, however, the number of flux
linkages does not change, and hence
no voltage is induced in the secondary
winding,.

Whenever we change the value of
the primary current, the flux in the
iron core changes accordingly, and
hence the flux linkages of the sec-
ondary winding change. As a result,
a voltage is induced in the secondary
whenever the primary current changes.

When an alternating current is sent
through the primary, we have a con-
tinually varying primary current and
correspondingly varying flux linkages
in the secondary winding. The volt-
age induced in the secondary under
this condition is an a.c. voltage of the
game frequency. A transformer thus
transfers an a.c. voltage from one
circuit to another without wire con-
nections.

o

FIG. 17. This diagram illustrates the basic
principles of an iron-core transformer. Arrow
lines indicate paths taken by magnetic flux.

e s ——
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Basic Idea of Inductance

Self-Induced Voltage. Up to the
present time, we have studied what
happened when coils -were placed in
magnetic fields produced by other de-
vices. However, a coil can be en-
tirely by itself, far away from other
magnetic fields, and still have an in-
duced voltage. Here is how this “self-
induced” voltage is produced.

When current is sent through a
single coil, the coil produces its own
magnetic field. And when .this coil
current changes, due to a change in
the applied voltage, the magnetic field
also changes in strength. Naturally,
this magnetic field links with the coil,
go we have changing flux linkages in
the coil. This means that there is an
induced voltage in the coil, produced
by the coil itself and hence called a
self-induced voltage. Lenz’s Law says
that this self-induced voltage must be
in such a direction that it opposes the
original change.

As an example, when we increase the
coil current by boosting the applied
voltage, we get an induced voltage
which opposes the applied voltage and
thus opposes the increase in applied
voltage. The important thing for you
to realize is that the induced voltage
always opposes the change which is
producing the induced voltage. If we
didn’t have this natural opposition
to changes—if instead the induced
voltage aided the change—then the
induced voltage would build up to
tremendously high values and destroy
the coil.

Inductance. The characteristic
which determines how much voltage
will be induced in a coil by a given
change in current is called inductance.
Inductance is one factor which de-
termines how much the self-induced
voltage will be. More specifically,

the electrical size or inductance of a
coil determines how much change in
flux linkages will be obtained with
a given change in coil current. The
higher the inductance, the greater will
be the change in flux linkages for a
given current change.

Units of Inductance. The basioc
unit of inductance is the henry. It is
named after Professor Joseph Henry,
an outstanding American scientist who
announced the results of his coil ex-
periments in 1832. The henry specifies
the amount of flux linkages produced
by an ampere of current. If one am-
pere produces 100,000,000 flux link-
ages in an air-core coil, the coil has
an inductance of one henry.

All coils, including iron-core coils,
are said to have an inductance of one
henry when a current change of one

Courtesy Ueneral Electre Co.

Inside the cardboard housing of the ‘‘Beam-A-
Scope” in this General Electric console receiver
is a large coil which serves as a buiit-in loop
antenna. The three cylindrical shield cans on
top of the chassis contain r.f. and i.f. coils, and
the two loudspeakers have iron-core coils.
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ampere in one second produces a self-
induced voltage of one volt.

Although some of the iron-core coils
used in radio have inductance values
ranging as high as 1000 henrys, air-
core radio coils have inductance values
of enly a small fraction of a henry.
For convenience in specifying in-
ductance values of air-core coils and
small iron-core coils, we frequently
use another unit of inductance called
the millthenry. One millihenry is
equal to one-thousandth of a henry,
hence there are 1000 millihenrys in
one henry., Here are some examples:
500 millihenrys is equal to .5 henry;
9000 millihenrys is equal to 9 henrys.

A still smaller unit of inductance
occasionally encountered in radio is
the microhenry. 1t is equal to one-
millionth of a henry. It takes one
thousand microhenrys to make one
millihenry.

Factors Affecting Inductance.
The inductance of a coil is determined
by the number of turns in the coil, by
the shape of the coil, and by the ma-
terial used in the core of the coil. It
is possible to calculate by means of
formulas the inductance which will be
obtained with any combination of
these factors, but practical radio men
do not particularly need to know such
design procedures.

It is entirely sufficient to know that
when you increase the number of turns
in a coil, the inductance will increase
likewise. If you reduce the number
of turns, the inductance will go down.
Furthermore, the change in inductance
will be somewhat faster than the
change in turns.

It should be pointed out that in-
ductance is not necessarily limited to
coils. Even a straight wire has in-
ductance; in fact, straight wires or
straight pipes are actually used as in-

ductances in ultra-high-frequency
equipment. The inductance value 18
too small for the type of radio receiv-
ers we use in our homes, but becomes
effective and useful at ultra-high fre-
quencies. '

A. C. Voltage Drop of a Coil
We have learned that whenever the
flux linkages of a coil are changed in
any way, & voltage is induced in the
coil. Therefore, if we send alternating
current through a single coil, the con-
tinually changing flux linkages will
cause an- a.c. voltage to be induced in
the coil itself.

Oourtesy Bearder-Colman Oe.

A single coil wound on an iron core provides
the varying magnetic field which operates this
small a.c. motor, used to drive the magnetic
tuning unit of a radio receiver. The "'squimel-
cage’’ armature at the upper right fits into the
hole above the coil, being supported there by
two bearing assemblies like that shown at the
lower right.

Since an induced voltage always
opposes whatever force is producing
it, a self-induced a.c. voltage in a
coil opposes the a.c. source voltage.
This is why a self-induced voltage is
sometimes known as a back e.m.f. or
counter e.m.f.

The back e.m.f. in a coil is the a.c.
voltage drop appearing across the coil.
Just as the voltage drop across a re-
sistor is due to current flowing through
the opposition in ohms of a resistor,
g0 18 the a.c. voltage drop (back e.m.f.)
of a coil due to the opposition in ohms
which the coil offers to alternating
current. This coil opposition is known
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Courtesy Henry L. Crowley & Co., Inc.

These two molded cup-shaped outer pieces and

the cylindrical iron core of pulverized iron

will, when assembled, form a complete magnetic

core for the r.f. choke coil, greatly increasing
its inductance,

as tnductive reactance, and is well
worth thorough study now because it
determines how much alternating cur-
rent will flow through a coil in a par-
ticular radio ecircuit.

Inductive Reactance. The op-
position in ohms which a coil offers to
the flow of alternating current varies
with frequency. This explains why
the frequency.value is included in the
following rule for figuring the induec-
tive reactance of a coil:

The inductive reactance in ohms of
a coil 1s equal to the inductance of the
cotl in henrys multiplied by 6.28 times
the frequency wn cycles.

By using letter notations for some
of these terms, we can express this
relationship more conveniently by an
equation or formula. The notation
Xy is used to represent inductive re-
actance. The smaller letter f is used
to represent frequency. The letter L
is used in formulas to represent in-
ductance. With these notations, the
inductive reactance in ohms of a coil
can be expressed by means of the fol-
lowing formula:

Xe=628XfXL

You will oceasionally find this form-
aula written as Xy = 2nfL; n is the
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Greek letter pi (pronounced pie)
which is commonly used to represent
the mathematical number 3.14, and
2n is 2 X 3.14, or 6.28, the number in
our first formula.

Ezample: Suppose we wanted to
know the inductive reactance of a 30-
henry choke coil at 120 cycles. The
formula is:

X. =628 X fXL

Substituting 120 for f and 30 for L
gives
X1, = 6.28 X 120 X 80

Multiplying these three numbers to-
gether gives 22,608 as the value of Xy,
This coil would therefore have an op-
position (inductive reactance) of
about 22,600 ohms in a 120-cycle
alternating current circuit.

Courtesy Henry L. Crowley & Co., Inc.

Examples of pulverized iron cores used in
adjustable r.f. coils. Each screw is slotted at
the end for adjusting purposes; rotating the
screw with a screwdriver moves the core into or
out of the coil, thereby changing the inductance.
This method of changing the inductance of a
coil is often called permeability tuning.

At 60 cyecles, the inductive reactance
of this coil would be 6.28 X 60 X 30,
or 11,300 ohms, which is exactly half
the reactance at 120 cycles. At 120,-
000 cycles, the inductive reactance
would be 6.28 X 120,000 X 30, or
22,600,000 ohms. Inductive reactance
thus varies directly with frequency.
These examples are given not because
you will solve such problems as a tech-
nician, but to show you how reactance
varies with frequency, and to show



that the reactance also varies with the
inductance of a coil.

Just as a matter of comparison, we
might point out that in a direct cur-
rent circuit, the only opposition this
80-henry coil would offer to the flow
of current would be that due to the re-
sistance of the copper wire in the
coil—about 400 ohms for a coil of this
size. This d.c. resistance will also
affect alternating current, and will
produce an a.c. voltage drop. This
resistance value is negligibly small in
comparison to the 22,600-ohm induc-
tive reactance at 120 cycles, so we
normally neglect the a.c. voltage drop
due to the resistance of the coil.

Ohm’s Law for Coils. Ohm’s
Law tells us how much alternating
current will flow through a particular
coil under given conditions, just as it
does for resistors in direct current cir-
cuits. We need to know only the in-
ductive reactance of the coil in ohms
and the effective value of the a.c. volt-
age applied to the coil. The effective
alternating current value in amperes
is then equal to the a.e. voltage in
volts divided by the reactance in ohms.
(This assumes that the d.c. resistance
of the coil is negligibly small in com-
parison to its reactance.)

The simple formula is ] = E + Xy ;
you will recognize this as being very
gimilar to I = E -+ R, the d.c. version
of this Ohm’s Law formula.

Ezample: A ¢oil having a reactance
of 6000 ohms is to be connected across
& 120-volt a.c. power line. What cur-
rent will flow through the coil?

Since I is equal to K —+ X, we di-
vide 120 by 6000, and get .02 ampere
as the a.c. coil current.

The other two Ohm’s Law formulas
for coils having negligibly small re-
gistance are £ = I X X (for use
when you want to figure the a.c. volt-
age drop across & coil) and Xy =
E —+ I (for use when you want to

figure the inductive reactance of a
coil).

Mutually Coupled Coils. When
the two coils of a transformer are
wound side by side or one over the
other on a paper or fiber form, with-
out any magnetic material in the core,
we have an air-core transformer, and
the two coils are mutually coupled
through their magnetic fields. Air-
core units are usually called r.f. trans-
formers or i.f. transformers, because
they are used chiefly in radio fre-

UNSHIELDED

SHIELDED

quency (r. f.) and intermediate fre-
quency (i.f.) circuits.

Radio men often speak of r.f. coils
when they mean r.f. transformers. An
r.f. transformer does consist of two or
more r.f. coils, so there is some justi-
fication for this. Anyway, the terms
are a part of the radio man’s everyday
language, so we might as well accept
them.

In two coils which are mutually
coupled, the voltage induced in the
second coil depends on three things:
1. The frequency of the primary cur-
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rent; 2. The effective value of the pri-
mary current; 3. The mutual induc-
tance of the two coils. Increasing any
one of these three things will increase
the induced voltage in the secondary,
as explained later.

Effect of Frequency. The higher
the frequency of the primary current,
the faster will the flux be changing and
the greater will be the induced voltage
in the secondary.

Effect of Current. The higher the
value of primary current, the more
flux it will produce. Since this flux
varies from a maximum value in one
direction to zero and then to a maxi-
mum in the other direction, more flux
means a greater change in flux per unit
of time and a higher induced voltage
in the secondary.

Mutual Inductance. This is a fac-
tor which expresses in a practical
manner the amount of coupling (flux
linkage) between the primary and
secondary coils of an air-core trans-
former. The greater the mutual in-
ductance value, the greater will be
the voltage induced in the secondary
of the transformer by a given change
in primary current.

Mutual inductance depends upon
the sizes of both air-core coils, the
number of turns on each coil, their
relative positions and their distances
apart.

Mutual inductance is specified in
henrys just like ordinary inductance,
and is represented in formulas by the
letter M. The higher the value of
mutual inductance, the greater will be
the induced voltage in the secondary
coll.

Sometimes you will find mutual in-
ductance defined as follows: When a
ohange of one ampere per second in
primary current produces one volt in
the secondary, the mutual inductance
is one henry. This applies to any
mutually-coupled coil. -
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WHEN COILS ARF. IN SERIES,
THE !NDUCTANCE VALUES ADD,

-l

WIEN COILS ARE IN PARA! ¢’
THE COMBINED INDUCTANGE 1o ! 5o,
THAN THE SMALLEST INDUC IANCE .

FIG. 18. Coils combine exactly like resistors.

COILS IN SERIES AND PARALLEL

It is worth knowing in a general
manner what happens when coils are
combined in series or in parallel, the
coils being far enough apart so that
their magnetic fields do not affect each
other, or shields being used to prevent
interaction of the coils.

When coils are connected together
in series, as shown in Fig. 184, the
combined inductance is the sum of the
individual inductances.

When coils are connected together
in parallel, as shown in Fig. 18B, the
combined inductance is less than the
smallest inductance in the group.

These rules for combinations of coils
are exactly the same as for combina-

X
|

Air-core transformers for short-wave transmitters,

The amount of coupling between the two coils

is varied in the left-hand unit by rotating a small

inner coil, and in the right-hand unit by moving

a link (one or two-turn coil) between the
two coils.
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tions of resistors. This fact makes it
easy for you to remember how coils
combine.

Mutually-Coupled Coils in Series.
When two coils are connected in series
and are close enough together so that
mutual inductance exists, we have in-
teraction between the coils, and the
combined inductance will be either in-
creased or decreased by a factor equal
to twice the value of the mutual in-
ductance in henrys. Thus, if coil con-
nections are such that the magnetic
fields of the two coils aid each other,
the combined inductance will be equal
to Ly 4+ L, + 2M. 1If the connections
are such that the magnetic fields of
the two coils oppose each other, the
combined inductance will be L, 4 L,

USEFUL FLUX

\
)

//}'//'///j/ 7

PRIMARY SECONDARY

FIG. 19. Leakage flux. In the average coil,
the leakage Aux is only a small proportion of
the total useful fAux.

— 2M. Reversing the connections to
one of the coils will reverse the effect
of the mutual inductance factor.

Leakage Flux. Flux which is pro-
duced by the primary winding of a
transformer but does not produce the
maximum possible number of flux
linkages with the secondary winding
is called leakage flux. Two mutually-
coupled air-core coils do not give the
maximum possible transfer of voltage
from primary to secondary because of
this leakage flux.

In a single coil by itself, the flux
which is produced by some of the
turns but does not link with all of the

turns of the coil is called leakage fluz.
This is basically the reason why cer-
tain shapes and sizes of coils give
greater inductance for a given length
of wire.

The name leakage flux is used be-
cause this flux “leaks” back around a
path whereby it does not do its full
quota of useful work. Examples of
both types of flux are shown in
Fig. 19. You will frequently encoun-
ter the subject of leakage flux as you
continue your study of radio.

VARIABLE INDUCTANCES

In some receiver and transmitter
circuits, it is necessary to provide
means for changing the inductance
value of the coil in a radio circuit.
Thus, in receivers having more than
one band, different inductance values
are needed for each band. This can
be done in a number of different ways,
which we will now consider, one at
a time.

Changing Entire Coils. One way
to change quickly from one inductance
value to another is by means of plug-
in coils, which fit into sockets in the
chassis and can be changed just like
tubes are changed. Plug-in coils are
used today chiefly in experimental re-
ceivers, communications receivers and
transmitters, for band-changing pur-
poses so as to permit reception or
transmitter operation in a particular
band of frequencies.

A more convenient way of changing
coils, used in many modern all-wave

Examples of plug-in coils used in experimentsl
short-wave receivers.
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receivers and communication trans-
mitters, is by means of a band-chang-
ing switch which disconnects one set
of coils completely and connects an-

other set in its place when the switch

knob is rotated. Sometimes the coils
are provided with taps, and the band-
changing switch makes connections to
the taps which place the desired num-
bers of turns in the ecircuits,
Variometers. The inductance of
a coil can be varied gradually be-
tween two values with a variometer.
This is simply a variable inductance
in which one coil is rotated inside a
larger coil. The two coils are con-
nected in series. Rotation of the in-
side coil changes the amount of cou-
pling between the two coils, changing
the mutual inductance of the two coils
and thus changing their combined in-

Transmitter band-switching arrangement which

makes it possible to connect any one of three

coils into the circuit merely by turning the

switch. Many all-wave receivers have similar

band-switching arrangements, using smaller coils
and more compact switches.

ductance. Variometers were once
widely used in receivers for tuning
purposes, and are still to be found in
some types of radio transmitters.
Permeability Tuning., The in-
ductance of a coil can be varied by
moving a small cylindrical core of
pulverized iron into or out of the coil.
This varies the reluctance of the mag-
netic circuit of the coil, which changes
the amount of flux the coil can pro-
duce, and thus varies the inductance.
This method of varying inductance
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R.F. transformer with adjustable pulverized iron
core. Tightening the adjusting screw raises the
core out of the primary coil, thereby reducing
the amount of coupling between the two coils.

is usually known as permeability tun-
ing, because as we include more of the
iron in the magnetic path of the coil,
we change the permeability of the
magnetic path. Some modern receiv-
ers are now using variable inductances
like this with fixed condensers for
tuning purposes, in place of variable
condensers with fixed inductances.

RESISTANCE OF A COIL

When a coil is connected to a d.e.
voltage source, direct current flows
through the coil. The value of this
steady direct current depends only on
the d.c. resistance of the coil, which is
simply the resistance of the copper
wire used in constructing the coil.
(The inductive reactance of the coil
has no effect whatsoever on the
amount of direct current which flows
through the coil, as reactance exists
and offers opposition only in a.c.
circuits.)

Although copper wire has a lower
resistance per unit length and thick-
ness than almost any other material
you encounter in radio, coils are some-
times made with so much fine copper
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wire that they have d.c. resistance
values even higher than 1000 ohms.
On the other hand, some coils are
made from only a few turns of large
wire, so their d.c. resistance is consid-
erably less than 1 ohm.

A knowledge of d.c. resistance values
of coils is extremely useful when hunt-
ing for trouble in radio equipment.
Just by comparing the measured d.c.
resistance of a coil with the value
specified on the circuit diagram, you

POWER TRANSFORMER

TRANSFORMER

OUTPUT

FIG. 20. The d.c. resistance values of coils
are oft_en given on circuit diagrams of radio
receivers, much in the manner shown here.

may be able to tell whether or not a
coil is defective.

You will often find resistance values
specified near the coil symbols on cir-
cult diagrams, much in the manner
shown m Fig. 20 for typical coils of
different types. This information is
particularly useful when checking re-
sistance or continuity in a circuit with
an ohmmeter in order to locate a de-
fective part, as you will learn when
you begin mastering radio servicing
techniques.
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‘ance than broadcast band coils.

Another practical use for d.c. resist-
ance values of coils is in identifying
the coils in the various bands of an
all-wave receiver. Coils for short-
wave bands always have less induct-
This
means that short-wave coils have
fewer turns, less wire and less resist-
ance. The tuning coil having the
lowest resistance can therefore be iden-
tified as belonging to the lowest short-
wave band (the highest-frequency
band). The tuning coil having the
most resistance will belong to the
broadcast band.

Using Ohm’s Law. A coil in a
direct current circuit acts exactly like
a resistance insofar as the d.c. voltage
source is concerned. This means you
can use Ohm’s Law to figure voltage,
current and resistance values for coils
in d.c. circuits, just as you do for re-
sistors. For example, to figure the
amount of direct current which will
flow through a coil, you divide the d.c.
voltage applied to the coil by the d.c.
resistance of the coill (I=E —=R).

Coils Can Get Hot. In the pre-
vious lesson, you learned that when-
ever current flows through a resist-
ance, heat is produced. The copper
wire in a coil has resistance, and there-
fore heats up exactly like a resistor.
If you overload a coil by sending too
much direct current through it, the
wire in the coil melts and burns out
just like an overloaded wire-wound
resistor. When coils are sealed with
pitch, as is the case in some output
transformers and filter chokes, over-
loading may melt the sealing com-
pound, causing smoke and a charac-
teristic burned odor.

Magnet Wire. Coils are usually
wound with one or more layers of
insulated copper wire. You will find
three types of insulation in common
use—enamel, cotton and silk, used
singly or in combinations like silk



CHOKE GOILS

UNSHIELDED SHIELDED

R.F. CHOKE R.F. CHOKE CASER.F.C.

IRON-CORE
CHOKE COIL

SECTION-WOUND
R.F. CHOKE

Exemples of choke coils you will encounter in
radio receivers and transmitters. Single coils
by themselves are called choke coils by radio
men, and are used individually in radio circuits
to offer opposition to alternating current with-
out appreciably hindering the Aow of direct
current. Basket-weave windings (like that of
the unshielded r.f. choke) and criss-cross wind-
ings give low distributed capacity (explained
later), thereby improving the effectiveness of
the coil at high radio frequencies.

over enamel and cotton over enamel.
Wire in the sizes and types used for
coils is popularly known as magnet
wire, because at one time such wire
was used chiefly for electromagnets.

Coils are sometimes baked in a hot
oven during manufacture to drive off
moisture, then dipped in insulating
varnish or molten wax to make them
moisture-proof and to hold the turns
of wire in position despite rough han-
dling.

NON-INDUCTIVE RESISTORS

Wire-wound resistors made by wind-
ing nichrome resistance wire around
an insulating form are really small
coils having high resistance. Often-
times, the coil characteristics of these
wire-wound registors are highly un-
desirable. This is particularly true

in the high frequency radio circuits
used in frequency modulation receiv-
ers and transmitters, in television re-
ceivers and transmitters, in ultra-high
frequency police radio equipment, and
in radio airplane locators. For these
circuits we must use non-inductive re-
sistors, which have no coil character-
istics.

Carbon and metallized resistors are
considered as non-inductive resistors,
for each one is a single straight rod
without any turns or coils, having
negligible inductance.

Special windings are used on wire-
wound resistors to get mon-induetive
characteristics. One example is the
so-called ‘“hairpin-type winding”
shown in Fig. 21A. In this winding,

HAIRPIN-TYPE
Non - Inductive Winding

®

SECTION-TYPE
Non-Inductive Winding

FIG. 21. Two ways of winding wire-wound re-

sistors so they have practically no inductive

characteristics. Arrows indicate directions of
electron flow.

the electron flow is in opposite direc-
tions through any two adjacent wires,
hence the magnetic fields produced by
the adjacent wires are in opposite di-
rections and cancel each other. The
result is zero inductance.

Another type of non-inductive wind-
ing is shown in Fig. 21B. Here the
resistor is made of an even number
of sections, connected so current flows
in opposite directions through adja-
cent sections. The magnetie fields of
adjacent sections cancel each other.
and again we have zero inductance.

e e
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Simple Coil-Resistor Circuit

We have already seen that when a
coil alone is connected to an a.c. volt-
age source, its reactance determines
what current will flow. We now come
to a practical case where a coil is
used in series with a resistor in an
a.c. series circuit.

1f we connect a coil and a lamp in
geries to & 115-volt d.c. source, as in
Fig. 224, then connect d.c. voltmeters
to measure the voltage drops across
the coil and lamp, we will find that
these voltages check with Kirchhoff’s
Voltage Law. In other words, the
voltage drops will add up to 115 volts,
the source voltage.

Suppose, however, that we change
to a 115-volt a.c. source, as in Fig.
22B. With a.c. voltmeters being used
now to measure the voltage drops, we
find that the two voltage drops add
up to 154 volts, which is much higher
than the source voltage. Clearly, we
cannot apply Kirchhoff’s Voltage Law
directly to a.c. circuits.

We know this law must hold true
because it is a fundamental radio law,
80 let us now see why it doesn’t apply
directly. Let us also investigate the
special procedure a radio design engi-
neer might have to use in order to
make the law apply. This problem
brings us for the first time to the sub-
ject of phase.

Phase. The voltage drops across
the coil and lamp in Fig. 22B do not
add up to the a.c. source voltage be-
cause these a.c. voltage drops do not
reach corresponding peak wvalues at
the same instant of titme 1n each cycle.
In other words, one a.c. voltage may
be at the zero point in its eycle at the
instant when the other a.c. voltage is
at its maximum or peak value. We
encounter this situation whenever we
use coils or condensers along with re-
sistors in radio circuits, and we say
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that there is a phase difference be-
tween these a.c. voltage drops.

The only time we can add directly
the a.c. voltages which a.c. meters
measure is when these voltages are in
phase with each other (when all reach
corresponding peak values in each
cycle at the same instant of time, and
all drop to zero together). This oc-
curs only when all the parts in the
circuit are identical (all are resistors,
all are perfect coils or all are con-
densers). Let us see how phase enters
into the picture when we use a coil in
an a.c. circuit.

First of all, we can definitely say
that the same value of alternating
current flows through both the coil
and the lamp in our a.c. circuit of

115-VOLT
D.C.
SOURCE

5 VOLTS

O

WITH 0.C., THE VOLTAGE DROPS
ADD UP TO THE SOURCE VOLTAGE - = =

115-VOLT
A.C.

SOURCE 50 VOLTS

104 VOLTS

[

BUT LOOK WHAT HAPPENS WITH A.C.¢

FIG. 22. Circuits illustrating the effects of
phase in a.c. coil circuits,



Fig. 22B, because these two parts are
in series. The curve in Fig. 234
shows how this current varies during
each complete cycle. On diagrams of
this type, time is always assumed to
be zero at the extreme left of the
curve, so the beginning of the cycle
is at the left on the diagram. Time
therefore increases to the right, and
the end of the cycle is at the right.

A lamp is a resistance, so this cur-
rent produces across the lamp an a.c.
voltage drop which is in phase with
the current. The resistor voltage curve
is shown in Fig. 23B for the same in-
terval of time covered by the current
curve in Fig, 234. Compare these two
curves, and you will see that voltage
and current values for a resistor reach
corresponding peak values in each
cycle at exactly the same instant of
time.

The a.c. voltage across the coil is
definitely not in phase with the circuit
current. Technically speaking, the

CURRENT
-~

i
t
CCYCLE :'/4CYCLE : 2CYCLE 4’/4CYCLE |l CYCLE
{ 1
| x -

7 .RES|STDR..”

VOLTAGE
-~ —>

FIG. 23. These two curves show that voltage
and current values for a resistor reach corres-
ponding values at exactly the same instant of
time. This means that voltage and current for

a resistor are IN PHASE with each other.

current in a perfect coil always lags
the coil voltage by 90° (one-quarter
cycle). The reason for this can be
explained in a few sentences, with the
aid of the circuit current curve in

Fig. 24A.

First of all, we must remember that
the a.c. voltage drop of a coil depends
upon how fast the coil current 18
changing.

Examining the current curve in Fig.
24A, we see that the current changes

CURRENT
- ) —

VOLTAGE
- O

FIG. 24. The basic fact that a coil voltage is
QUT OF PHASE with the coil current is

shown by these two curves.

very little—hardly at all-—during time
interval a. The current on this dia-
gram is represented by the distance a
point on the curve is from the hori-
zontal reference line. Since points I
and 2 are both almost the same dis-
tance above this line, the current is
essentially the same at 2, the end of
time interval a, as at the beginning
(1). When the current doesn’t change,
the flux doesn’t change, and hence the
flux linkages do not change. No
changes in flux linkages mean no in-
duced voltage to act on an a.c. volt-
meter connected across the coil, which
explains why we find the coil voltage
to be zero when we trace downward
from point 2 to the coil voltage curve
in Fig. 24B.

At time interval b (Fig. 24A), how-
ever, the current is changing very rap-
idly (it drops from the value at point
3 all the way down to zero at point 4).

The steeper (more vertieal) the
curve, the more change there is in
current during a given interval of
time. We therefore expeet the a.c,
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surtesy Sengitive Research instrument Cou.

The number of magnetic lines of force passing
through a given area can actually be measured
with this special instrument known as a flux-
meter. When the exploring search coil (below
the instrument) is rotated or moved in a mag-
netic field, the resulting change in the Aux
linkage of this coil produces an induced volt-
age which sends current through the meter.
Tie meter scale is calibrated to indicate lines
of force. (On this instrument, each small
division on the scale represents a change of
10,000 lines of force in a single-turn explor-
ing coil.)

coil voltage drop to be a maximum at
the time of point 4, where the curve
is most nearly vertical, and we find
this to be true when we trace down-
ward to the coil voltage curve.

Continuing in this same way for
other instants of time, we will find
that when coil current is represented
by the curve in Fig. 244, the coil volt-
age will vary as shown by the curve
in Fig. 24B.

If we carefully compare the two
curves in Fig. 24, we will find that the
coil voltage curve reaches its peak
value exactly one-quarter cycle before
the current curve reaches a corre-
sponding peak. For example, at zero
current the coil voltage is at its upper

peak (5), but the current does not
reach its upper peak (2) until a quar-
ter-cycle later. This is why we say
that the coil voltage leads the current
by one-quarter oycle, which is 90°.
(One cycle is 360°, so one-quarter
cycle is 90°, pronounced ninety de-
grees.) This holds true for all per-
fect coils.

Of course, we can express this rela-
tionship in another way if we prefer:
The coil current lags 90° behind the
coil voltage. Saying current lags volt-
age is exactly the same as saying
voltage leads current.

Since the coil voltage is out of phase
with the current, and the resistor volt-
age is in phase with the current, we
arrive at the fact that the coil and
resistor voltages are out of phase with
each other. A.C. voltages as read by
a meter can be added directly only
when they are in phase with each
other, and consequently we cannot
add these two a.c. voltages directly.

Always remember that a.c. meters
measure effective values of a current
or voltage which is continually vary-
ing. The meters read the same even
though the current through them is
varying, because meter coils cannot
respond to such fast variations in
current.

If we had some means of measuring
the exact values of our a.c. voltages
all at the same instant, we would find
that the instantaneous voltage drop
values would add up to the exact value
of the source voltage at that instant.
We have no convenient meters for this,
however, and there is no practical need
for measurements of instantaneous a.c.
values, so let us go on now and learn
the correct way for combining out-
of-phase a.c. voltages.

Vectors. We have found that the
coil and resistor (lamp) voltages reach
their peaks at different times in each
cycle. The simplest way to show the
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phase relationships of all voltages and
currents in an a.c. circuit is by means
of a single diagram in which rotating
arrows represent the a.c. voltages and
currents. These arrows are called
vectors.

The length of each vector indicates
the amount of voltage or current, and
the position of the vector with respect
to the starting or reference line indi-
cates the phase of the voltage or cur-
rent with respeet to the other voltages
and currents.

Each complete revolution of a vec-
tor represents one a.c. cycle. By gen-
eral agreement among radio and elec-
trical men, vectors are always assumed
to be rotating counter-clockwise, op-

N ™

C——"
0 I 0

I VR
SIMPLE VECTOR

DIAGRAM FOR A
RESISTOR

(A) STARTING OR
REFERENCE
POSITION FOR A
VECTOR DIAGRAM

FIG. 25. Vector diagrams like these are casy

ways of showing how continually varying currents

and voltages in a.c. circuits are related to
each other,

posite to the direction in which the
hands of a clock move. Furthermore,
the starting or reference position for
all vectors is the vector position shown
in Fig. 26A, which is a line going to
the right horizontally from the center
(0) of the vector diagram.

In a series circuit, we almost always
use current for our reference vector.
To make the vector in Fig. 2564 rep-
regent the circuit current, we make the
length of the vector proportional to
the effective current value which
would be indicated by an a.c. am-
meter. We then put on the arrow
head, and label it with the capital
letter I to indicate that it represents
current.

The voltage drop across the lamp is

SIMPLIFIED VERSION OF FIG. 228
REPEATED FOR YOUR CONVENIENCE

FIG. 26. These simple vector diagrams tell the

entire story about how the current and voltage

are related to each other in the a.c. coil
resistance circuit of Fig. 292B.

wn phase with the current, so the volt-
age drop vector Vg will have exactly
the same position as the current vector.
We therefore draw voltage drop vec-
tor Vr from O along the reference
line, right over the current vector and
in a length which is proportional
to the effective a.c. value of the re-
sistor voltage drop, just as in Fig.
256B. Thus, we might let one inch of
length along the vector line represent
5 volts, 20 volts or any other value
which gives a convenient size of vector
diagram. This simple diagram now
tells us at a glance that the voltage
and current for the lamp are in phase
with each other. Incidentally, a vec-
tor diagram with overlapping vector
arrows like this would be obtained for
any resistor in any a.c. circuit.

Next comes the coil voltage vector,
which we know must be 90° ahead of
the current. One complete vector rev-
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olution is one cycle or 360°, so 90°
will be one-quarter of a revolution.
We must go one-quarter cycle counter-
clockwise to get ahead 90°, so we draw
coil voltage vector Vi straight up
from 0, as in Fig. 264. Coil voltage
and current vectors 90° apart like
this would be obtained for any perfect
coil in any a.e. circuit.

Only one voltage remains to be
‘placed on our vector diagram—the
gsource voltage. And now we learn
the secret of making Kirchhoff’s Volt-
age Law apply to our a.c. circuit: If
we take the vector sum of the voltage
drops, they will add up to the sourc
voltage E. '

To get the vector sum of voltage
drops Vi and Vg on our diagram in
Fig. 26B, we simply draw in dotted
lines to complete a rectangle, then
draw the diagonal of this rectangle
from 0. This diagonal line is the
vector sum of the coil and resistor
voltage drops, and is also equal to the
source voltage, so we place an arrow
on its other end and label it E. Since
this vector is ahead of current vector
I (remember that we have assumed
counter-clockwise rotation), we say
that source voltage E leads the eircuit
current. If we prefer to express it the
other way, we would say that the
current I lags the source voltage.

If we made the lengths of the voltage
vectors in Fig. 26B proportional to the
actual effective a.c. voltage values
(for instance, if we let each inch of
length along the vector represent a
definite amount of voltage), then
measured the length of voltage vector
E in Fig. 26B and converted it back
to volts, we would find that it was
exaotly equal to the source voltage
value. Kirchhoff’s Voltage L.aw holds
true for all a.c. circuits if we apply it

in this way so as to take phase into
account.

The vector diagram in Fig. 26B thus
tells us the complete story about volt-
age and current relationships in our
coil-resistor circuit shown in Figs.
22B and 26B.

Importance of Phase. A general
knowledge of phase and vector dia-
grams will help you to understand the
actions of coils and condensers in a.c.
radio circuits, and will make you a
better-than-average radio man. You
will understand why you do certain
things when making adjustments or
repairs, instead of just blindly follow-
ing instructions. It is the men who
know why and how who command the
highest salaries in the modern world
of radio.

Later in your course, you will learn
that the opposition of a coil can be
balanced or cancelled by the opposi-
tion of a condenser because of phase;
you will find that hum can be balanced
out of a receiver because of phase;
pictures are black when they should
be white in television receivers because
of phase; radio beacons guide air-
craft in the skies because the designer
took account of phase among other
things; and so the examples pile up.
Phase, however, is not a subject which
you can grasp in one lesson; you will
understand it better and better with
each succeeding lesson.

LOOKING AHEAD

You have now finished your study
of the basic facts about resistors and
coils. When you complete a similar
study of condensers in the next les-
son, you will have secured a thorough
basic knowledge of these three impor-
tant radio parts.
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Lesson Questions

Be sure to number your Answer Sheet 6FR-3.
Place your Student Number on every Answer Sheet.

Send in your set of answers for this lesson immediately after you finish

them, as instructed in the Study Schedule. This will give you the greatest
possible benefit from our speedy personal grading service.

1.

What effect does an increase in the number of ampere-turns have on the
amount of magnetic flux produced by a coil?

. Copy the following list on your Answer Sheet, and indicate after each

material whether it is magnetic or non-magnetic.

(a) Copper. Ezxamples (do not copy these):
(b) Sheet steel.

(¢) Plywood. (x) Brass. Non-magnetic.
(d) Aluminum. (y) Air. Non-magnetic.
(e) Cast iron. (z) Alnico alloy. Magnetic.

When a pivoted iron object takes the position which gives minimum reluc-
tance to the magnetic circuit of a coil, will we get maximum flur or mini-
mum flux?

. How many flux linkages do we have when 25,000 magnetic lines of force

pass through a 3-turn coil?

. Will we get an induced voltage if we suddenly reduce the number of flux

linkages in a coil?

. Is any voltage induced in a coil when the flux linkages are not changing?

. Why do we get an induced voltage in a current-carrying coil when we

change the reluctance of the magnetic circuit of the coil?

. If a coil has an inductance of 2 henrys, what is its inductance in millihenrys?

. Is the inductive reactance of a coil the same at all frequencies?
10.

How many degrees out of phase with each other are the voltage and current
in a perfect coil?



