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INTRODUCTORY

The series of booklets, of which this is the first
(called Section I), has been prepared to supply the
telephone men in the field with an elementary text in
which is presented a simple, connected story dealing
with the principles of electricity and magnetism, and
with their application to testing, signaling, the trans-
mission of speech, ete., in the telephone plant. With
a knowledge of these fundamentals, together with in-
formation which can be secured from a reasonable
amount of regular continued study, we can keep
pace with the rapid advancement of our business,
a business which is continually growing bigger and
more complex.

From the early grounded systems with their lim-
ited possibilities, our business has rapidly grown
through various stages. We have seen magneto sys-
tems (although still best suited to many communi-
ties) give way in many cities and towns to common
battery systems; manual systems replaced by dial
systems; cables stretch out to connect cities farther
and farther apart; voice currents, with the help of
loading and repeaters, go farther than people ever
dreamed they would when the telephone first made
its appearance; and carrier currents, and, more re-
cently, the coaxial cable systems, carry simultaneous-
ly many messages over paths some of which pre-
viously would carry only one. So the story goes on;
each day we see new things added to the plant.

What concerns each of us is—where does all this
lead? As we add this complex equipment there
surely must be some reaction ; and so there is. Where
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yesterday we were satisfied with certain standards,
today we must look to the plant to produce a little
more. We must, therefore, set up higher standards
and work to them. Each new thing we apply, as a
rule, brings in new problems which must be solved
in the right way before we can hope to have it give
satisfactory service. True, we expect the engineers
to dig out these new ideas; but it is up to us to put
them in the plant and to make them work. This text
has, therefore, been prepared to give us a better idea
of what is needed to keep the System operating. It
will serve as a basis for increasing our knowledge of
the job. The need for such knowledge grows greater
and greater as the plant becomes more complicated.

We are all interested in giving good telephone
service—that is our creed. But what is good service?
Just this: that any subscriber in our System may be
connected quickly to any other subscriber and carry
on without interruption a satisfactory conversation,
no matter where the instruments are located. The
sound waves that leave the mouth of one subscriber
must reach the ear of the other subscriber in such a
way that he may easily understand what the distant
subscriber is saying. It makes no difference whether
the instruments are each in a magneto system in the
rural sections or in a common battery system in a
big city, or whether they are at the opposite ends of
our territory with a long toll line connecting them—
we must give satisfactory speech transmission; that
is our business. The things that happen in the chain
of connections set up is the telephone man’s story;
the more clearly we understand this story the better
service can we give.

Each part of the connection is designed to oper-
ate in a definite way, and all of us must operate it
in that way because of its effect on the other parts



of the connection. In other words, our subsets and
P.B.X.’s must be wired up and maintained as called
for in our standard instructions; subscriber loops
must have such a make-up that they will conform to
the requirements of good transmission; circuits and
methods within the central office must conform to
standard practices, with no unauthorized experimen-
tal changes; toll lines must be properly set up and
maintained so as to transmit adequate electrical
energy from one end to the other.

The details of the way to run the job are given in
our bulletins and instructions. Our central office cir-
cuit books, for example, give us the wiring schemes
that should be found in the offices. The closer we
stick to these instructions, the better the job will
run. This text is not intended to give operating in-
structions; its purpose is to explain the principles
upon which such instructions are based.

Just a word of caution: as we continue with our
studies let us not be impatient with the way the tele-
phone system is laid out. There are things that can
be bettered, and any suggestions are always welcome
—but before changing the standard circuits in the
plant, let us refer the suggestions to the people who
designed the system. The further one studies this
telephone business of ours the more he realizes what
an intricate thing the telephone plant is. After we
think it over we must come to the conclusion that,
where there are a great number of parts to a system,
we must consider the system as a whole before
changing any part. This has been done by the men
who have drawn up our instructions, and we should,
therefore, follow those instructions.

How can we apply this electrical knowledge to the
job—line work, substation installation work, trouble
shooting and the daily problems we all encounter?
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The thought back of this text is to get across the
“feel” of our work. It seems better for a man to
understand why he does his work than merely to do
it in a mechanical way. Out on the lines we are care-
ful to keep the wires clear and their insulation high;
we want them free from induced electrical disturb-
ances; we take care to roll our transpositions right,
make our sleeve connections perfect, and see that the
bridles are not causing high resistance losses, etec.
Couldn’t we do this work a little better, and at the
same time add a little more interest to the job, if we
knew why this is done? At our substations we want
to know why the red, yellow and green cords go
where they do; what happens in the ringer, the in-
duction coil, and the other parts of our set. True, if
the set does not work, we can get a new one at the
storeroom, or perhaps the desk man can direct us
how to find the trouble; but if we have a fair work-
ing idea of what happens electrically in the subset
circuit, we can figure out many of our own problems.
By having a clear idea of the way the circuit works,
we can quickly diagnose the trouble and find which
path we should confine our attention to. Also, by
knowing what things not to do and why they should
not be done, we can keep things out of the plant that
might cause transmission losses or other trouble. We
are interested primarily in this course in getting a
practical understanding of electricity, one that can
be applied to the every-day job.

With this general picture in mind, let us go a step
further and outline very briefly the manner in which
this text has been set up to show the action of elec-
tricity and magnetism in the circuits of the telephone
plant. We start with the subseriber transmitter and
receiver, The function of the transmitter is to con-
vert the sound waves, originated when we talk, into
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electrical waves which can be guided over the wires
of the telephone system to some distant subscriber
station. Arriving at the distant station the electrical
current enters the receiver or sound generator, caus-
ing its diaphragm to vibrate and thereby to repro-
duce sound waves similar to those which were put
into the transmitter. When the distant subsecriber
answers, the same cycle of events takes place in the
reverse direction: sound waves set up by his voice
are converted by his transmitter into electrical waves
which travel over the telephone wires to the receiver
at the other end of the line, which in turn converts
these electrical waves back into sound waves.

We see from this that in the transmission of sound
or speech there are three simple fundamental elec-
trical principles involved: first, the changing of
sound energy into electrical energy; second, the
transmission of this electrical energy from one end
of the telephone line to the other; and third, the
changing of the electrical energy thus transmitted
back into sound energy. To start with there must,
of course, be provided a source of electrical energy
to furnish the power required for operating the sys-
tem. This power is obtained from batteries, the well
known dry cell battery being used in local battery
systems and the ordinary storage battery in common
battery systems. In either of these systems the bat-
tery causes a current to flow through the transmitter,
and in this way is provided the means by which the
sound waves can be changed into electrical waves.

The current from a battery flows continuously in
one direction throughout the time of its duration. A
current which does this, whether supplied by a bat-
tery, a generator, or whatever its source, is called a
direct current. Besides furnishing the energy which
a transmitter converts into an electrical wave fac-
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simile of the sound waves agitating it, direct current
is also used to operate numerous types of signals and
relays and in many types of testing. Voice currents,
carrier currents and various signaling and testing
currents, however, reverse their direction of flow
many times per second. Currents which thus flow
alternately, first in one direction and then in the
other, are called alternating currents. The telephone
man should, therefore, have a general knowledge
both of direct currents and of alternating currents.

Because the easiest way to acquire such knowledge
is to begin by obtaining an understanding of the
principles of direct current and magnetism, these
principles, as they apply to the telephone plant, are
dealt with in this first Section. With this as a foun-
dation, Section II takes up and explains the prin-
ciples of alternating currents and their applications.
One must, therefore, become familiar with the in-
formation in both Section I and Section II if he ‘s,
for example, to understand how direct current can
be converted into the alternating current counter-
part of sound waves, how these alternating current
waves are made to travel along the telephone wires,
and how, finally, they are converted back into sound
waves.
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CURRENT—RESISTANCE—VOLTAGE

From our every-day contact with electrical appli-
ances in the home—door bells, electric lights, ete.—
we all have a general idea of what electricity will do
in the simpler forms of circuits. In this Section we
shall study the action of electrical currents which
flow continuously in a single direction and are known
as direct currents. We shall use, insofar as possible,
illustrations from the telephone plant with which we
are all familiar. Also, to aid us in picturing in our
minds some of the things discussed, we shall make
use of the simple analogy between the flow of water
through pipes and the flow of electricity along con-
ductors.

Fig. 1

Fig. 1 shows two tanks, A and B, connected by a
pipe C. Tank A has water at a higher level than B;
therefore, there is a difference of pressure, and so
long as this exists there will be a flow of water
through C. The amount of water which will flow
through C in a given time will depend upon the dif-
ference of pressure between the two tanks and upon
the resistance with which the pipe opposes the flow
of water through it. As the relation between the
driving pressure, the opposing resistance and the re-
sulting flow is definite and exact, thisrelation can be
expressed mathematically if we have units in terms
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of which to measure the amount of each of these
three quantities. For this purpose we can, as is com-
monly done, express the difference in pressure be-
tween the two tanks in pounds per square inch. Also,
if a water meter were placed in the pipe, it would
record the amount of water through it in terms of
cubic feet, or gallons, or some other unit of quantity,
so that, by timing the meter with a watch, we could
determine the amount of water (in gallons, let us
assume) which would flow during some unit of time,
say, one second. We should then be able to express
the rate of flow, or the current, in terms of gallons
per second ; i.e., one gallon per second is the unit of
current corresponding to unit quantity of one gallon
and unit time of one second. Finally, having selected
a unit of pressure and a unit of current, we could
define the unit of resistance to be that amount of
resistance (as determined by the size, length, etec.,
of the pipe) which would allow a rate of flow of ex-
actly one unit of current under the action of one unit
of pressure.

In electrical circuits we have to deal with quanti-
ties which are analogous to the pressure, amount,
current and resistance just discussed; and for each
of these electrical quantities there is a unit to which
has been given a name commemorating a famous
early investigator of the science of electricity.

Electric pressure is called ‘“‘electromotive force,”
meaning, of course, the force or pressure which
causes electricity to move or flow; but we most com-
monly refer to it as “voltage,” a term which, as will
shortly appear, is derived from the name of its unit.
The term “emf” (pronounced by spelling out), which
is the abbreviation of electromotive force, is also
quite commonly used instead of voltage. In the pre-
ceding analogy we chose one pound per square inch
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as the unit in terms of which to express water pres-
sure; the unit of electromotive force, or voltage, is
one volt.

We also chose one gallon as the unit in terms of
which to express the amount or quantity of water.
Quantity of electricity is usually spoken of as the
amount of “electric charge”; the unit in terms of
which this is ordinarily expressed, i.e., unit electric
charge, is one coulomb. With electric charge, how-
ever, we shall be but little concerned until we take
up the action of condensers in alternating current
circuits, in Section II: in our present study of direct
currents we shall be interested, not in electric
charges themselves, but in their rates of flow, i.e.,
in electric currents.

There is no commonly used special term for elec-
tric current; ordinarily it is spoken of merely as the
“current”; but we do have a name for the unit of
electric current. Having chosen one gallon as the
unit of quantity of water, and one second as the
unit of time, we naturally expressed rate of flow or
current of water in gallons per second because there
is no special name for unit current of water. In like
manner, it would be entirely correct to express elec-
tric current in terms of coulombs per second. Indeed,
this is exactly what is done, except that the unit
current of one coulomb per second is called one
“ampere.” The abbreviation of ampere is amp. For
convenience, currents smaller than an ampere are
often expressed in milliamperes, commonly abbrevi-
ated “mils,” one milliampere being one one-thou-
sandth part of one ampere. To convert amperes into
milliamperes, multiply by 1,000: e.g., .032 amp =
32 mils.

Electric resistance, the opposition which a con-
ductor offers to the flow of electricity, is simply
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called “resistance.” The unit of resistance to an
electric current is one “ohm.” By definition, a cir-
cuit has a resistance of one ohm if it permits a cur-
rent of one ampere to flow through it under the
action of an emf of one volt. This one-to-one rela-
tionship between the volt, the ampere and the ohm is
shown graphically by the circuit in Fig. 2.

1 Ampere
1 Voit

1 Ohm

Fig. 2

OHM'S LAW

In the case of the flow of water it was stated that
a definite relation existed between the driving pres-
sure, the opposing resistance and the resulting rate
of flow, and that this relation could be expressed
mathematically. Exactly the same sort of relation
exists between the voltage, resistance and current in
electrical circuits. We have seen above that the
units of these three electrical quantities have been
so selected that an emf of one volt, applied to a cir-
cuit whose resistance is one ohm, will cause a current
of one ampere to flow. Carrying this relationship a
step further, we may state that current equals volt-
age divided by resistance, or

I=—

R
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where I is the current in amperes, E is the emf in
volts and R is the resistance in ohms. The foregoing
general relation is known as ‘“Ohm’s Law.” Ex-
pressed another way, the resistance is equal to the
voltage divided by the current, or

E

R=—

I
The third way of expressing this relation is to say
that the voltage equals the current times the re-

sistance, or
BE=XER?

2 Amperes

== 6 Volts

3 Ohms
Fig. 3

We can illustrate these three forms in which Ohm’s
Law may be stated by examples from the circuit in
Fig. 3:—To find the current flowing in this circuit
of 3 ohms resistance with a 6-volt battery, we have

E 6
I =— = — =2 amperes.
R 3
To find the resistance of this circuit which has a
current of 2 amperes flowing under pressure of 6
volts, we have

IR=

E 6
— — — — 3 ohms.
I
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To find the voltage which will cause a current of 2

amperes to flow through this circuit of 3 ohms re-

sistance, we have
E=IR=IXR=2 X 3=6volts.

The different methods of expressing Ohm’s Law
are given in the following table:

Ohm’s Law
Voltage
Resistance
E Volts
I=— Amperes =
R Ohms
Voltage
Resistance =
Current
E Volts
R=— Ohms =
I Amperes

Voltage — Current X Resistance
E=1IR Volts = Amperes X Ohms

SERIES RELATIONS IN DIRECT CURRENT
CIRCUITS
Let us again refer to our water system analogy to
illustrate a series circuit. We will assume that pipes
a, b and ¢ in Fig. 4 are all of one diameter and are
joined in series by perfectly smooth connections to
form a line through which the water can flow from

Fig. 4
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A to B. If a is three feet long, b three feet long and
¢ two feet long, we can then consider the totul re-
sistance to the flow of water to be the same as t:at
of one pipe whose length equals the sum of these
three lengths, or 8 feet long. The same relation
holds true for electric circuits where the current
flows through a series of resistances:—The combined
resistance of two or more resistances connected in
series is equal to the sum of the individual re-
sistances.

To illustrate the principle just stated, let us take
an example from one of the simplest of practical tele-
phone systems. This simple system, shown schemati-
cally in Fig. 5, consists of two magneto telephones
connected together by two wires. In each of these
telephones direct current is supplied through the

Fig. b

transmitter by a battery of dry cells connected in a
local circuit comprised of the battery, the transmit-
ter, one winding of an induction coil and the con-
necting leads, all joined in series as indicated. This
type of circuit is called a simple series circuit. Let
us assume the resistance of the transmitter to be 40
ohms*, the resistance of the coil winding to be 5

*The resistance of transmitters varies over a wide
range, its value depending upon the type of trans-
mitter and upon the supply current through it.
Forty ohms is merely a representative value assumed
for purpose of illustration.
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‘ohms, and the resistance of the connecting leads to
be so small compared with the foregoing values that
it can be neglected in practical computations; and
let us further assume the transmitter requires a sup-
ply current of .1 ampere. The question we wish to
answer is: What battery voltage will be needed to
furnish this required supply current? In applying
Ohm’s Law to this question we must first determine
the combined resistance of the local circuit by sum-
ming the resistances of its individual parts; from
the above assumed values this total resistance 1s
found to be
40 ohms + 5 ohms = 45 ohms.

Then, knowing from Ohm’s Law that the voltage
must equal the product of the current multiplied by
the resistance, the voltage needed to supply the re-
quired .1 ampere to the transmitter through the total
local circuit resistance of 45 ohms is
E=IXR=1X45=4.5 volts.

A second example illustrating the principle of
combining resistances connected in series is pre-
sented by Fig. 6, in which is shown the path of the
direct current supplied from the central office bat-
tery to a common battery loop and subset. Starting
at the battery, we trace this series circuit through

Induction Coil

Fig. 6
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one winding of the repeating coil, a heat coil, one
side of the cable pair, a winding of the induction
coil, the transmitter, the other side of the cable pair,
another heat coil, the supervisory relay, a second
winding of the repeating coil, and back to the op-
posite side of the central office battery. Assuming
the resistances of the various elements in the circuit
to be as shown in the schematic, the combined re-
sistance of this battery supply path is the sum of
the following:

Repeating coil winding 21 ohms
Heat coil 3 «
One mile 22-gauge cable conductor 86
Induction coil winding 5 “
Transmitter 56
One mile 22-gauge cable conductor 86
Heat coil 3 «
Supervisory relay 9 «
Repeating coil winding 21 «
Total Resistance 300 ohms

The emf acting upon this circuit whose total re-
sistance is 300 ohms, is 24 volts. Applying Ohm’s
Law, the supply current flowing in this circuit is
found to be
E 24
I=—=—=.080amp.
R 300
Thus far in these examples pertaining to series cir-
cuits we have concerned ourselves solely with the
circuit as a whole; the circuit elements have been
considered only as regards their contribution to the
total resistance; and, in applying Ohm’s Law, we
have dealt with total circuit resistance and with the
battery voltage. We shall, however, also have fre-
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quent need to apply Ohm’s Law to individual circuit
elements. Let us see what sort of information can
be obtained by so doing.

Suppose we were to connect a voltmeter across the
transmitter in Fig. 6, as is indicated in Fig. 7. A

Fig. 7

voltage such as would thus be measured is called a
drop in potential or a voltage drop—in this particu-
lar instance, the potential or voltage drop across the
transmitter. By Ohm’s Law the voltage drop across
any given circuit element equals the resistance of
that element multiplied by the current through it.
If we were to measure the drop across each of the
circuit elements in Fig. 6, and were to add all these
drops together, the total voltage so obtained would
equal the voltage of the central office battery sup-
plying the circuit. But the resistance of each circuit
element is known, and the current in the circuit has
already been found to be .080 ampere; consequently
these potential drops and the total voltage can also
be computed by the Ohm’s Law relation I X R = E.

The values thus obtained are:

Repeating coil winding .080 X 21 = 1.68 volts
Heat coil 080X 3= 24 ¢«
One cable conductor .080 X 86 = 6.88 “
Induction ¢oil winding .080 X 15 =1.20 “
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Transmitter .080 X 56 = 4.48 «
One cable conductor .080 X 86 — 6.88
Heat coil 080X 3= 24 «
Supervisory relay 080X 9= .72 «

Repeating coil winding .080 X 21 = 1.68 *¢

Total 24.00 volts

Likewise, had we obtained the above potential
drops by measurement, and had we also measured
the .080 ampere current, we could have used the
Ohm’s Law relation E — I = R to determine the re-
sistances of the circuit elements:

Repeating coil winding 1.68 <+ .080 = 21 ohms
Heat coil 24— 080= 3 “
One cable conductor 6.88 — .080 =86 “
Induction coil winding 1.20 = .080 =15 *

Transmitter 448 — 080 =56 “
One cable conductor 6.88 — .080 =86
Heat coil 24 = 080= 3 “
Supervisory relay 72 +~.080= 9 “

Repeating coil winding 1.68 = .080 = 21

Total 300 ohms

Finally, knowing the resistances of the circuit ele-
ments, and measuring the voltage drop across each,
we could use the Ohm’s Law relation E+~ R =1 to
demonstrate that the direct current at any instant is
the same in all parts of a series circuit—

Repeating coil winding  1.68 = 21 = .080 amp

Heat coil 24 =~ 3= « «
One cable conductor 688 —86 = ¢« «
Induction coil winding 120+-15= ¢
Transmitter 448 —56 = “ ¢

ete.
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CIRCUITS WITH MORE THAN ONE SOURCE
OF EMF

We shall now consider another important principle
of electric circuits. This is the principle by means
of which can be determined the current resulting
when more than one source of emf is acting in a
circuit.

Figs. 8 and 9 show simple series circuits in each of
which are two sources of emf. The two sources in

3 Ohms

3 Ohms
Fig. 8

Fig. 8 are poled to act in the same direction around
the circuit, whereas those in Fig. 9 oppose one an-
other. In each of these circuits the two sources may
be treated as an equivalent single source: the aiding
sources in Fig. 8 are equivalent to a single source
whose voltage is that obtained by adding the two
voltages; the opposing sources in Fig. 9 are equiva-
lent to a single source whose voltage equals that ob-
3 Ohms

3 Ohms

Fig. 9
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tained by subtracting the smaller of the two voltages
from the larger. Illustrating the foregoing with the
values shown in the schematics, the equivalent volt-
age in Fig. 8 is 24 4 6 = 30 volts, while that in Fig. 9
is 24 — 6 = 18 volts. The resistance of each of these
circuits being given as 3 + 3 = 6 ohms, the currents
can be determined by Ohm’s Law. In Fig. 8
E 244+6 30

I=—= = —=>5amp
6

and in Fig. 9

E 24—6 18

I=—= = — =3 amp.
R 6
The preceding method, in which the equivalent
voltage is first determined, is a satisfactory means of
computing the current due to more than one source
of emf in simple series circuit arrangements; but it
does not readily apply to more complex circuits. By
comparing the above values of the currents due to
the two sources acting together, with the currents
which would flow if each of the sources were to act
alone, we are, however, led to a method by which the
current due to more than one source in any type of
circuit can be determined. Referring again to Figs.
8 and 9, if the 6-volt source were not present the cur-
rent due to the 24-volt source alone would be
E 24
I=—=—=4amp.
R 6

Similarly, the current due to the 6-volt source alone
would be

E 6
I=—=—=1amp.
R
As to the directions of these currents in the two cir-
cuits, the poling of the sources is such that both cur-
rents would flow in the same direction (clockwise)
around Fig. 8; but in Fig. 9 they would flow in op-
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posite directions, the 4 amperes clockwise and the 1
ampere counter-clockwise. Now, where two or more
currents flow along a path at the same time, we
should expect those flowing in the same direction to
add and those in the opposite direction to subtract.
Consequently, when both sources act at the same
time, we should expect the current in Fig. 8 to be
4 4+ 1 =5 amperes, and that in Fig. 9 to be 4 —1 =
3 amperes. These values are seen to agree exactly
with those already found by the equivalent voltage
method, and so our expectations are confirmed.

The manner in which we have just obtained these
values illustrates the application, to simple series
circuits, of a principle which will enable us to deter-
mine the current in a circuit in which two or more
emf sources are acting simultaneously. For our pur-
poses this principle may be stated as follows: The
current at any point in a circuit in which two or more
sources of emf are acting simultaneously, is equal to
the net sum of the individual currents which would
flow at that point if each of the sources in turn were
to act alone—this net sum being the value obtained
by subtracting the total of such currents flowing in
one direction from the total in the opposite direction.
This easily understood and frequently useful prin-
ciple is known by a rather technical sounding name;
it is called the “Superposition Theorem.” There is,
however, one restriction to be observed regarding its
application; this principle is not applicable to any
circuit in which current flows through any element
whose resistance varies with either the magnitude or
the direction of the current through it. A carbon
button transmitter is an example of an element
whose resistance varies with the magnitude of the
current through it, and a varistor is an example of
an element whose resistance depends upon the direc-
tion of the current.
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ACTION OF CONDENSERS IN DIRECT
CURRENT CIRCUITS

Referring again to Fig. 6, we see another circuit
which, starting from the contact of the switchhook,
passes through the receiver, the induction coil, the
condenser, and thence to the line side of the trans-
mitter. If an ammeter were placed there, no direct
current would be found in this circuit. This is be-
cause the condenser will not permit direct current
to flow through it. A condenser consists of two con-
ducting surfaces so separated by an insulating ma-
terial that there is no electrical connection between
the two surfaces. The conducting surfaces are com-
monly formed of metal plates or of metallic foil,
while mica, glass, paraffined paper, and air are the
common insulating materials.

Fig. 10 shows a condenser, consisting of two metal-
lic plates separated by air, connected in circuit with
a battery and a sensitive meter. When this circuit is
established electricity will flow from the battery into
the condenser, where it will be stored, thereby giving
rise across the condenser to a potential drop which
increases as the stored charge accumulates, and
which opposes the voltage producing the charging
current. Consequently, as the voltage across the

Fig. 10
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condenser builds up, the charging current will de-
crease from its initial value until, when the con-
denser voltage reaches the charging voltage, the cur-
rent will cease. The quantity of electricity which
must be stored in the condenser to charge it up to a
given voltage depends upon the capacity of the con-
denser, and this, in turn, depends upon the area of
the plates, upon the distance between them, and upon
the kind of insulating material separating them.
Under ordinary conditions the charging of a con-
denser occurs so rapidly it may, for most practical
purposes, be thought of as being completed almost
instantly, after which, since the current then ceases,
the circuit may be considered to be open at the con-
denser.

There are many instances in the telephone plant
where condensers are used primarily to prevent the
flow of direct current. The condensers in subscriber
sets are an example. These prevent direct current
from flowing through the receiver or through the
ringer.

The action of condensers in alternating current
circuits will be explained in Section II.
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PARALLEL RESISTANCES

In the previous Section we have considered only
the series circuit, i.e., the type of circuit in which all
the current flows in a single path. In the telephone
plant, however, we find many circuits in which the
current divides between two or more paths. Such
paths are known as parallel paths. To begin our
study of these we again consider a water system
analogy.

Fig. 11

Fig. 11 shows a water system in which there are
two similar paths for the flow of water from A to B.
With a constant pressure maintained at A the rate
of flow of water in each pipe will be the same as it
would be if the other pipe were not present. Con-
sequently the rate of flow with two pipes will be
twice as great as with only one pipe; and the more
pipes we add in parallel between A and B the greater
will be the rate of flow.

We have already learned that rate of flow equals
pressure divided by resistance; hence, in any case
in which the rate of flow is increased, either the pres-
sure must have been increased or the resistance de-
creased, or both. In the above case we assumed the
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pressure constant; the result of placing several pipes
in parallel must, therefore, have been to decrease the
resistance.

24 Volts

Fig. 12

Fig. 12 shows an electrical circuit of the type to
which the water system of Fig. 11 is analogous. We
refer to the two resistances R, and R, as being in
“parallel” or in “multiple.” With two equal paths in
multiple and with a constant voltage at the battery,
we shall have twice the current flow that we should.
have with only one path. The combined resistance of
the two equal resistances in multiple is then one-half
that of either one; the combined resistance of three
equal resistances in multiple is one-third ; etc. If the
resistances R, and R, are not equal we must find
some way in which to calculate the combined re-
sistance of the two in multiple. There is a simple
rule by which we can compute the combined resist-
ance of any number of resistances in multiple; this
combined resistance equals the reciprocal of the sum
of the reciprocals of the individual resistances. The
reciprocal of a number is, of course, “one” divided
by that number. For example, the reciprocal of 3 is
1/3, the reciprocal of 12 is 1/12, etc. If we have only
two resistances in multiple, we can simplify this
rule: the combined resistance of two resistances in
multiple is equal to their product divided by their
sum.
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To illustrate the preceding, let us assume the value
of the resistances in Fig. 12 to be
R, =6 ohms  and R, =12 ohms

as indicated in Fig. 13. Then, applying the first of
the above rules, the sum of the reciprocals of 6 and
12 is found to be

1 1 3
—_t—=—
6 12 12
and the reciprocal of 3/12 is
3 12 12
l1-—=1X—=—=4ohms
12 3 3

The second or simplified rule will, of course, lead to
the same value
B 1% - 12
= — =4 ohms
6+12 18
‘We have now determined the combined resistance
of the multiple paths from a to b in Fig. 13 to be 4

TR "

= 24 Volts 6 Ohms 12

Fig. 13

ohms. This circuit can, therefore, be treated the
same as it would be if the points a and b were con-
nected by a single path of 4 ohms as shown in Fig. 14.

If we have to deal with more than two paths in
multiple, we may either use the first rule to deter-
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24 Volts 4

Fig. 14

mine their combined resistance, or we may determine
this by simplifying the circuit, step by step, by means
of successive applications of the second rule. For
example, Fig. 15 shows a circuit in which there are

=24 Volts 7 ' 9 § 3

Fig. 15

three paths, a, b, and ¢, in multiple. As the first step
in simplifying this circuit let us apply the second
rule to determine the combined resistance of paths
a and b; we obtain

aXhb 7X9
a+b 749

Consequently, we can consider paths a and b to be
replaced by a single path of 3.94 ohms in multiple
with path ¢. The combined resistance of 3.94 ohms
in multiple with 3 ohms is, therefore, equal to the

= 3.94 ohms.
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combined resistance of all three paths. Again apply-
ing the second rule, this value is found to be

If there were a fourth multiple path in Fig. 15 we
would combine its resistance with the 1.7 ohms, ete.

The term “conductance” is used to express the
facility with which a conductor allows current to
flow; conductance and resistance are, therefore,
merely opposite aspects of the property which de-
termines how well or how poorly circuit elements
conduct electricity. The unit of conductance is one
mho, a term obtained by spelling ohm backward. By
definition, one mho is the conductance of a one-ohm
resistance. If we halve resistance, conductance is
doubled; if we reduce resistance to one-third, con-
ductance is tripled ; ete. Consequently, since the con-
ductance of a one-ohm resistance is one mho, the
conductance of a one-half ohm resistance is 2 mhos,
the conductance of a one-third ohm resistance is 3
mhos, ete. In other words the conductance of any
circuit element in mhos is the reciprocal of its re-
sistance in ohms, and vice versa. Also, just as the
combined resistance of circuit elements connected in
series is the sum of their individual resistances, just
so is the conductance of paths connected in multiple
the sum of the conductances of the individual paths.
To illustrate, the conductances of the three paths in
Fig. 15 are 1/7 mho, 1/9 mho and 1/3 mho, re-
spectively, and the combined conductance of these
paths is

1 1 1 37

7 9 3 63

Furthermore, the reciprocal of this combined con-
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ductance must equal the combined resistance of the
paths in multiple—this value we find to be

37 63 63

l1-—=1X—=—=1.70hms.

63 37
This result agrees, of course, with the value already
obtained by successive applications of the second
rule for evaluating the combined resistance of mul-
tiple paths; and the manner in which it was arrived
at explains the first rule.

A very familiar example of parallel paths in the
plant is the supervisory relay winding which consists
of two windings in multiple—usually represented as
shown in Fig. 16. Winding a is known as a non-

b
Fig. 16

inductive winding and winding b as an inductive
winding. As will be explained more fully in a later
Section, winding a has no effect on the relay action,
but is merely to furnish a path for the voice current.
The resistances of the two windings being approxi-
mately equal, direct current divides about equally
between them. If winding b becomes opened the re-
sultant failure of the relay to operate makes this
trouble an easy one to locate. If winding a becomes
opened, however, the talking current will be greatly
weakened, but the relay will continue to function,
thus making the cause of this trouble less easy to
detect. One symptom of the latter trouble would be
sticking of the relay because all the current would
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then pass through b winding and would, therefore,
produce a very strong magnetic pull.

The multipled cable conductors comprising the
battery feed for private branch exchange boards—
known to all of us as P.B.X. boards—furnish another
familiar example of parallel paths. P.B.X. boards
require a voltage across the bus bars sufficient to
operate relay and lamp signals and to supply current
to the station transmitters. We can supply this by
putting a storage battery at the P.B.X. (usually not
economical for small boards), or we can supply the
voltage over cable conductors from the central office
battery. The requirement is that at all times, regard-
less of the load on the switchboard, there be suffi-
cient voltage to operate the board properly. Let us
assume the lowest permissible voltage at a given
P.B.X. to be 14 volts, and the minimum central office
battery voltage to be 22 volts; this will allow a drop
in voltage over the cable conductors of 8 volts. We
learned in Section I-B that the drop in voltage over
any part of a series circuit is dependent upon the
current flowing in the circuit. If we know the maxi-
mum current requirement for the P.B.X. we can
easily determine the combined resistance of the
group of cable conductors to give a voltage drop of
8 volts. Let us assume a maximum current drain of
1 ampere; then

E 8
R=—=—=_8o0hms.
I

Fig. 17 shows the schematic of the battery feed
for a P.B.X. board at B, located 1% miles from the
central office, with only 22-gauge cable available.
The loop resistance of a single pair of 22-gauge
cable conductors 1% miles long is 256 ohms, but as
determined above, the loop resistance of the battery
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#22 Ga. Cable Conductor

=24 Volts 1% Miles

#22 Ga. Cable Conductor

-Fig. 17

feed must be not more than 8 ohms. From this we
see we shall require a great number of conductors in
multiple.

We have already learned that two eonductors of
the same gauge in multiple have one-half the resist-
ance of one conductor, three conductors of the same
gauge have one-third, ete. Therefore, the combined
registance of any number of similar conductors in
multiple equals the resistance of one conductor
divided by the total number. We can reverse this
and say that the registance of one conductor, divided
by the combined resistance desired, will equal the
number of conductors required.

In the example above we require a lead of 8 ohms
made up of a number of conductors in multiple, each
of which has a resistance of 256 ohms. By the rule
just stated the number of conductors which must be
connected in multiple in this case can be found by
dividing 256 by 8. The result is 32. Hence 32 con-
ductors will be required in each side of the lead—
a total of 32 cable pairs for the complete lead.

The cost of 32-cable pairs one and one-half miles
long would, however, be very high; if possible we
must find some cheaper way to accomplish our pur-
pose.

Fig. 18 is a simplified sketch of this cireuit with an
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Fig. 18

equivalent resistance unit of 4 ohms substituted for
the 32 conductors on each side of the line. In Fig. 19
we have replaced one side of the line by the earth
which is assumed to have no resistance. By this

Fig. 19

means we not only save all the conductors in the side
of the lead replaced by the ground circuit, but also,
as we can now allow twice as much resistance in the
other side, we shall save half the conductors in that
side as well. The scheme in Fig. 19 will, therefore,
require but one-quarter as many conductors as that
in Fig. 18, viz.,, 8 cable pairs instead of 32.

The “A-board” cord circuits are a good example
of a large number of circuits in multiple. One cord
circuit requires only a small current, say, .15 am-
pere; but when we have a large number of cords in
service simultaneously, as there would be in a large
office, the total current may amount to several hun-
dred amperes.
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In the telephone man’s work it often becomes
necessary to build up a circuit which will have a
specified resistance, and in many cases a single re-
sistance unit of the desired value is not available.
If, however, we have an assortment of resistance
units we may be able to combine two or more of them
to give the value required.

=24 Volts 25 Ohms

Fig. 20

Let us suppose, for example, that we wish to build
up the circuit in Fig. 20, but that the lowest resist-
ance unit in the assortment at hand is a 30-ohm unit
—how are we to obtain the required 25 ohms? Noting
that the desired resistance is less than the smallest
unit available, we remember that the combined re-
sistance of paths in multiple is less than that of any
of the individual paths; consequently we know we
shall have to connect some resistance in multiple
with the 30-ohm unit to secure the needed lower
value. We also know it is easier to deal with parallel
paths in terms of their conductances than in terms
of their resistances. Hence we say we wish to de-
termine the value of the conductance which it will
be necessary to connect in multiple with (i.e., add
to) the available 1/30 mho to obtain the required
1/25 mho. This added conductance we find to be

1 1 1

— — — = —mbhao.

.25 30 150

But 1/150 mho is the conductance of a 150-ohm re-
sistance. Consequently, a resistance of 150 ohms con-
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nected in multiple with the 30-ohm unit will provide
the required 25 ohms. If we do not have a 150-ohm
unit we shall have to combine other units—for ex-
ample, one 30-ohm and two 60-ohm units in series—
to obtain the 150 ohms.



ELEMENTARY PRINCIPLES—
DIRECT CURRENTS

SECTION I-D

SERIES AND PARALLEL RESISTANCE COMBINA-
TIONS IN DIRECT CURRENT CIRCUITS
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SERIES AND PARALLEL RESISTANCE
COMBINATIONS

In previous discussions we have considered only
the simpler forms of circuits, viz, circuits in which
the resistance is either all in series in a single path
or is in two or more parallel paths. The circuits in
the telephone plant, however, are usually made up
of combinations both of series paths and of parallel
paths. Such circuit arrangements are called ‘‘net-
works.” There are some types of networks which
must be so designed that one part may be varied
without appreciably affecting the currents in other
parts. In a common battery system, for instance, we
have a vast network connected to a single source of
voltage (the central office battery), and here it is
essential that we be able to change any branch or
any combination of branches without disturbing con-
ditions at other points in the system. As the first step
in our study of how this can be accomplished we
shall again consider a water system analogy.

Fig. 21

Fig. 21 shows a water system which illustrates a
combination of series and parallel paths. This sys-
tem consists of a supply tank A which maintains a
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constant pressure, and a conducting pipe B and
header F which supply water to a system of water
motors C, D and E. If the operation of each of the
water motors is to be practically independent of the
others, the pressure at F must be maintained sub-
stantially constant, regardless of how many of the
motors are operated simultaneously, otherwise the
operation of the motor C, for example, when oper-
ated singly will be different from its operation when
the other two motors are also running. To meet this
requirement we would make pipe B large enough
so that, if we desire to run all three motors at the
same time, the pressure in F will be sufficient to in-
sure proper speed of all three, and also so that, if
motors D and E were shut down, the pressure in F
would not increase enough to seriously alter the
speed of motor C.

The foregoing water system is a very close analogy
to the P.B.X. battery feed shown in Fig. 22: the sup-
ply tank A is analogous to the central office battery ;

Fig. 22

the pipe line B corresponds to the group of cable
conductors from the central office to the P.B.X.; the
distributing head F plays the role of the P.B.X. bus-
bars; and the motors C, D and E represent the cir-
cuits we wish to operate. The circuits C, D and E,
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shown as simple resistances, may represent the sim-
ple line lamp circuit; or they may represent the com-
plete circuit from one P.B.X. extension to another
P.B.X. extension or trunk, including the cord circuit.

We know from experience that, if we do not have
sufficient cable pairs to make up B, the voltage at F,
when all the cords are busy, will be so low that the
signals will be dim and the battery supply current
will be insufficient to make the stations “talk up.”
To make clear the reason for this we shall work out
an example.

Example: Let us assume the elements making up
the battery feed arrangement in Fig. 22 to have the
following values:

(1) Let the voltmeter reading for the central
office battery be A = 22 volts.

(2) Let the resistance of the supply lead from
the central office be B =12 ohms.

(3) Let the resistance of the path connected
across the P.B.X. bus-bars by each busy
cord circuit be C =D = E = 70 ohms.

(4) Also, assume the lowest bus-bar potential

permissible for satisfactory operation to be
14 volts.

12 Ohms

Voits 70 c

Fig. 23

With one cord busy, as shown in Fig. 23, the total
resistance of the circuit is

B4 C=12+4 70 = 82 ohms.
In this case the current in C is
I=E/R =22+ 82 = .268amp
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and the potential across C (same as from F to
ground, see Fig. 22) is
E=1IXR=.268 X 70 = 18.8 volts.

12 Ohms

=22 Voits 700hms C D 70 Ohms

Fig. 24

Next, with two cords busy, as shown in Fig. 24, the
equivalent resistance of the two equal paths then
bridged across the bus-bars is half that of one path,
or 35 ohms; and the combined resistance of the cir-
cuit is

12 4 35 = 47 ohms.
Under this condition the current fed from the cen-
tral office battery is
I=E/R =22 =+ 47 = .468 amp.
This total current divides—equally, of course—be-

tween the equal paths C and D, so that the current
in each path is

468 — 2 = 234 amp.

The potential across the P.B.X. bus-bars may be
computed either from the total current and the com-
bined resistance of the two parallel paths, or from
the resistance of one of the paths and the current
through it—thus

E = 1R = 468 X 35 = 16.4 volts
or 234 X 70 = 16.4 volts.

In like manner, with three cords busy, as shown in
Fig. 25, the equivalent resistance of paths C, D and
E in multiple is 23.3 ohms; the combined resistance
of the cireuit is 35.3 ohms; the current fed from the
battery is .623 ampere and that through each of the
three equal paths C, D, and E is .208 ampere; and
the potential across the bus-bars is 14.5 volts.
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12 Ohms

=22 Volts

Fig. 26

From the foregoing example we see that the volt-
age across the P.B.X. bus-bars drops as the number
of busy cords is increased. Tabulating the results of
the above computations, we have—

Number of Bus-Bar

Busy Cords Voltage
1 18.8 volts

2 164

145 “

The relation between the number of busy cords and
the corresponding bus-bar potential embodied in
these tabulated values, can be shown graphically by
what is known as a curve; and as much information
in bulletins and text books is presented by means of
curves it will be well worth while, for those who have
not already done so, to take this opportunity to learn
to read a curve.

In Fig. 26 is shown a curve which portrays the re-
lation—just tabulated—between the voltage across
the P.B.X. bus-bars and the number of busy cords.
As this illustrates, curves are drawn upon a grid-
work background which most commonly consists of
uniformly spaced horizontal and vertical lines. The
first step in laying out a curve upon such a grid is
to assign suitable values (of the quantities to be rep-
resented by the curve) to the divisions into which
the vertical and horizontal grid lines divide one an-
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Number of Busy Cords
Fig. 26

other. Thus, in Fig. 26, as designated by the scale of
values written along border line A, each division of
the horizontal lines represents one busy cord—the
value assigned to denote the number of busy cords
increases by one for each division we advance along
line A from the point representing zero cords. Sim-
ilarly, as designated by the scale of values written
along border line B, each division of the vertical
lines in Fig. 26 represents 2 volts—the values as-
signed start at 14 volts and increase by 2 volts per
division up to 22 volts. This range of voltages was
chosen here because it is the range in which we are
interested in the example we are now considering:
14 volts is the lowest bus-bar voltage at which opera-
tion is satisfactory; at the other extreme, with zero
busy cords there will be no current drain, the drop
over the feeder pairs will be zero, and hence the
voltage across the P.B.X. bus-bars will equal the as-
sumed central office battery voltage of 22 volts.
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Having assigned suitable scales of values to the
grid lines, we next proceed to locate the points
through which the curve itself is to be drawn. We
have just seen that, with zero cords, the voltage
across the bus-bars is 22 volts; hence, on the vertical
line representing zero cords, we mark the point cor-
responding to 22 volts. Next, referring to the tabula-
tion above, we see that, with one cord busy, we shall
have 18.8 volts across the bus-bars; consequently, on
the vertical line representing one busy cord, we mark
the point corresponding to 18.8 on the voltage scale.
In like manner, on the line representing two busy
cords, we mark the point corresponding to 16.4 on
the voltage scale; and on the line representing three
busy cords we mark the point corresponding to 14.5
volts. We have now located four points through
which can be drawn a curve C. If we like, we can
extend this curve to the point at which it will cross
the vertical line representing four cords, and from
this erossing point we can estimate what the voltage
across the bus-bars would be with four cords busy.
We find it would be about 13 volts, which is lower
than required for proper operation.

The preceding example illustrates the method of
constructing simple curves and of reading them. A
more detailed description of the method of drawing
curves will be found in Appendix “A” at the end of
Section II.

In the above discussion we assumed a constant re-
sistance for the battery supply lead from the central
office, and determined the values of the P.B.X. bus-
bar voltage with different numbers of busy cords.
It is also often necessary to ascertain the maximum
resistance of the battery supply feeder which satis-
factory operation of the P.B.X. will permit. Let us,
therefore, next consider the values to which, with



Page 41

P.B.X.s having various numbers of cords, the feeder
resistance must be limited in order that, when all
cords are busy, the bus-bar voltage shall not drop
below the value required for satisfactory operation.

Inasmuch as the P.B.X. will not operate satisfac-
torily on a voltage lower than 14, and as the voltage
of the central office battery is 22 volts, the voltage
drop in the battery supply conductors must not ex-
ceed 8 volts. Referring to Fig. 22, the highest re-
sistance we may have in B without having the volt-
age drop between the central office battery and the
P.B.X. exceed 8 volts, can be figured by Ohm’s Law;
applying the relation R=E/I, we see we have merely
to divide 8 by the total current fed to the P.B.X.
In these computations the average current per cord
circuit will be assumed to be .2 ampere. The follow-
ing table shows the computations and results for
each of various numbers of cords.

Table 1

Allowable resistance with
2 cords, 8 —~ .4 = 20.0 ohms

4 “ 8+ 8=100
6.% 8+12="67 «
8 “ 8+16= 50
10 ¢ 8+20= 40 ¢
12 “ 8+24= 33 ©

We now have the values of two variable quantities
one of which depends upon the other. The relation
between these quantities is represented graphically
by the curve in Fig. 27. This curve, drawn from the
information in Table I, shows us the allowable feeder
resistance for any number of busy cords. We can
now use the curve to find the resistance of a lead
required for a P.B.X. board with any number of
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Fig. 27

cords. For example, if we have a board equipped
with five cords we select the point midway between
4 and 6 on the horizontal scale, and follow a vertical
line until it intersects the curve; then, following a
horizontal line from this point, we find it intersects
the vertical scale at 8. Our lead must, therefore, be
so made up that its resistance is not more than 8
ohms.

Fig. 28 shows the sleeve circuit of a cord circuit.
This is another good example of a combination of
series and parallel paths. When the contact of the
supervisory relay is open no current will flow
through the 40-ohm resistance; we then have a single
path with 30, 83 and 120 ohms (a total of 233 ohms)
in series. With 24-volt battery the current in this
circuit will be

24 + 233 = .103 ampere.
When the supervisory relay operates, however, a re-
sistance of 40 ohms is connected in parallel with the
120-ohm lamp. The combined resistance of the lamp
and this 40-ohm shunt is
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120 Ohms
Fig. 28
40 X 120
' = 30 ohms.
40 4 120

Consequently the total resistance of the circuit be-
comes
30 4 83 + 30 = 143 ohms
and the current drawn from the battery then is
24 — 143 = .168 amp.

The object of the 40-ohm shunt is to reduce the
current through the lamp, thereby dimming the
light so that it does not show through the lamp cap.
Let us see how much this reduction figures out to be.
In the first case the current in the circuit, all of it
flowing through the lamp, was.103 ampere. The .168
ampere in the second case divides, part of it lowing
through the lamp and part through the shunt. There
are two methods by which we can compute how
much of the total current flows in each path. The
first is a short-cut method: we note that the con-
ductance of the 40-ohm shunt is three times that of
the 120-ohm lamp, and consequently the current
through the lamp is one-third of that through the
shunt, or one-fourth of the .168 ampere through both
paths; i.e., the lamp current is .042 ampere and the
current through the shunt is .126 ampere. The sec-
ond method is a general one which can be applied
to determine the current in any or all of any number
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of parallel paths. This general method is based upon
the following line of reasoning. We have seen that
the voltage across any group of parallel paths is
equal to the total current through the group (sum of
the currents in the individual paths) multiplied by
_the equivalent resistance of the group. This, how-
ever, is the same as the voltage across each path in
the group, and it must, therefore, equal the product
of the current in any one path multiplied by the re-
sistance of that path. Consequently the current in
any particular path of the group must equal the
voltage across the group divided by the resistance of
that particular path. In the example we have just
been considering, we found the combined resistance
of the lamp and the shunt to be 30 ohms and the
total current through the two paths to be .168 am-
pere; the voltage across these parallel paths must,
therefore, be
E=1X R=.168 X 30 = 5.04 volts.
Hence, the current through the 120-ohm lamp is
I=E/R=5.04 =120 = .042 amp
and the current through the 40-ohm shunt is
5.04 =+ 40 = .126 amp.

These results are, of course, identical with those al-
ready found by the short-cut method. The steps to
be carried out in this method of computing the cur-
rent in any one of a group of paths in multiple are
as follows:

(1) Determine the combined resistance of the
group of parallel paths.

(2) Compute the total current through the
group.

(8) Multiply the current in (2) by the resist-

ance in (1). This gives the voltage across
the group of parallel paths.



the current required.




ELEMENTARY PRINCIPLES—
DIRECT CURRENTS

SECTION I-E

MEASURING INSTRUMENTS—CURRENT AND
VOLTAGE MEASUREMENTS
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CURRENT AND VOLTAGE MEASURE-
MENTS

In our studies we have learned how to apply Ohm’s
Law to determine either the voltage, the current, or
the resistance, when any two of these quantities are
known and it is desired to find the third. It is as-
sumed that the two which are known have been pre-
viously determined, either by calculating their values
from known conditions or by measuring them with
meters.

Current can be measured directly with an am-
meter, and voltage, with a voltmeter. Each of these
instruments consists essentially of a meter element
which moves a pointer over a scale. This scale has
previously been calibrated by comparison with a
standard, and it is only necessary to note the scale
reading indicated by the pointer to learn the value
of current flowing through an ammeter or the volt-
age impressed across the terminals of a voltmeter.

Galvanometer: In the Weston model direct cur-

Fig. 29

rent instruments, which are the ones most commonly
used, the meter element is the same for either a volt-
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meter or an ammeter. This meter element is known
as a D’Arsonval galvanometer. When associated with
the proper series resistance it acts as a voltmeter,
and when associated with proper current carrying
shunts it acts as an ammeter. For some types of
measurements it is necessary, as we shall shortly see,
that the instrument be equipped with leads whose
resistance is taken into account in calibrating the
meter. We shall refer to these as calibrated leads.

Fig. 29 shows a simple galvanometer of the D’Ar-
sonval type. Current flowing through the movable
coil sets up a magnetic field which reacts with the
field between the poles of N and 8 of a permanent
magnet, causing the coil to rotate against the spring
tension. This movement of the coil, which is propor-
tional to the current through it, carries the pointer
across the scale.

The moving coil of a galvanometer is very light
and is mounted on jeweled bearings so that a very
small current will cause the pointer or “needle” to
travel the full length of the scale. For example, let
us assume it takes a current of .025 ampere to cause
full scale deflection of the needle; and let us also
assume the resistance of the coil and calibrated leads
to be 2 ohms. By applying Ohm’s Law the voltage
which must be impressed across the terminals to
cause a full scale deflection is determined to be

E =IR=.025 X 2 = .05 volt.

Fractions of volts are spoken of in terms of milli-
volts, just as we express fractions of amperes in
milliamperes. To convert volts into millivolts, mul-
tiply by 1000, e.g., .05 volt = 50 millivolts. Conse-
quently, depending upon whether we are interested
in measuring current or voltage, we can consider
that full scale deflection is caused by a current of
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25 milliamperes through the galvanometer or by an
emf of 50 millivolts across its terminals. We can,
therefore, calibrate the galvanometer for use either
as a milliammeter or as a millivoltmeter. If we divide
the scale into one hundred parts, a full scale reading
of 100 divisions will indicate a current of 25 milli-
amperes, and each division will equal .25 milliam-
pere. Likewise, full scale reading will indicate an
emf of 50 millivolts, and each division will equal .5

Fig. 80

millivolt. Fig. 30 shows the scale as it would look
if it were calibrated as we have just described. The
meter can now be used to measure either voltage
drop in millivolts or current flow in milliamperes.

Cable Sheath

Fig. 81

Millivoltmeter: A good example of the use as a
millivoltmeter is in electrolysis measurements where
we measure the millivolt drop over a section of cable
sheath, as in Fig. 31. If we know the resistance per
unit length of a certain size cable sheath, we can
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determine the amount of current flowing in it by
measuring the voltage drop across a known length,
and calculating by Ohm’s Law. In the example in
Fig. 31 let us assume the meter reading to be 20
millivolts when the instrument is connected, by
means of its calibrated leads, across a length of cable
sheath whose resistance is .005 ohm. First convert-
ing the 20 millivolts into volts, and then applying
Ohm’s Law, the current in the cable sheath is found
to be
I=E/R = .020 = .005 = 4 amp.

Use of the galvanometer as a millivoltmeter is one
of the cases, recently referred to, in which it is im-
portant that the instrument be equipped with cali-
brated leads. It will be well at this time to examine
why.

A voltage measurement is a measurement of a dif-
ference between two points which may be more or
less widely separated. Leads of some sort must,
therefore, be provided to connect the meter terminals
to the points between which the voltage is to be
measured. To see why calibrated leads must be used
if small voltages are to be measured accurately, let
us again refer to the example in Fig. 30; and let us
assume that the value of 20 millivolts which we
measured using calibrated leads is the true voltage.
Now let us repeat the measurement using leads
whose resistance is .05 ohm less than the calibrated
leads—will the meter still measure the voltage cor-
rectly? It will not. The resistance of the meter
element plus the calibrated leads was 2 ohms; hence,
with 20 millivolts across the leads, the current
through the meter was

1000 X (.020 volt/2 ohms) = 10 milliamperes.

'The meter measures this current, its needle deflect-
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ing to 10 on its milliampere scale. As will be seen in
Fig. 30, this corresponds to 20 on the millivolt scale,
and so we read the voltage as 20 millivolts. The total
resistance of the meter element plus the new leads,
however, is
2 —.05 = 1.95 ohms.

Consequently the current through the meter element
when 20 millivolts is impressed across the new leads
is
1000 X (.020 volt/1.95 ohms) = 10.25 milliamperes.
Again, the meter measures the current through it;
its needle deflects to 10.25 on its milliampere scale.
But this, we see from Fig. 31, corresponds to 20.5
on the millivolt scale. Hence we would now read the
voltage to be 20.5 millivolts. The change in the meter
leads has, of course, not altered the actual value of
the voltage drop across the cable sheath in Fig. 31.
‘What has happened is merely that the meter reading
of the voltage has changed from the correct value
of 20 millivolts with the calibrated leads to an in-
correct indication of 20.5 millivolts. We thus see
that the calibrated leads must be used with the in-
strument when it is employed as a millivoltmeter.

Milliammeter: Fig. 32 shows a meter connected in
a circuit as a milliammeter to measure the current
through a relay. We shall assume this to be the same
meter we have just been discussing. The values of
the current in this circuit under the following con-

Fig. 32
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ditions would be as shown below: (1) before the
meter is connected into it; (2) when the meter with
calibrated leads—2 ohms total resistance—is con-
nected; and (3) when the meter with the same un-
calibrated leads as previously—1.95 ohms total re-
sistance—is connected.

1)
24
I =1000 X = 20.033 milliamps
1000 4 198
(2)
24
I=1000 X —— = 20.000 milliamps
1000 + 2 4 198
3)
24
I=1000 X = 20.001 milliamps
1000 + 1.95 + 198
The question of relative accuracy in this case de-
pends upon what current it is we wish to know. In
any event, when the meter is included in the circuit
it measures the current then flowing through the cir-
cuit. Connecting the meter in the circuit, however,
introduces additional resistance and hence reduces
the current. Consequently if, as is usual, we wish
to learn as closely as we can the current when the
meter is not included in the circuit, then the lower
the resistance of the meter and leads the less will its
reading differ from the value we wish to know. The
values computed above bear out the foregoing: the
value in (3)—obtained with the lower resistance, un-
calibrated leads—is slightly nearer the desired value
in (1) than is the value in (2) obtained with the
calibrated leads; and the reading would more closely
approach the desired value if meter leads were
omitted. Actually, of course, the difference between
the value in (2) or (3) and that in (1) is far less.
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than the accuracy with which the meter could be
read, so that the resistance of the leads in the ex-
ample in Fig. 32 is not a matter of practical im-
portance. In general, however, we conclude that, al-
though the meter must be used with its calibrated
leads when employed as a millivoltmeter, it is prefer-
able to omit the leads when it is employed as a
milliammeter.

Ammeter: One of the most common uses to which
a millivoltmeter is put is to make it serve as an am-
meter by connecting it across an external shunt.
Fig. 33 shows how the shunt 8 and meter G are con-
nected to measure the current in a circuit. It is im-
portant that the meter’s calibrated leads be the leads

Fig. 33

used to connect it across the shunt. Let us now see
how we can figure out what the resistance of the
shunt must be in~order that the meter may be read
as an ammeter whose full scale deflection indicates
any desired mazimum value of current in the circuit.

The first step in designing a shunt is to decide
what circuit current—whether 1, 5, 10, 50 or 100
amperes or other convenient value—is to be indi-
cated by full scale meter reading. We then compute
the ratio of this maximum circuit current to the
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maximum meter current (current through the meter
which will cause full scale deflection). If the maxi-
mum meter current is not known we can apply Ohm’s
Law to determine its value from the resistance of
the meter plus leads and the full scale reading of the
meter in volts. We next note that, if the current in
the circuit in Fig. 33 is, for example, to be 10 times
the current through the meter, then the current
through the shunt will be 9 times the current through
the meter; and the resistance of the shunt will have
to be 1/9th the resistance of the meter and leads.
From this observation we see that the resistance of
the required shunt can always be obtained by divid-
ing the resistance of the meter and leads by one less
than the above ratio of the desired maximum circuit
current to the maximum meter current.

To illustrate the foregoing, let us suppose we wish
to measure currents up to a maximum of 1 ampere
by means of a millivoltmeter whose resistance (in-
cluding leads) is 2 ohms and whose full scale reading
is 100 millivolts. Maximum meter current in this
case 18

I=E/R = .100 =+ 2 = .050 amp.

The ratio of maximum circuit current (1 ampere) to
maximum meter current then is
1+ .050 = 20.
Consequently the resistance of the l-ampere shunt
will be
2/(20—1) =2/19 = .1053 ohm.

In like manner we could determine the resistance
of a 10-ampere shunt, a 100-ampere shunt, or a shunt
which would enable us, with a given millivoltmeter,
to measure currents up to any other full scale value
we desire. If the scale of a meter has 100 divisions,
then each division is read as .01 ampere when the
meter is used with a l-ampere shunt, as .1 ampere
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when used with a 10-ampere shunt, as .5 ampere
when used with a 50-ampere shunt, etec. There is an
advantage in having a wide range of shunts avail-
able; it enables us to select one whose rating is such
that the reading for the current we wish to measure
will be well up on the scale. An example will show
how important this is from the standpoint of ac-
curacy. If a meter whose scale has 100 divisions were
used with a 100-ampere shunt to measure a current
of 2 amperes, the needle would register but two
divisions above zero, so that an error of one-tenth
division would be 5% error. A higher degree of
accuracy could be obtained by using a 10-ampere
shunt. The needle would then register twenty divi-
sions above zero, and an error of one-tenth division
would be only a .5% error.

When meters of the type which we have been re-
ferring to as millivoltmeters are primarily intended
to be used with external shunts for measuring cur-
rents, their scales are usually graduated to read am-
peres directly. Such meters are called ammeters. In
some of the older types of ammeters the shunt was
located in the base of the instrument, with heavy
lugs on the meter for connecting it into a circuit.
Because of the heating of the shunt, and the mag-
netic field which is set up in the meter element, this
type did not prove satisfactory. The use of external
shunts eliminates these difficulties and has the added
advantage that one meter can be used with any one
of several shunts of whatever ratings are desired.

Fig. 34 shows a common type of external shunt for
use in measuring large currents. A is a wooden base.
BB are heavy copper lugs joined together by strips
of resistance metal C. These strips are made of an
alloy which has a higher resistance than copper and
which will not appreciably change resistance when
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Fig. 34

heated. DD are heavy bolts for connecting into the
circuit, and EE are small screws for connecting the
meter leads.

Voltmeter: Let us now consider how the same
galvanometer or moving element which we first
called a milliammeter and then a millivoltmeter, can
be used to measure higher voltages. Suppose we wish
to measure values up to 30 volts by means of a meter
element whose resistance is 2 ohms and which de-
flects full scale when .025 ampere flows through it.
By Ohm’s Law 30 volts will cause .025 ampere to flow
through a resistance of

R =E/I =30+ .025 = 1200 ohms.
Hence, if we place 1198 ohms in series with the 2
ohms of the meter element as shown in Fig. 35, the

1198 Ohms

30v

Fig. 85
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deflection will be full scale when 30 volts are im-
pressed across the terminals. Similarly, 150 volts
will cause .025 ampere to flow through

150 =+ .025 = 6000 ohms.

Cousequently, if we wish to measure up to 150 volts
we can do so by placing 5998 ohms in series with
the meter element.

1198 Ohms

Fig. 36

Fig. 36 shows how we can connect a single meter
element to measure values up to 30 volts or up to 150
volts. In the modern voltmeter the resistance units
would be mounted inside the meter with the ter-
minals on the instrument case, somewhat as shown
in Fig. 37. Fig. 38 shows how the scale of the double
range voltmeter would look.

We have now seen that the galvanometer type
meter element serves several purposes. Used with-
out accessories, it acts as a milliammeter; provided
with calibrated leads, it becomes a millivoltmeter;
with calibrated leads and a calibrated shunt it serves
as an ammeter; and a resistance in series with it
(called a “multiplier”) converts it into a voltmeter.
The “volt-milliammeter” in the No. 14 local test desk
is an example of a meter element arranged for use
either as a milliammeter or as a voltmeter. In this
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Fig. 37

case, instead of being connected to terminals as in
portable meters, the leads are wired to switch keys
by means of which the arrangement of shunt and
series resistances is controlled. Fig. 39 shows the

Fig. 38

network of resistances used with the meter element
in the No. 14 local test desk, and Fig. 40 shows the
simplified circuit for each connection. By calculating
the distribution of current in the first two circuits
we find that only .0008 ampere flows through the
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Fig. 39
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Fig. 40

meter element to give a full scale deflection of the
needle. In the third circuit we find the 1600-ohm
meter element shunted by 1600 ohms resistance, so
that only half the current will flow through the
meter; and as the total resistance is 20,000 ohms, the
total current will be .0012 ampere when 24 volts is
impressed. But as only half the current flows
through the meter element, the current causing full
scale deflection is again seen to be .0006 ampere. The
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same is true of the 120-volt, 100,000-ohm ecircuit in
the fourth arrangement.

The 1600 ohms designated as meter element is
made up of a meter element of about 400 ohms with
resistances in series and parallel to give the total
combined resistance of 1600 ohms. This network is
adjusted for each individual meter element. Meters
of this type are much more sensitive than the usual
portable meters.
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RESISTANCE MEASUREMENTS

Measurement of Resistance: In considering meth-
ods of measuring resistance it is desirable to know
the accuracy required in any particular case in order
that we may suit the method of measurement to the
requirements. For instance, if we desired to know
the effect of placing a temporary relay in a signal
circuit, we would probably not need to measure the
resistance of the relay more accurately than to with-
in 5 or 10% ; but if we were locating a fault in a
cable conductor for the purpose of making repairs
which involve the expense of opering a street pave-
ment, we would be justified in taking considerable
time in getting a very accurate measurement.

From the standpoint of the accuracy attainable
with the instruments employed in routine work, the
methods of measuring resistance which we shall con-
sider here fall into two classes. In the first class are
a group of methods, useful where a high degree of
accuracy is not required, in which resistance is com-
puted from measurements made with voltmeters and
ammeters. The more accurate method which we shall
consider is measurement by means of a sensitive gal-
vanometer in combination with a network of known
resistances arranged in what is known as a Wheat-
stone bridge.

Volt-Ammeter Method: In this method a volt-
meter V, an ammeter A, and the unknown resistance
R, are connected in either of the ways shown sche-
matically in Fig. 41. For most practical purposes the
result obtained by applying Ohm’s Law to the volt-
age and current read from the meters is accepted as
the resistance of R. We can see from the schematics,
however, that this is somewhat in error, and that
where greater accuracy is required an appropriate
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v v
A
E E
i I
(€] (8)
Fig. 41

correction must be applied to the resistance indi-
cated by the meter readings.

In Fig. 41A the ammeter measures the combined
current through the parallel paths R and V, and the
voltmeter measures the voltage across them; conse-
quently the result obtained by applying Ohm’s Law
to these meter readings is the combined resistance of
R and V in parallel. This result will differ from R
by less than 1% if the voltmeter resistance is one
hundred or more times the resistance of R. If we
desire to correct this indicated resistance we have
merely to convert it into its equivalent conductance,
subtract the conductance of the voltmeter, and con-
vert the remaining conductance into equivalent re-
sistance. Turning now to Fig. 41B, here the ammeter
measures the current through A and R, and the volt-
meter measures the drop across these two elements
in series; hence the result obtained by applying
Ohm’s Law to the meter readings in this case is the
resistance of R plus the resistance of A. This in-
dicated resistance will differ from R by less than 1%
if the ammeter resistance is less than 1/100 of the
resistance of R. To correct this indicated resistance
we have merely to subtract from it the resistance of
the ammeter.

To illustrate the two methods in Fig. 41, and the
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V= 15,000 V- 15000~
E=24" E=24
(A) 8
Fig. 42

degree by which the result obtained with each differs
from the true value of R, let us first compute what
the meters will read if we assume the battery to be
of 24 volts and the resistance of each element to be
as shown in the corresponding networks in Fig. 42.
In Fig. 42A the combined resistance of R and V in
parallel is
(500 X 15,000) /(500 + 15,000) = 484 ohms.
Hence the reading of the ammeter in Fig. 41A would
be
24/(484 + 2) = 0494 amp
and the voltmeter would read
0494 X 484 = 23.9 volts.
The meter readings in Fig. 41A would, therefore, in-
dicate the resistance of R to be
23.9 = 0494 = 484 ohms.
This is 16 ohms, or 3.2%, less than the actual value
of R. In Fig. 41B the voltmeter would read 24 volts
and the reading of the ammeter would be
24/(500 4 2) = .0478 amp.
These readings would indicate the resistance of R
to be
24/.0478 = 502 ohms.
In this case the indicated resistance is 2 ohms, or
4%, higher than the actual resistance of R.
It is not to be inferred from the above comparison
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that the resistance indicated by the meter readings
in Fig. 41B is always closer to the actual value of R
than is the resistance indicated by the meter read-
ings in Fig. 41A. With the 2-ohm ammeter and the
15,000-ohm voltmeter assumed in the above examples,
computations like those just carried out will show
that, if R were 174 ohms, the correction would be
1.15% for either set of meter readings; that if R
were less than 174 ohms the correction for Fig. 41A
would be smaller than with Fig. 41B; and that, as
we found in the above examples, the correction with
Fig. 41B will be smaller than with Fig. 41A if R is
greater than 174 ohms.

Where values more accurate than those obtained
directly from the meter readings are required, the
corrections already mentioned can be applied. Thus,
in the example of Fig. 41A worked out above, the
indicated resistance of 484 ohms may be corrected
by converting it into its equivalent conductance, and
from that, subtracting the conductance of the volt-
meter. The conductance of R so obtained is

(1/484) — (1/15,000) = 1/500 mho.
Hence the resistance of R is 500 ohms.

The method in Fig. 41B is much easier to correct.
To correct the value of 502 ohms indicated in the
above example of this method, we merely deduct
from it the resistance of the ammeter. Thus, for the
corrected value of R we again obtain

502 — 2 = 500 ohms.

Voltmeter Method: If the resistance to be meas-
ured is high, and we have a voltmeter whose re-
sistance is known, the measurement can be made
using only the voltmeter. Fig. 43 shows how the
voltmeter would be connected for this test. The
switeh is first thrown to the position indicated by
solid lines, and the battery voltage E read on the
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R, 15,000

E=24Y

Fig. 43

voltmeter. Then the switch is thrown to the position
indicated by dotted lines and the voltmeter again
read. Let this second voltage—which is, of course,
the drop across the voltmeter—be denoted by V. In-
asmuch as the voltmeter of resistance R, and the
unknown resistance R; are now in series across the
battery, the voltage drop across R; at this time must
be (E—V); and as the same current is flowing
through both of these elements, the ratio of their
resistances must be the same as the ratio of the volt-
age drops across them, that is
R. E—-V E

= =——1

v
Hence the value of the unknown resistance is

E
R; =R, (——1) ohms.

This relation enables us to determine the value of
R; from the two voltmeter readings E and V and
the known resistance R, of the voltmeter.

To illustrate this method let us apply it to find the
value of R; in Fig. 43. We shall assume the resist-
ance of the voltmeter to be R, = 15,000 ohms, the
voltage of the battery (reading of the voltmeter with
switch in solid line position) to be E = 24 volts, and
the voltmeter reading with the switch thrown to the
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dotted line position to be V. = 20 volts; then

5

4
R, = 15,000 X (2—0— 1) = 3,000 ohms.

In the above discussion we have ignored the re-
sistance of the power supply used in the measure-
ment. This neglect, however, will not increase the
probable error if the resistance of the voltmeter is a
thousand or more times as great as the power supply
resistance. Assuming a voltmeter of high enough re-
sistance to eliminate any error from this source, the
accuracy attainable with this method is greatest
when the unknown resistance equals the resistance
of the voltmeter. It follows, therefore, that this
method is best adapted to the measurement of quite
high resistances.

Line Wire

« = Leakage Resist

Fig. 44

A familiar example of the measurement of high
resistances by this voltmeter method is its use by test
desks in routine measurements of the insulation re-
sistance of outside plant. As the leakage resistance
is usually several megohms (one megohm equals one
million ohms) greatest accuracy will be attained by
employing a voltmeter of very high resistance. The
100,000-ohm arrangement of the test desk voltmeter
is the one now used for this work. The voltmeter is
first thrown across the testing battery and the volt-
age E read; then it is thrown in circuit with the bat-
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tery, line, and ground, as shown in Fig. 44, and the
voltage V which it then indicates is read. As an il-
lustration, if the values of E and R, be as shown in
Fig. 44, and the reading V is i0 volts, then, by means
of the above formula for computing the unknown
resistance from the two readings of the voltmeter,
the insulation resistance is found to be

150
R, =100,000 (E — 1) = 1,400,000 ohms

or
R; = 1.4 megohms.

If the line is 10 miles long and the leakage is
evenly distributed we can assume the total resistance
to be made up of ten equal resistances in multiple,
as in Fig. 45. Each of these resistances will be equal
to ten times the combined resistance of the group
in multiple.

Fig. 45

Wheatstone Bridge: Of the several methods for
measuring electrical resistance, the Wheatstone
bridge method is in general the most accurate, and
is the one most often used. The principles governing
its operation will therefore be explained in detail.

The Wheatstone bridge method of measurement
is very simple. The forms of the Wheatstone bridge
ordinarily used, however, seem quite confusing until
the connections are traced out and set down in a
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diagram. When this is done it is found that however
much different forms of the bridge may differ in
mechanical details or in the arrangement of parts,
the connections of all can be reduced to the very
simple cireuit which will be discussed here in ex-
plaining the principle on which these bridges
operate.

To understand the operation of the Wheatstone
bridge it is only necessary to keep in mind the fun-
damental relations governing current, voltage and
resistance in a direct current circuit. These rela-
tions are now quite familiar to us under the name of
Ohm’s Law.

Fig. 46

In Fig. 46 is a simple circuit in which, between
points A and B, are four resistance elements ar-
ranged in two parallel paths ACB and ADB. Let the
voltage drop across each of these resistances be de-
noted as shown on the diagram. Since the potential
drop from A to Cis V,, and the drop from A to D is
V,, we can see that the potential difference V be-
tween points C and D is

V=V,—V..
We can also see that, by varying the resistances, we
can make V, and V,—each independently of the
other—whatever portion we please of the total volt-
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age E impressed across points A and B. Consequent-
ly—and this is the important thing—the resistances
can always be so adjusted as to make

V,=V, and V,=V,
When the resistances are thus adjusted the bridge is
said to be ‘“balanced.”

Fig. 47

There are two aspects of this particular adjust-
ment which make it the basis of Wheatstone bridge
measurements. Firstly, since V, = V,, then V, =V,
=0, so that V=0. In other words, because the
drop from A to C equals the drop from A to D the
potential difference between points C and D is zero.
If, therefore, we connect or “bridge” a galvanometer
across points C and D as indicated in Fig. 47, no
current will low through it when the bridge is bal-
anced, and so its needle will show no deflection. Con-
versely, if we so adjust the arms of the bridge that
the galvanometer needle shows no deflection, the
bridge will be balanced. We are thus provided with
a very sensitive visual indication as to when an ac-
curate balance has been attained. Secondly, when
V, =1V, then also, of course, V, =V, Hence we
can see that, when the bridge isin balance, the drops
across the two elements in the path ACB are pro-
portioned in the same ratio as are the drops across
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the two elements in the path ADB. This, stated sym-

bolically, is
V. V,

v, V,
This relation, it will now be shown, leads directly to
the fundamental formula of the Wheatstone bridge.
Since no current flows through the galvanometer
when the bridge is balanced, the current from A to
C is the same as from C to B and the current from
A to D is the same as from D to B. If, therefore, we

Galvanometer

Fig. 48

denote the currents as shown in Fig. 47, and desig-
nate the four resistances as shown in Fig. 48, then,
by Ohm’s Law, the voltage drops in the above ratios
can be expressed as s
V,=LR,
V,=LR,
Consequently the above relation among the voltage
drops in the balanced bridge, written in terms of IR
expressions, is

LR, IR,
LR, IR,

But in this the currents cancel out, leaving
R, R,

R, R,
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or finally

2

R, = R..

The diagram in Fig. 48 is a simplified schematic of
the Wheatstone bridge circuit. This diagram should
be memorized because, as previously stated, regard-
less of how greatly various forms of the Wheatstone
bridge differ in appearance, their connections will be
found to be the same in effect as this simple network.
The final one of the above equations should also be
memorized because it shows the relation among the
four groups of resistances or “arms” of the bridge
after a balance has been attained.

Referring to Fig. 48, the arms R, and R, of a
Wheatstone bridge are known as the ratio arms; R,
is known as the rheostat arm, or balance arm ; and Rx
is the unknown resistance that is being measured.
The measurement is performed by setting the ratio
arms as discussed later, and then adjusting the rheo-
stat arm until the galvanometer shows no deflection
when the two keys, first the battery key and then the
galvanometer key, are closed. The value of the meas-
ured resistance is then computed by the formula
above from the settings of the ratio arms and the
resistance to which the ratio arm was set-in balanc-
ing the bridge.

The settings of the ratio arms depend upon the
range of resistances provided for adjusting the rheo-
stat arm and upon the order of magnitude of the
resistance to be measured. A common arrangement
is for the rheostat arm to be adjustable, in steps of
one ohm, to any resistance from zero to 9999 ohms.
With such an arrangement, the ratios for which arms
R, and R, would be set when measuring resistances
in various ranges of magnitude are as shown in the
following tabulation.
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Value of Range of R,
Ry/Ry (ohms)
.001 .001 to 9.999 ohms
.01 .01 « 99.99 «
1 JINE Jaarg x
1 1 f 9999 &
10 10 “ 99990 @
100 100 “ 999900 5
1000 1000 9999000 “

The resistances of the Wheatstone bridge must be
accurate, non-inductive, readily cut in or out of cir-
cuit within the limits needed to get a proper bal-
ance for the range of resistances to be measured, and
must be moistureproof and protected from injury.
There are three principal means of varying the re-
sistance in the bridge arms:

(1)

(2)

(3)

Connecting the individual resistances between
massive brass blocks which are joined by re-
movable solid brass plugs. With the plug in
place the resistance is short-circuited. Removing
the plug cuts the resistance in circuit. A varia-
tion of this method provides two bus-bars for
each group of resistances, by means of which the
resistances desired are cut into circuit by the
plugs, the unused resistances remaining “legged
on,” but not in circuit. This type is known as
the post office type or plug bridge.

Using massive terminals to the resistances over
which a dial switeh is moved. For the “resist-
ance” arm or rheostat arm, three or more dial
switches are needed, one for units, one for tens,
one for hundreds, etc. This type is known as a
dial bridge.

Having a movable arm in direet contact with
the resistance wire, the position of the arm de-
termines the amount of resistance in circuit.
This type is known as a slide wire bridge.
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PERMANENT MAGNETS

Introductory

Magnetism is of great importance to the telephone
man. We use this property in relays, subscriber
bells, receivers, generators, repeating coils, induec-
tion coils, and many other types of apparatus com-
mon in our telephone work. It is, therefore, neces-
sary for us to have a good working knowledge of
magnets and magnetism. The actual operation of our
relays or of any other apparatus which depends upon
magnetism may seem far removed from the ideas
that are to be brought out by deseribing experiments
in which iron filings sprinkled on glass are made to
move by a magnet; nevertheless we must have these
ideas in our minds, for they are the most concrete
means of explaining the action of the forece which
dces so much work for us.

Permanent Magnets

The subject of magnetism naturally divides itself
into several parts, the first of which deals with per-
manent magnets.

Permanent magnets are made of steel or of such
alloys as cobalt-steel, realloy (iron-cobalt-molyb-
denum), ete. They are called permanent because,
with proper treatment, they retain their magnetism
indefinitely. Heat or sharp jarring, however, causes
them to lose their strength. Magnets possess the
property of attracting iron; this is the property
which we call magnetism. The two end areas of a
magnet over which the magnetic force is most pro-
nounced are called the poles. If a bar magnet be
freely suspended it will align itself lengthwise with
its poles in a north-south direction like a compass
needle. The pole which points north is called the
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north or positive pole and the pole which points
south is called the south or mnegative pole. If we
bring a north pole and a south pole close together
we find they attract each other, but if we bring two
north poles or two south poles close together we find
they repel one another. A fundamental law of the
action of magnetic poles which should be remem-
bered is, therefore, unlike poles attract each other,
like poles repel one another. The substation ringer,
which will be described later, is a good example of
the practical application of this principle of the at-
traction and repulsion of magnetic bodies.

Fig. 49

Any region in which a magnetic force acts is called
a magnetic field. Hence a magnetic field exists in the
region surrounding a magnet. To get a clear idea of
a magnetic field of force let us consider Fig. 49.
Here we have a thin plate of glass placed over an
ordinary bar magnet which is resting in a horizontal
position. On the glass has been sprinkled a light cov-
ering of iron filings which, when the glass is tapped,
arrange themselves, as the illustration indicates, in
curved lines extending from one pole of the magnet
to the other. The direction of these lines is, at every
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point in the field, the direction in which the magnetic
force at that point acts; and, as will be discussed
later, the greater the magnetic force in any region,
the closer together are the lines in that region. We
are led by this to think of the magnetic field in terms
of these lines, and to look upon these “lines of force”
as representing both the direction of the magnetic
forces in the field and the strength of the field as
well. These “lines of force” are also commonly
known as “lines of magnetic induction,” and the
lines collectively are frequently spoken of as the
“flux.” We shall now consider gertain attributes of
the lines of force which will help us understand the
behavior of magnets and magnetic fields.

Fig. 50

A bar magnet and the magnetic field surrounding
it are shown schematically in Fig. 50. As this dia-
gram indicates, the lines of force are always closed
loops, their positive direction being as indicated by
the arrowheads; they are considered to pass through
a magnet from the south pole to the north pole, leav-
ing the magnet at its north pole and reentering the
magnet at its south pole. We may think of each
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closed loop as acting like a stretched rubber band in
that it tends to shorten itself as much as possible;
and we may also look upon each line as having a
repelling effect upon all neighboring lines, thereby
tending to make the lines spread apart. Fig. 51 in-
dicates the action of the lines of force when two

Magnets tend to draw together. Magnets tend to push
Unlike poles attract. apart. Like poles repel.
(B)
Fig. b1

magnets are brought near each other, and illustrates
how the behavior of the magnets can be explained in
terms of the above attributes of the lines. When the
adjacent poles of the two magnets are unlike, the
relative directions of the lines from them are such
that the two sets of lines combine to form a single
set of closed loops, as shown in Fig. 51A; and the
tendency of these loops to shorten evinces itself in
the mutual attraction between the unlike poles. On
the other hand, when the adjacent poles are alike, as
shown in Fig. 51B, the relative directions of the two
sets of lines are seen to be such that the tendency
of the lines to spread apart accounts for the repul-
sion between the like poles.

The path which the flux takes is called the “mag-
netic eircuit.” The amount of flux or number of lines
of force depends upon the opposition offered by the
various materials making up the magnetic circuit.
Iron forms a very easy path for the flux while air
and copper form a difficult path. For this reason the
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magnetic cireuit of relays is so designed as to be
mostly of iron, the air-gaps being made very short.
This opposition which the magnetic circuit offers to
the flux is called “reluctance.” Reluctance controls
the amount of flux in the magnetic circuit in a man-
ner analogous to that in which resistance controls the
amount of current in the electric circuit.

It was stated above that we may look upon the
lines of force as representing, not only the direction
of the magnetic forces in the field, but the strength
of the field as well. In considering the field strength
aspect of this statement further, we shall again make
use of an analogy. Where a stream of water is con-
fined to a narrow channel the current is strong, but
where the stream spreads out the current is weak.
Just so with the magnetic circuit. It is an easily veri-
fied experimental fact that the magnetic force in-
creases as we approach the poles of a magnet, and
decreases as we recede from the poles. Likewise, as

Fig. 62

we have seen in Figs. 49 and 50, and as is shown
more clearly in Fig. 52, as we approach the poles of
a magnet the flux density increases; but as we move
away from the poles the lines spread out in all diree-
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tions, and, of course, as the area over which they
are spread becomes greater, the number of lines per
square inch decreases. Thus field strength and flux
density are seen to vary together—the greater the
field strength the greater the flux density, and con-
versely. Hence, wherever the path of the flux is con-
tracted to a small area, the flux density is relatively
high and the field is strong. Where the flux spreads
over a wide area, however, the flux density is, of
course, relatively low and the field weak.

The magnets we use in hand generators are de-
signed to take advantage of the principles set forth
in the previous paragraphs. Fig. 53A illustrates the
“U” shaped magnets referred to. Compare this type
of magnet with the bar magnet shown in Figs. 49 and
50, and note the shorter air path taken by the lines
of force from one pole to the other as compared with
that in the case of the bar magnet. If we fill the air
space between the poles with iron—e.g., by placing

(A) (B)
Fig. 53

the pole pieces and armature of the hand generator
between the magnet poles, as shown in Fig. 53B—
we further improve the magnetie circuit of the “U”
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magnet. It is of interest to note that, by using a
number of “U” bars placed side by side in the hand
generator, the total amount of the flux through the
armature is increased ; and this, by virtue of a prop-
erty later described, enables the magneto to gen-
erate sufficient voltage to ring down the drops on
the rural lines in our magneto switchboards, to ring
subscriber bells, and to do other work for us. Care
must be taken, however, that all like poles are placed
side by side as shown in Fig. 54A; otherwise the
magnetic effect of one bar will neutralize the effect
of another, as indicated in Fig. 54B. This would
result in decreasing the number of lines of force
passing through the armature, and the magneto
would then not generate enough voltage for satis-
factory service—in other words we would have a
case of trouble.

End view of magnets of End view of magnets of
a b-bar generator with a b-bar generator with
bars placed prepesly. bars placed waewg. o
A) ) oy ®
( Fig. b4

While discussing magnets it may be well to men-
tion that in some cases, such as in the core of re-
peating coils, we have closed magnetic circuits of
laminated iron. Here there are no poles set up (see
Fig. 55); but the lines of force, nevertheless, are

erly,
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present in the core, and have a definite direction
around it.

Fig. 66
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ELECTROMAGNETS

In Section I-G we discussed permanent magnets.
We now come to a consideration of another type of
magnet known as the electromagnet. Electromagnets
are very common in telephone equipment.

Field about a Straight Wire End View
Fig. 66

Magnetism and electricity are so interrelated that
magnetism can be created and controlled by an elec-
tric current. This enables us to make electricity per-
form a great deal of useful work. Wherever a cur-
rent of electricity flows there is set up a magnetic
field whose lines of force encircle the conductor
which carries the current. Wig. 56 depicts the mag-
netic field set up about a straight wire when an elec-
tric current flows through it. These lines of force
are circular loops lying in planes at right angles to
the wire. There is a definite relation between the
direction of the current flow and the positive diree-
tion of the lines of force: if we grasp the wire in the
right hand, the thumb pointing along the wire in the
direction of the current, the fingers will then point
around the wire in the direction of the lines of force.
The relative directions of the current and of the
lines of force, indicated by the arrowheads in Fig. 56,
accord with the foregoing rule.

The magnetic field set up about a single turn of
wire when an electric current flows through it is
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Fig. 67

shown in Fig. 57. We see that all lines of force en-
circle the wire in the direction stipulated by the rule
just cited, and that all pass through the turn in the
same direction. Fig. 58 shows what happens when
we place a number of turns of wire together. The
effects of the several turns combine to set up lines of

Fig. 68 Cross 8Section
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force, a very small proportion of which encircle the
turns individually, but most of which link themselves
through the whole group of turns. We immediately
recognize the field represented by these lines to be
similar to that set up by the bar magnet in Fig. 50,
and we rightly conclude that, when current flows in
it, the coil acquires the properties .of a magnet. The
direction of the flux through the coil and the con-
sequent polarity may be inferred, by the rule given
above, from the direction in which the current flows
around the coil; but, for this purpose, the rule is
more convenient when restated in slightly different
form. Place the right hand on the coil, the fingers
pointing around the coil in the direction in which
the current flows and the thumb extended parallel
with the axis; the thumb then points in the direction
in which the lines of induction pass through the coil,
i.e., towards the north pole of the coil.

We have already seen how the current, the re-
sistance, and the electromotive force (emf) in an
electrie circuit are related by Ohm’s Law. In a mag-
netic circuit there is an analogous relation between
the flux, the reluctance, and the force which sets up
the flux, or “magnetomotive force” (mmf) as it is
called—the flux equals the magnetomotive force
divided by the reluctance. The magnetomotive force
due to an electric current flowing around a coil is
directly proportional both to the number of turns in
the coil and to the number of amperes through them;
in other words, the mmf depends upon the number
of amperes multiplied by the number of turns. Con-
sequently, magnetomotive force is commonly ex-
pressed in terms of “ampere-turns.” The reluctance
of a magnetic circuit in which the path of the flux is
wholly through air or other non-magnetic substances,
is a constant; no matter how the mmf is varied, the
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flux varies in like proportion. If, however, the path
of the flux is partly or wholly through iron or other
magnetic materials, the reluctance is not constant.
Experiment shows that, if the mmf acting upon a
magnetic substance be increased in a succession of
equal steps, the corresponding increments in the re-
sulting flux density eventually tend to become suec-
cessively smaller—i.e., the reluctance increases—un-
til a point is reached beyond which further increases
in the acting ampere-turns produce practically no
further incréase in the flux density. When this con-
dition exists the magnetic material is said to be
‘“saturated,” and the point at which saturation is
reached is called the “saturation point.”

From what we have now learned we can see that
the magnetic effect of a given currentflowing through
a coil can be increased in two ways: (1) by increas-
ing the number of turns in the coil, thereby increas-
ing the mmf; and (2) by winding the coil on an iron
core, thereby greatly reducing the reluctance of the
magnetic circuit. A very strong magnet can, there-
fore, be obtained by passing a current through a coil
of many turns wound on an iron core. Such magnets
are called “electromagnets.” The core of these mag-
nets is usually made of a special soft iron or steel
which has been carefully prepared and treated so
that it will give up its magnetism as completely as
possible immediately the energizing current ceases to
flow through the winding. It should be borne in
mind, however, that a small amount of magnetism,
called “residual magnetism,” is normally retained in
the core of electromagnets. Fig. 59 shows a crude
electromagnet made by winding a coil of wire about
an iron nail. To demonstrate the action of the mag-
net, a piece of iron shaped like a relay armature is
shown below the nail. When the key is closed cur-



Page 84

Fig. 59

rent flows through the coil and the nail becomes a
magnet having the power to attract the piece of iron
as shown in Fig. 60; but when the circuit is opened
the nail loses its magnetism, the piece of iron falls
off, and we again have the condition shown in Fig.
59.

Fig. 60

Our relays consist essentially of an electromagnet
and an armature, together with such accessory parts
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as contact springs, etec. By taking the coil just de-
seribed and mounting it as indicated in Fig. 61, we
can make a crude relay which will demonstrate the
action of our standard relays. When the energizing

Fig. 61

electric circuit is closed the current through the
winding sets up a flux in the magnetic circuit, mak-
ing the core a magnet. For a definite number of
ampere turns the amount of flux set up depends
upon the reluctance of the magnetic circuit. The
greater part of the reluctance in the magnetic cir-
cuit of our relays is in the air-gap. If the current
is in such a direction as to make the end of the
core near the armature a north pole, the flux will
pass from the core into the air-gap, cross the gap,
enter the armature, and then pass through the iron
part of the relay structure to the other end of the
core and back to the starting point. The north pole
at the end of the core adjacent the armature is,
as we have already seen in Figs. 50, 51, 53 and 54,
the region in which the flux passes from the core into
the air-gap. Likewise, the region in which the flux
passes from the air-gap into the armature is a south
pole. These unlike poles will attract each other just
as the north pole of one magnet will attract the south
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pole of another; hence, if the magnetic attraction is
great enough, the armature will be pulled towards
the core as Fig. 61 shows. Thus, through the agency
of the magnetic effects which accompany it, the elec-
tric current is made to perform the work of moving
the armature. If the current is reversed the effect
will be the same, save that the armature will be the
north pole and the end of the core adjacent the
armature will be the south pole.

When the armature pulls up the air-gap is short-
ened. This decreases the reluctance of the magnetic
circuit, thereby causing the flux to be increased ; and
since the magnetic attraction depends upon the
amount of flux, the armature will be held up with a
greater force than that which initiated its motion
towards the core. Were the flux allowed to become
too great the core might become saturated, a condi-
tion which would cause some relays to release too
slowly. This condition may be prevented in several
ways. Some relays have the cross-section of the mag-
netic material in the flux path greatly reduced for a
portion of its length. The increase in reluctance
which occurs when this constricted portion reaches
saturation, prevents too high a flux density in the
remainder of the magnetic circuit, no matter how
closely the armature approaches the core. Other re-
lays have stop pins of copper or German Silver which
prevent the armature from striking the core. Still
others have non-freezing discs.

From our discussion of magnetomotive force it will
be appreciated that determination of the proper
number of ampere-turns is an important factor in
relay design. The ampere-turns for a given relay are
carefully figured out to meet the requirements im-
posed by the load to be put upon the relay, the
length of the air-gap, the distance through which the
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load must be operated, ete. This load may be a single
heavy armature, or it may be a group or “pile-up”
of springs whose tension has to be overcome. Fig. 62
shows the manner in which experimental methods
may be employed to determine the number of am-
pere-turns needed to overcome known test loads ap-
plied to the relay at substantially the point on the

Back Stop Screw

armature at which the actual working load will come
on the finished relay. From the results of these
measurements can be determined the number of am-
pere-turns required to overcome the load which grav-
ity, or the exact pile-up of springs to be used, will
impose upon the armature of the relay whose design
is being worked out. It should, therefore, be clear
why we use current flow test sets in the field and
why we adjust our relays to a given current flow—
the very basis of the design is that the relay must
get a proper amount of current in order to do its
work.

Where two windings are wound on the same core,
care must be taken to insure that the magnetism
produced by one winding is properly poled relative
to the magnetism produced by the other. Whether

"the currents in the two windings flow around the
core in the same direction or in opposite directions,
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will determine whether the magnetic effects of the
two windings aid each other as indicated in Fig.
63A, or oppose one another as indicated in Fig. 63B.

Armature is pulled up. Armature does not pull
Flux is strong. up. Flux is weak.
(A) (B)
Fig. 63

In some cases, such, for example, as the winding a
referred to in discussing Fig. 16, it is required to
obtain a non-magnetic winding, i.e., to wind a length
of wire in the form of a coil without producing a
magnetic effect. This can be done by arranging the
wire, as indicated in Fig. 64A, so that the current
flows in one direction around the core in passing
through the turns made by one half the length of the
wire, and in the opposite direction around the core
in passing through the equal number of turns made
by the other half of the wire. Since the direction of

Non - inductive Winding

jlv”n“lufﬁi ﬂ

Coil wound non - inductively.
Nail has no magnetism.

(A)
Fig. 64

the magnetic field set up by each turn depends upon
the direction of the current around the core, it can
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be seen that the magnetic effects of the two equal
and opposite sets of turns must oppose and neutral-
ize each other. Such a coil is said to be wound non-
inductively. Fig. 64B indicates the arrangement of
a relay which, like the relay in Fig. 16, has an ener-
gizing winding and a non-inductive winding con-
nected in parallel.

We frequently have use for special relays such as
slow acting, polarized, and alternating current re-
lays. The many slow acting relays in our dial system
offices and the a-c relays in our four-party subsets
are typical examples of two of these types. Polar-
ized relays find considerable use in telegraph prac-
tice; and we also find them in our telephone circuits,
both in manual and in dial systems.

Slow acting relays are designed so that the flux
builds up slowly when the winding is energized and
decays slowly when the current stops flowing
through the winding of the relay. This condition is
obtained by using a secondary short-circuited wind-
ing, which may be either a regular winding or a
single turn of very low resistance. In some cases this
winding takes the form of a copper tube around the
full length of the core or around the core for a por-
tion of its length; in other cases it is a copper collar
placed at one end of the core; and in still other cases
it is a closed coil. With any of these arrangements,
when the circuit through the main winding is first
closed and the magnetic field begins to build up, or
when the circuit is first opened and the magnetic
field begins to die out, this increase or decrease in
the main field “induces” in the closed secondary
winding a voltage which causes a current to flow in
it, just as the changing current through the primary
winding of a transformer would cause a current to
flow in a closed secondary circuit. This secondary
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current tends, of course, to set up a magnetic field
which, depending upon the direction of this current,
will oppose or will aid the main field. The direction
of this secondary current is always such that the sec-
ondary flux will be in whichever direction opposes
the causative change in the main flux. Hence, when
the circuit through the main winding is closed, the
secondary flux opposes (and so retards) the building
up of the main flux, thereby delaying the instant at
which the field becomes strong enough to pull up the
armature. Likewise, when the circuit through the
main winding is broken, the secondary flux opposes
and slows down the dying off of the main flux, and
consequently the release of the armature is delayed.

Relays having this action delaying feature may be
either slow operating or slow releasing, depending
upon certain other factors of the design. If the
winding for the relay is so chosen that the relay gets
but little more than just enough current to operate
it, the flux will not become strong enough to move
the armature until the above effect of the short-
circuited secondary has been overcome and the fiux
has reached almost its full strength. We thus obtain
a slow operating relay. To secure a slow releasing
relay, the winding must be so chosen that the final
value of the flux produced by the current through
the relay is much greater than will permit release.
In this case when the circuit is opened the flux will
not decrease enough to allow the armature to fall
back until the retarding effect of the short-circuited
winding has been overcome.

The polarized relay differs from the regular direct
current types in that a permanent magnet is used in
its construction in addition to the electromagnet.
Relays of this type utilize two principles with which
we have already become familiar. We know that
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like poles repel and unlike poles attract, and we have
also seen that the polarity of an electromagnet can
be reversed by reversing the direction of the current
energizing it. Consequently the fixed polarity per-
manent magnet and the controlled polarity electro-
magnet in the polarized relay can be made to repel
or to attract one another at will. The polarized
ringer described later also uses a permanent magnet
and an electromagnet.

Alternating current relays are of three general
types. As will be shown later, an alternating current
passes through zero value twice during each cycle,
and at each such instant there is no current flowing
to produce a magnetic force. The pull on the arma-
ture of an ordinary d-¢ type of relay would, there-
fore, come in spurts, and the relay would hum or
chatter, if we attempted to operate it on alternating
current. Prevention of this vibration or chatter is
an important matter in the design of alternating cur-
rent relays. One means employed to overcome this
effect is to make the armature heavy enough that it
will not fall back during the instants of nv mag-
netic pull. This type of a-c¢ relay is known as the
inertia type; it is used in some of the four-pariy
subscriber sets. Two other general types make use
of means by which, so long as the winding is excited,
the magnetic pull on the armature is prevented from
dropping to zero.

In discussing Figs. 50 and 51 it was pointed out
that lines of induction exhibit the property of exert-
ing forces in an effort to shorten themselves and in
an effort to spread apart. The operation of electric
motors and of innumerable other electrical devices—
including the D’Arsonval galvanometer and the
Weston type meters whose uses were considered in
Section I-E-—depends upon the force set up by this
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property of the lines of induction when, as repre-
sented in Fig. 65, the circular field produced by an

Fig. 65

electric current flowing through a wire (see Fig. 56)
is combined with the field produced by the poles of
a magnet (see Fig. 54A). Comparing Fig. 65 with
Fig. 54A, we note that the flux produced by the cur-
rent strengthens the field above the wire and weak-
ens it below, the result of this being that the lines
above the wire are erowded together, and lines pass-
ing from one pole to the other are lengthened from
straight lines into curves. Here the efforts of the
lines to shorten and to spread apart will both tend
to force the wire downward as indicated by the
arrow in Fig. 656B. To illustrate this action we shall
consider a specific application.

Fig. 66 is a sketch of a crude meter. A coil A-B
is so mounted that it can rotate in the field between
the poles N and 8 of a U-shaped permanent magnet.
Attached to the coil are flat spiral springs (see Fig.
29) which resemble the spring on the balance wheel
of a watch. When no current flows through the coil,
these springs maintain the coil in the position in-
dicated in Fig. 66A, with the pointer on the zero of
the scale; and they oppose rotation of the coil away
from this zero position with a restoring force which
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(B)
Fig. 66

is proportional to the amount of rotation. Now sup-
pose the current we desire to measure is led into the
coil so that it goes in at B and out at A. The current
in wire B strengthens the field above B and weakens
the field below it, thereby forcing the wire B down-
ward as indicated in Fig. 66B. Likewise the current
in wire A strengthens the field below A and weakens
it above, thereby forcing wire A upward. This ac-
tion rotates the coil so that the needle swings across
the scale. The arc through which it swings depends
upon the strength of the field of the permanent mag-
net, and also upon that set up about wires A and B;
the latter, in turn, depends upon the amount of cur-
rent flowing in the coil. Therefore, if the scale were
calibrated in units of current, e.g., in milliamperes,
we would have a milliammeter. Or, since the current
through the coil would be proportional to the voltage
across its terminals, the scale could be graduated in
volts and the meter used as a voltmeter.
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The part which magnetism plays in the operation
of the telephone plant has been illustrated by brief
descriptions of its use in relays, generators, and
measuring instruments. Other important illustra-
tions are to be found in the receiver and in the
ringer.

Fig. 67

Fig. 67 shows the structure of a crude telephone
receiver which embodies the same principles as the
standard types. In front of a U-shaped permanent
magnet about whose pole pieces are wound coils of
wire, is mounted a thin, sheet iron diaphragm. The
diaphragm moves in response to variations in the
magnetic pull whieh, in turn, are controlled by the
current flowing through the coils. The permanent
magnet exerts a steady pull on the diaphragm. For
the reason which will be explained in Section II-D
this is necessary to make the receiver work properly.

Fig. 68 is a sketch of a biased ringer. Here again
we find the combination of a permanent magnet and
an electromagnet. The permanent magnet M-N es-
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Fig. 68

tablishes two south poles 8-8, one at the end of the
core of each of the coils; and, by induection, north
poles N-N are set up at the ends of the armature,
and a south pole 8 is set up at its center. In other
words, the armature, which is a piece of soft iron,
has three poles, one in the center and one at each
end, induced in it by the action of the permanent
magnet. The biasing spring holds the armature in a
fixed position. Now suppose an impulse of current
flows through the coils in the direction indicated by
the arrowheads. The magnetism set up by the cur-
rent will strengthen the pole at the end of coil L,
and will either weaken the strength of the pole at
the end of coil R or reverse its polarity, depending
upon the strength of the energizing current. The
armature will, therefore, be attracted more strongly
by the pole of coil L, and it will either be attracted
less strongly or it will be repelled by the pole of coil
R, with the result that the effect of the biasing spring
will be overcome and the bell clapper will be moved
to the opposite side and will strike the r gong. When
the current stops flowing the magnetic relations in
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the ringer will be reestablished as they -were prior
to the impulse, and the biasing spring will pull the
armature back to its original position thereby caus-
ing the clapper to strike gong 1. We can see that a
series of impulses recurring in rapid succession will
ring the bell for so long as they continue.

Fig. 69

Now let us assume there are two ringers on one
line, connected as indicated in Fig. 69. If a series of
current impulses be sent from line to ground through
both ringers as denoted by the arrowheads, the mag-
netic effects in ringer (A) will be seen to be exactly
as just deseribed, so that (A) will ring. In ringer
(B), however, the pole at the end of R becomes a
stronger"south pole, and the pole at the end of L
changes to north. Consequently these magnetic ef-
fects aid the biasing spring to hold the armature
stationary, thus preventing (B) from ringing.
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ELECTROMAGNETIC INDUCTION
The Principle of Electromagnetic Induction

We have seen that electricity and magnetism are
very closely akin. In particular we have learned
that, whenever an electric current flows in a con-
ductor, a magnetic field is set up whose lines of in-
duction are closed loops which link with the electric
circuit in which the exciting current flows. That an
electric current produces a magnetic field is an im-
portant principle, but is only one aspect of the re-
lationship between electricity and magnetism ; equal-
ly important is the converse principle that a mag-
netic field can produce an electric current.

In studying the latter principle it will be helpful
to have it stated in two ways:

(1) If a conductor in a magnetic field is so moved as

to cut across the lines of induction, an emf is
set up in the conductor.

(2) If the number of lines of induction linked with
an electric circuit be increased or decreased, an
emf is set up in the circuit.

The action by which emf’s are thus generated is
known as electromagnetic induction. Although the
foregoing two statements of this action may appear
superficially to differ somewhat, they are fundamen-
tally equivalent in that both state that the emf gen-
erated is a result of a change in a magnetic field
with respect to a conductor in the field. Voltages
produced in this manner are called induced voltages,
and the currents to which they give rise are called
induced currents. An induced emf exists only while
the change producing it is taking place.

We shall shortly direct our attention to illustra-
tions of the above two ways of stating the principle
of electromagnetic induction. Before doing so, how-
ever, let us become acquainted with the rules relat-
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ing the magnitude and the direction of an induced
emf to the change which generates it. We shall then
be in a better position to understand without diffi-
culty the points to be brought out in discussing the
illustrations.

The Magnitude of Induced Voltages

The magnitude at any instant of an emf induced
by a conductor moving across a magnetic field, de-
pends upon the rate (number of lines per second) at
which the conductor is cutting the lines of induec-
tion at that instant. Similarly, the magnitude of an
emf induced by a change in the linkages between a
magnetic field and an electric circuit depends upon
the rate at which the number of linkages is changing.
An emf of one volt is induced when lines are cut or
linkages are changed at the rate of 100,000,000 per
second.

The Direction of Induced Voltages

An induced emf will, of course, tend to produce a
current; but unless the conductor in which the emf
is induced forms part of a closed electric circuit, no
induced current can flow. The direction of an in-
duced emf is always such that, if the current which
the emf tends to produce can flow, the magnetic
field set up by this induced current (referred to in
the remainder of this discussion as the secondary
field) will be in the direction to oppose the change
by which the emf is induced. This rule for deter-
mining the direction of induced, emf’s will be easier
to apply if restated in the following two ways cor-
responding to the two ways in which the principle
of electromagnetic induction was stated above:

(1) The direction of an emf induced by a moving

conductor cutting the lines of a magnetic field,
is such that the secondary field would be in the
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direction for its reaction with the original field
to oppose the motion of the conductor.

(2) The direction of an emf induced by a change in
the number of linkages between a magnetic field
and an electric circuit, is such that the sec-
ondary field would be in the direction for it to
tend to maintain the number of linkages un-
changed.

Induction by Motion

We are now prepared to take up some illustrations
of the principle of electromagnetic induction. The
first of the two ways in which this principle was
stated is illustrated in Fig. 70. A conductor AB is so
located with respect to the poles N and 8 of a per-
manent magnet or electromagnet that by moving the
conductor up or down it will cut across the lines of
force. The ends of the conductor are connected to
a galvanometer. When the conductor is moved

Fig. 70

downward or upward through the field a voltage is
generated in the conductor, causing the galvanom-
eter to deflect because of the induced current
through it. From what we have already learned, we
know that the direction along the conductor, of the
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emf induced when the motion of the conductor is
upward, must be from A to B. This conclusion is
reached by the following line of reasoning :—Accord-
ing to the rule for determining the direction of an
induced emf, the secondary field in this case must
be in the direction for its reaction with the original
field to oppose the upward motion of the conductor.
The force exerted upon the conductor by this re-
action must, therefore, be downward. We know,
however, that the circular lines of force set up by a
current flowing through the conductor from A to B
would, as in Fig. 65, strengthen the field above the
conductor and weaken the field below it; and this,
as was explained in discussing Fig. 65, we know
would exert a downward force upon the conductor.
The direction of the emf induced by the upward
motion of the conductor in Fig. 70 must, therefore,
be from A to B along the conductor, thus impressing
a voltage directed from B to A in the circuit connect-
ing to the galvanometer.

By similar reasoning we also learn that the direc-
tion along the conductor, of the emf induced when
the conductor is moved downward across the field,
is from B to A. The polarity of the voltage generated
when the conductor is moved downward is thus seen
to be the opposite of that generated when the con-
ductor is moved upward. With the galvanometer
poled as indicated in Fig. 70, upward motion of the
conductor would cause the needle to deflect to the
right, and downward motion would cause a deflec-
tion to the left. The same effects as produced by
moving the conductor across the stationary field can
be obtained by holding the conductor stationary and
moving the magnet up or down in such a manner
that the lines of force will be cut by the conduector.
In whichever manner the relative motion between
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the conductor and the magnetic field occurs, how-
ever, it is particularly to be noted that the lines of
force must be cut by the conductor; if this motion is
in a direction parallel with the lines of force no lines
will be cut and there will be no voltage generated.

The voltage of electrical generators is produced
in the magner just described. For example, in the
hand generator (magneto) a coil of wire forming
the armature winding rotates in the magnetic field
set up by the U-shaped permanent magnets. This
coil is the equivalent of many conductors connected
in series ; and since each of these conductors cuts the
magnetic field and thereby has a voltage induced in
it, the result is similar to connecting a group of bat-
teries in series. In discussing Fig. 54 the statement
was made that if the strength of the magnetic field
be cut down by improperly assembled or defective
magnets, the voltage of the generator will be re-
duced. We can now see this would be true, because
it would result in fewer lines of force being cut by
the armature. We can also see why the speed at
which the armature turns is an important considera-
tion; it is one of the factors which, by determining
the number of lines cut per second, determine the
voltage generated. The hand generator will be fur-
ther explained in connection with the discussion of
alternating currents in Section II-A.

The aspect of the principle of electromagnetic in-
duction presented by the first of the two statements
of the principle, and discussed in the three preceding
paragraphs, is of great practical importance because
it enables us to convert mechanical energy into elec-
trical energy. The second statement of the principle
is likewise of extreme practical interest because the
aspect which it presents affords an explanation of
certain important properties of electric circuits. We
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shall need to have a clear understanding of these
properties and shall, therefore, devote the remainder
of this Section to a study of them.

Self-Inductance

We are all familiar with every-day examples of
inertia. Take, for instance, a person seated in a car
which has seats running lengthwise along its sides:
when the car starts, his body sways away from the
direction of the car’s motion; and when the car stops,
he sways in the direction in which the car was going.
This is because his body, due to its inertia, resists
being set in motion from a state of rest, but once
moving, it resists being stopped. Note, however, that
inertia does not prevent a change of speed, but
merely restricts the rate at which the change occurs.
It is because of inertia that time is required to build
up or to reduce the speed of a moving object.

Electrie circuits exhibit a property which is quite
closely analogous to inertia. We call this property
self-inductance. Let us see how self-inductance comes
about and how it affects the behavior of circuits.

From what we have already learned we know that
the lines of force set up when a current flows through
an electric circuit are closed loops which link with
the circuit, and that the number of these linkages
will increase or decrease as the current increases or
decreases. Consequently, according to the principle
of electromagnetic induction, an emf will be induced
in a circuit whenever the current in the circuit
changes. The direction of any emf so induced can be
determined by applying the rule already stated:
when a change in the current in a circuit causes a
change in the number of magnetic flux linkages with
that circuit, the emf thereby induced must be in the
same direction as an induced current whose field
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would tend to offset the change in linkages. We can
see, however, that to offset an increase in linkages
the secondary field would have to link with the ecir-
cuit in the reverse direction from the original field;
and that to offset a decrease in linkages the second-
ary field would have to link with the circuit in the
same direction as the original field. It follows, there-
fore, that the increase in flux linkages accompanying
an increase in current will induce an emf in the op-
posite direction from the current, and that the de-
crease in linkages accompanying a decrease in cur-
rent will induce an emf in the same direction as the
current.

The foregoing may be summarized by saying that
the change in magnetic flux linkages accompanying
a change in the current in a circuit induces in that
circuit an emf in the direction to oppose the change.
To supplement this statement, we recall that the
greater the change in the current and the more rap-
idly it occurs, the faster will be the rate at which
the number of Ilinkages changes, and hence the
greater the induced emf will be. We must also re-
member that the induced emf exists only while the
change producing it is taking place.

One thing in particular stands out in the above dis-
cussion—the self-inductance of a circuit comes into
play only during a change in the current. In direct-
current circuits this property has no effect upon the
value arrived at when the current is changed from
one steady value to another; but, as we shall see in
a moment, it does prevent the transition from oc-
curring instantaneously. It is, therefore, as earlier
stated, analogous to inertia.

For example, when a voltage is applied to a cir-
cuit, the emf induced by the flux linkages created
while the current is being established, is in the op-
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posite direction from the current, so that part of the
applied voltage is counteracted by this induced emf,
and only the remainder is available to overcome the
resistance of the circuit. Initially—the current and
hence also the IR drop then being zero—the current
starts to build up at a rapid enough rate to make the
induced counter emf equal to the applied voltage.
But as the current increases, thus increasing the por-
tion of the applied voltage required to overcome the
IR drop, the portion left over to further increase the
current must decrease. The rate at which the current
builds up towards the steady value I = E/R must,
therefore, continuously diminish. Thus, during the
establishment of a current, the self-inductance of a
eircuit prevents the current from jumping instantly
to its steady value, but constrains it instead to re-
quire time to build up.

On the other hand, when a circuit is opened the
current is broken and the magnetic flux linkages
die out, thereby inducing in the cireuit an emf which,
we have learned, must be in the direction tending to
maintain the current flow. This induced voltage is
commonly high enough to force a flow of current to
continue momentarily across the short initial length
of the air-gap formed as the circuit is opened, there-
by causing a spark at the point of break; and in
many circuits this voltage is so high as to necessitate
protective measures to prevent destructive burning
of contact points. Certain types of spark coils are
designed to take practical advantage of this effect
of self-inductance by utilizing it to obtain voltages
high enough for various ignition purposes.

We now know what self-inductance is—how it
manifests itself. Let us next consider what factors
determine the magnitude of this property of an elec-
tric cireuit.,
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From what we have already learned we know that
the greater the emf induced in a circuit when the
current in it changes at a given rate, the greater is
its self-inductance. Self-inductance is expressed in
terms of a unit called the henry: by definition the
self-inductance of a circuit in henrys equals the num-
ber of volts induced in the circuit when the current
in it is changing at the rate of one ampere per sec-
ond. This induced voltage, however, we know to be
proportional to the change per second in the number
of flux linkages. Consequently the self-inductance
of a circuit is proportional to the chahge in the num-
ber of flux linkages, per ampere change in the cur-
rent. Likewise, the self-inductance of any portion
of a circuit is proportional to the change in the num-
ber of flux Mnkages with that portion, per ampere
change in the current.

Fig. 71

In the case of the two straight wires comprising an
open-wire pair the flux lines linking with the pair
are only those which, as indicated in Fig. 71, pass
between the two wires; and each such flux line links
with the cirecuit but once. The self-inductance of an
open-wire pair is, therefore, quite small. And the
self-inductance of a cable pair is smaller still, be-
cause the two wires are separated only by the thick-
ness of the insulation, and hence relatively fewer
lines pass between the wires to link with the pair.
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In the case of a coil of wire, however, the number
of flux linkages, per line of induction threading the
coil, depends upon the number of turns; and the
number of these lines is directly dependent upon the
number of turns (which determines the magneto-
motiveforce per ampere), and inversely dependent
upon the reluctance of the associated magnetic cir-
cuit. The change in the number of flux linkages per
ampere change in the current, and hence also the
self-inductance of a coil, is thus seen to have a two-
fold dependence upon number of turns and a re-
ciprocal dependence upon reluctance. Where—as is
quite closely approached in coils in which this is a
design objective—the flux set up by each turn links
all turns, the magnitude of the self-inductance of a
coil is directly proportional to the square of the num-
ber of turns and is inversely proportional to the re-
luctance of the associated magnetic circuit. The self-
inductance of relay windings, loading coils, retarda-
tion coils, etec., may, therefore, be made as high as
required.

As has already been noted, self-inductance comes
into play only during a change in current. It then
tends to retard the transition; but, in direct-current
circuits (d-c circuits), it has no effect upon the value
arrived at when the current is changed from one
steady value to another. Moreover, even where self-
inductance is large, the interval during which its re-
tarding effect causes the transition current in a d-c
circuit to differ appreciably from the succeeding
steady value is exceedingly brief. Ordinarily, there-
fore, in dealing with d-c circuits, we are not con-
cerned with transition currents, but only with steady
values; and so we can ignore self-inductance. In
alternating current circuits (a-c¢ circuits), however,
the current is continuously changing, so that, as we
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shall find in Section II, self-inductance may be an
important factor in determining the current under
steady conditions.

Mutual Inductance

Every line of induction in the magnetic field set
up by an electric current links at least once with the
exciting circuit, and a portion of these lines, or even
substantially all of them, may also link with other
electric circuits. According to the principle of elec-
tromagnetic induction, a change in current will,
therefore, not only induce an emf of self-induction
in the exciting circuit, as we have just learned, but
it will also induce an emf in any circuit which is
magnetically linked with the exciting circuit. The
property, by virtue of which a change in the current
in either of two circuits induces an emf in the other,
is called mutual inductance. This property, like self-
inductance, is measured in henrys. The mutual in-
ductance of two circuits, expressed in henrys, equals
the number of volts induced in either circuit when
the current in the other is changed at the rate of one
ampere per second.

The direction of an emf produced by mutual in-
duction can readily be determined. As we shall see
in a moment, the emf which a change in the current
in either of two magnetically linked electric circuits
induces in the other, is always in the same direction
(relative to the linking magnetic circuit) as the emf
of self-induction which the same change in current
simultaneously induces in the exciting circuit. By
saying that these two induced emf’s are in the same
direction relative to the linking magnetic circuit, we
mean that the induced currents which these emf’s
tend to produce would both encircle the magnetic



Page 108

circuit in the same direction. This, we know, must be
true, because the rule governing the direction of all
induced voltages tells us that the secondary fields of
the emf’s we are now considering are both required
to be in the direction to oppose the change in the
original magnetic field. Inasmuch, therefore, as we
already know how to determine the direction of an
emf induced by self-induction, we can also determine
the direction of any emf produced by mutual in-
duction.

Fig. 72

Two coils arranged to demonstrate the action of
mutual inductance are shown schematically in Fig.
72. These coils are insulated from each other and
are wound on the same core so that, of the total flux
set up by a current in either coil, the major portion
links both coils (mutual flux), and only a minor por-
tion merely links the excited.coil (leakage flux). A
relay with two inductive windings, and the two
windings of a repeating coil, are familiar examples
of such an arrangement. Across the terminals of one
coil is placed a voltmeter, and the other coil is con-
nected to a battery through a key. Let us examine
into what happens when the key is closed and when
it is later opened.
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When the key is closed current starts to build up
in coil A, flowing in the direction indicated by the
arrowhead. As this current and the field produced
by it build up, the rising total flux induces an emf
of self-induction in coil A, and the rising mutual flux
induces an emf in coil B. The emf of self-induction
will, of course, be in the direction to oppose the
building up of the current in A. Its direction around
the core will, therefore, be opposite that in which
the core would be encircled in traversing coil A in
the direction pointed by the arrowhead in circuit A.
Both the emf of self-induction in A and the emf of
mutual induction in B will, therefore, be in the di-
rection (around the core) in which the core would
be encircled in traversing coil B in the direction
pointed by the arrowhead in circuit B. The current
in B will also be in this direction. It is, of course,
only while the current in A is building up that the
induced emf in B exists. Hence, at the instant the
key in Fig. 72 is closed, the meter will indicate a
current in B which lasts but momentarily and then
dies out.

When the key in Fig. 72 is subsequently opened,
the current in coil A is stopped and the field dies out.
The decrease in linkages while the field is dying,
again induces an emf in each of the coils. This time
the emf of self-induction in A will be in the direc-
tion tending to keep the exciting current flowing. Its
direction around the core will, therefore, be that in
which the core would be encircled in traversing coil
A in the direction pointed by the arrowhead in cir-
cuit A. The emf of mutual induction in B will be in
this same direction (around the core), ie., opposite
the direction pointed by the arrowhead in circuit B.
We shall, therefore, again note a momentary deflec-
tion of the meter, but in the opposite direction from
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the deflection when the key was closed.

Referring further to Fig. 72, we have now seen
that, because of mutual inductance, changes of the
current in coil A induce momentary emf’s in coil B.
These momentary induced voltages set up induced
currents in B which, in ordinary circuits, also build
up and die out quickly. As has already been implied,
however, the mutual inductance of circuit A with
respect to circuit B is the same as that of circuit B
with respect to circuit A. The building up and the
dying out of the momentary pulses of current in-
duced in B will, therefore, in turn, induce emf’s in
A which affect the rate at which the current in A
builds up when the switch is closed, and the rate at
which it dies out when the switch is opened. This
effect of mutual inductance in d-c¢ circuits depends
somewhat upon the nature of the circuit to which
the secondary coil B is connected, and is far too com-
plex for us to attempt to delve into in detail here.
We can, however, quite easily get a useful picture
of what is usually the predominant manifestation of
this effect. A change in the current in A induces in
B a current which, while it is building up, in turn
induces in A an emf in the direction to aid (speed
up) the change of the current in A. This result of
the current induced in B is seen to be partially to
counteract the retarding action which, were coil B
open circuited or not present, the self-inductance of
A would exercise upon changes in the exciting
current.

Like self-inductance, mutual inductance has no
effect upon the steady current values in circuits
under d-c¢ excitation, but is important in a-c circuits
and will be studied further in Section II. Repeating
coils, induction coils and various input transformers
and output transformers, are familiar examples of
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apparatus in the telephone plant, whose operation
depends upon mutual inductance.

For the purpose of bringing out more clearly a
number of the ideas concerning mutual induction
discussed in the preceding paragraphs, a group of
experiments to demonstrate those points are out-
lined in Figs. 73 to 79. These experiments can easily
be performed with the usual apparatus at hand in
many of the offices. The apparatus required, the
manner of connecting it and manipulating it, and the
points to be observed in carrying out the various
steps, are all indicated in detail by the schematics
and by the legends below them.

A v

-+
]
Description:—Any two-winding relay and the apparatus

shown, to demonstrate the effects of mutual induction. At
the start, with switch open, no current flows in either circuit.

Fig. 73

‘When switch is closed armature pulls up. Momentary current
flows in secondary in direction shown.

Fig. 74
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While switch remains closed armature stays operated and
ammeter shows steady current flowing in primary, but there
is no current in secondary.

Fig. 76

When switch is opened armature falls back. Momentary
current flows in secondary in direction shown.

Fig. 76

Use a rheostat in primary circuit instead of switch. By vary-
ing current in primary a current can be induced in secondary.
Note with little or no current change in primary there is no
current in secondary.

Fig. 77
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—

Move rheostat to right and note current flow in secondary in
direction shown. When rheostat comes to rest at “C” note
that current in secondary returns to zero.

Fig. 78

Poe

I

—_—— = l' + —
Move rheostat to left and note current flows in secondary in
direction shown. When rheostat comes to rest no current
flows in secondary. Repeat the above experiments using a
No. 20 induction coil in place of relay.

Fig. 79
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