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PREFACE TO THIRD EDITION

AFEV\' remarks have beenadded to emphasise what is more
important in the early pages dealing with principles.
Chapters have been added on Negative Resistance and
Negative Inductance and on “Pictorial” Radiolocation.
This phrase describes the newer inventions in that field.
T. H. T.

PREFACE TO SECOND EDITION

N preparing this second edition, the opportunity has been

taken to incorporate some additional information which

the reader should find of considerable interest. In the

Introductory Chapter the ‘“Magnetic Effect of Electric
Current ” has been made a sub-section.

“Pulse Time Modulation” and the ‘Characteristic Imped-
ance of a Filter”, are other features of the new edition, and
four completely new chapters dealing respectively with the
“Co-Axial Cable,” ‘““Heterodyne Receivers,” ‘“Maxwell’s
Curl Equations,” and ‘“Wave Guides,” have also been
included.

)

T.H.T.

PREFACE

NTRODUCTION TO ELECTRICITY AND RADIO has
evolved out of two lecture courses which I undertook in
Liverpool, the one on the fundamentals of electrical science

to the junior members of the staff of the Automatic Telephone
v



vi PREFACE

Mfg. Co., Ltd., and the other, on radio, to students in the
Royal Air Force.

My aim has been to give students of radio a thorough
knowledge of their subject, not only as regards the important
details but in broad fundamentals. So that when they have
read and studied its pages they will never be in danger of
becoming lost in a mass of details because they can at any
time retrace their steps from first principles. As every
experienced teacher knows the stimulus that he himself gets
from helping the enquiring, intelligent student to solve his
difficulties results in clarification of his own mental processes.
I sincerely hope that I have succeeded in transferring to these
pages the results of this mutually helpful process and that
Introduction to Electricity and Radio will be of use to those
for whom it has been written.

Without allowing colloquialisms and technical phrases to
become a cloak for avoiding difficulties I have tried to talk to
students in the language they use and understand. If on the
basis of the book they are able—and experience tells me that
the hope is not without justification—to give clear and
understandable explanations of the terms they use and the
circuits they elaborate, then my aim will have been realised.

My thanks are due to the Automatic Telephone Mfg. Co.,
Ltd., for permission to make use of the lectures which I
delivered to their staff; to my friends and colleagues Messrs.
Peover, Ireland and Spearman for help with the illustrations;
to Mr. K. E. Clifton for encouragement at all times and to
Mr. D. Woolven for stimulating discussion which clarified my
own thoughts and helped me to write, I hope, with simplicity

and lucidity.
T.H.T.
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CHAPTER 1
INTRODUCTORY

IKE the student who, when asked to define “work” in
mechanics said “Everything is work,” so we may say
that electricity is the stuff everything is made of. Every
atom of every substance has one or more electrons or particles
of electricity. These may be rubbed off, just as dust is
rubbed off one’s coat. For example, if a fountain-pen is
rubbed on a coat sleeve it becomes electrified and will pick
up bits of paper or straw. When two substances are thus
rubbed, one loses electrons and the other gains them. The
one that loses them is said to be positively charged, the other
negatively. The rubbing of amber and the property it
acquires of attracting and holding light objects such as small
pieces of paper, has been known for ages. Another property
of another substance found in a natural state has been known
since ancient times. This time it is magnetism which is
involved and the natural substance not amber but an oxide
of iron. The ancients used ‘‘lodestone” suspended by a
thread as a compass to point north and south when crossing
the desert. These two properties—that of amber to attract
light objects when rubbed and of lodestone to point always to
the north when suspended by a thread—seemed to have no
connection, and it was not until the middle of the nineteenth
century that any connection between them was recognised,
when Michael Faraday showed that there was in fact a very
close connection.

We have said that everything—a table, a piece of iron or
copper, the roc!s and trees—all have countless electrons in
them. When tle electrons in a wire are made to move along
it, we say there is an electric current flowing in the wire,
just as currents flow in air or water. We may have a room
in which there seems to be no air. The air is there, but it

I



2 INTRODUCTION TO ELECTRICITY AND RADIO

is not in motion; there is no breeze, no flow, no current. A
fan or a pump, for circulating the cooling water in a motor car,
causes a current to flow. So the battery or dynamo acts like
a pump and drives a current of electrons or electricity round
the circuit.

Take a torch as a simple example. Here the electrons
leave the battery at the point where the coiled spring is.
They flow through the coiled spring itself, up the case towards
the bulb, then into the bulb when the switch makes contact,
through the wire or filament which gives the light and out
of the bulb into the battery through the little spot of solder
on the bulb.

When contact is broken at the switch, current ceases to
flow because electrons will not flow through air, at least not
at the low pressure or voltage of a torch battery.

With thousands of volts, however, current w:/l flow in air
and give a spark. This is lightning flash in miniature.

Fi1c. 1.—ELEcTRONS FLOWING IN A VAcuuUM.

One beautiful experiment shows the flow of electrons-in a
vacuum. A pear-shaped glass tube has a piece of wire sealed
into it at one end, and another wire connected to a metal
cross sealed in near the other end. (Fig. 1).

When a high pressure is applied to the two wires, the first
piece of wire being connected to the negative of the coil
supplying the current, a stream of electrons flows along the
tube. Some hit the cross, but not all; others go past its edges,
and strike the end of the glass tube. The glass is a special
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glass, which glows green when electrons hit it. The result
is a vivid green glow on the end of the glass tube, with a dark
shadow shaped like a cross where the cross intercepts the
flying electrons. Those electrons which hit the cross return
to the coil which acts as a pump like a battery.

About 200 large H.T. batteries would do instead of the coil!
The coil was invented first, and is cheaper.

Here electrons are given off by a cold piece of metal wire.
If that wire is hot as in a radio valve, much less voltage is
needed. Thus the high tension voltage for a valve may be
as low as 10 volts.

There are two effects of electricity. Like wind, electricity
is known by its effects. If we see the smoke from chimneys
blowing up the road we say: “It is a south wind.” So with
electricity. When the heat is there, we know the current is
“on”. In addition to the glowing of a“torch bulb, and the
glow of the glass of the Crookes tube, there are other effects.

The chief effects of the electric current are:

1. The Generation of Heat.

2. Production of Magnetism.

3. Chemical breaking down.

4. Induced Voltage caused by variable currents.

Heating Effect of the Electric Current.

Whenever a current flows through a conductor, heat is
generated. Current flows more easily through some metals
than others, and scarcely flows at all through such sub-
stances as rubber or glass. These are called insulators and
the metals together-with carbon, are called conductors.

Conductors are always heated by the passage of a current
through them and for a given current the poorer the conductor
the greater the heat developed. This is the principle of the
electric fire, and toaster. The heating wires are made of a
poorly conducting metal. They become hot, although the
wires leading from the plug, being made of copper, a good
conductor, keep cool.

Magnetic Effect of a Current.
A moving electron produces a magnetic field in the space
round about its path, which is the same as saying that a
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wire carrying a current is surrounded by a field of magnetic
force. The magnetic field is in circles round the wire, strong
near the wire, and weak furtheraway. And if a wire be wound
into a coil, there will be a strong magnetic force through the
coil, and a piece of iron in the centre of the coil will become
magnetised. This connection between electricity and mag-
netism is important, and it is necessary for an electrical
engineer to know something about magnetism.

Chemical Effects of a Current.

When a current is passed through a chemical solution,
such as copper sulphate dissolved in water, by dipping two
wires into the liquid and connecting the other ends to a
battery, a curious thing happens. Copper is deposited on
one of the wires dipping into the solution. That wire in-
creases in size, and the other, if it is made of copper, is eaten
away. Copper, silver and other electroplating is an important
industry. Chemical changes also take place in batteries
during their use, and seem an integral part of the battery
action.

Magnetism.

The earliest discovery relating to magnetism was the
finding of “lodestone,” a magnetic oxide of iron. A “lode-
stone”” was found to have three unusual properties.

(1) If suspended by a thread, it pointed due North and

South.

(2) It would attract other iron objects and, if they were
close enough and small enough, actually draw them to
itself.

(3) It would attract one end and repel the other end of
another piece of lodestone.

Later it was found that a lodestone would transfer its
peculiar properties to a piece of steel by rubbing the stone
along the steel. In this way the steel was madeinto a magnet.
There are, however, better ways of making magnets; a good
one is to wind a length of wire into a coil and put the steel
inside the coil, and then pass an electric current through the
wire. Although either iron or steel will become magnetic
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in this way, there is an important difference between the two.
On removing the metal from the coil or on turning the current
off, a piece of iron will lose its magnetism while steel will
retain it. This is thought to be chiefly due to the difference
in hardness between the two. The theory is that every mole-
cule of a piece of iron or steel is in itself a complete magnet.
In an unmagnetised bar, the molecules are arranged higgledy-
piggledy, so that there is no resultant magnetism, but when
a piece of metal is magnetised, all the molecules turn round
and face one way. In the case of soft iron, the molecules
are free to turn back again when the magnetising force is
removed. In steel, however, the molecules are not free to
turn back and the steel remains magnetised.

Magnetic Fluxes.

Magnetic Fluxes, like electric currents, always exist in
circuits or closed loops like elastic bands.
Three important points should be remembered about
magnetic lines of flux.
(1) Lines object to crowding.
(2) They like to take the shortest path.
(3) They never cut each other.

The lines of flux in a magnet may be imagined to enter at
one end, the South Pole, and leave at the other, the North.

F1G. 2¢.—L1KE POLES REPEL EACH OTHER.
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F16. 20.—UNLIKE POLES ATTRACT EACH OTHER.

It is found that a trace of cobalt in the steel helps it to
retain its magnetism; indeed, some of the new special steels
are remarkable for their magnetic properties.

As the lines of flux radiating from a magnet can never cut
each other, a North pole will repel another North pole brought
near (IFig. za). On the other hand, when a North pole is
brought near to a South pole, the lines take the form shown
above, and the two unlike poles attract (Fig. 2b).

THE MAGNETIC EFFECT OF ELECTRIC CURRENT

One of the very important facts about an electric current
is that it always produces magnetic flux. If we wind wire
col round a piece of iron, such

" as an iron nail, and send a
current round the turns of the

NAIL . .
wire, then the nail becomes
magnetic and will pick up
small pieces of iron. Power-
| ful magnets can be made in
= i
= this way.
== . . .
SMALL PIECES % Even a single straight wire
O ey ~ATED Z | causes a flux. In this case
= the magnetic flux is in circles
= 0 B
Z | round the wire. Strictly
BATTERY —— % speaking the current causes a
= ) Magnetic Force and this force
=

Fi1c. 3.—A NAIL As AN ELECTRO- RS t.he flux. For a glve.n
MAGNET. Magnetic Force the flux is
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larger if an iron path, like the nail is provided, than in the
case of an air path. Many turns are needed round the nail to
make a good magnet.

The general rule however is always true:

Current Causes Magnetic Flux. This is one of the chief
things which has been discovered in nature, where physics
is concerned. See Fig. 3. The wire should be insulated
to make the current go round the turns and not jump from one
to the next.

Here is a simple experiment. Take a loop of wire and
send a current up one side and down the other. There will
then be a field round the “up” wire in one direction and a
field round the “down” wire in the opposite direction. These
two fields repel each other and the wires tend to fly apart
when the current is switched on. The field round a straight
wire is circular and the field is strongest close to the wire.

Let us take two circles, one of 1 in. and the otheg,of 2 in.
radius, surrounding a wire. How strong is the flux in the
inner circle compared with that in the outer circle? It is
the same current which produces both fluxes, and therefore
as the flux line is twice as Jong in the case of the outer circle
it will have only half the strength. We thus conclude that
in the case of a straight wire carrying a current, the flux
density outside the wire is inversely proportional to the dis-
tance from the centre of the wire.

It cannot be too strongly emphasised that fluxes are direc-
tional, i.e. they are “vectors”. A vector is a quantity which
has direction as well as magnitude. Force, velocity, accelera-
tion, magnetic flux—all these are vectors.

If we have a ship steaming North at 8 miles per hour and a
man is crossing the deck from East to West at 6 miles per
hour, the true speed of the man relative to the water will be
10 miles per hour. Thisis found by drawing a parallelogram
of velocities as shown in Fig. 4.

Sine waves are often thought of as being produced by
rotating lines. These are like vectors, and they add like
vectors. A sine wave is not a true vector because it has no
direction in space. DBut sine waves add like vectors so the
moving line is often called a vector.
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_ 6MPH Batteries.

Y

All the early work on
electricity was done with
batteries and there are
two or three types still in

smpH use. One is the type
used for torches and High
Tension Batteries. FEach
cell has a zinc case which
is part of the cell, a carbon
rod in the middle and
a paste containing sal-
ammoniac among other
things. When the zinc is
eaten away by the passage
of the current which the
battery generates, then the cell is run down. New types lately
invented are made in layers and are not cylindrical unless one
calls a pancake a cylinder. They are like a sandwich.

When the carbon of one cell is connected by a wire or
made to touch the zinc of another as in a two cell torch,
then the cells are said to be in series, as in Fig. 5.

Then the voltages of the cells all add up and if the voltage
of each cell is 1} the total voltage is 6. If the cells are
connected as in Fig 6, the cells are said to be in parallel.

When the cells are in parallel their voltages do not add up.
The pressure or voltage on the lamp is still 13 volts, the same
as that of a single cell, but the currents from the cells add up
to form the total current through the lamp. We have then
a most fundamental rule:

IN SErIES . . ADD VOLTAGES.

IN PARALLEL . App CURRENTS.

In practical experiments it is found that the resistance in
each cell uses up a part of the pressure in order to drive the
current through the cell on its way to the lamp. The main
thing, however, is that the pressure measured in VOLTS causes
a cuvvent measuved in AMPERES to flow through the lamp.

F16. 4.—TRIANGLE OF VELOCITIES.

Accumulators.
An accumulator is a battery which can be recharged,
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F1G. 6.—BATTERIES IN PARALLEL.

when run down, by passing a current through it from another
battery or dynamo in the reverse direction. The torch type
of battery gets weak towards the end of its life but a lead-
acid accumulator does not, and it can be charged-up very
easily as just described.
There are three signs which tell when the recharging is
complete and the accumulator again up to full strength.
(a) The positive plates look dark-chocolate in colour.
(b) The acid gives off gas and bubbles rise to the
surface.
(¢) The acid density rises.
Having dealt with batteries and said that currents flow in
circuits, we now proceed to describe how currents are mea-
sured. Really one of the effects is measured.

B



CHAPTER II
ELECTRIC CURRENT MEASUREMENT

E have spoken of electrons as small particles of

electricity, and now we have to consider electrons

in motion, i.e. an electric current. A current of electricity

like a current of air or water, is merely a flow. There are two

things of importance in a flow, the first is the direction of

flow and the second is the rate of flow. The actual velocity
of flow is unimportant.

By rate of flow, we mean the number of electrons per
second, just as we speak of the number of gallons per second
passing a given point in a stream. For power purposes the
direction and the rate of flow are very important, and it
is equally so in the case of electricity. What then do we use
in electricity as a measure of quantity of electricity? What
unit of measurement do we use in electricity corresponding to
our gallon in measuring water? The electrical unit of quan-
tity is the Coulomb and it consists of g X 10 electrons.

This rate of flow is so important that there is a special
name for it. A flow of One Coulomb per second is called an
ampere, after the scientist Ampere.

When an electric current is flowing through a heater, the
greater the flow in amperes the greater the heat produced,
and when a current is flowing through a lamp, the more
amperes, the brighter the light.

Let us now consider how amperes are measured. There
are two main types of meter for measuring electric current,
one depending on the heating effect of a current, the other
on its magnetic effect. A meter which depends on the heating
and expansion of a wire is called a “Hot Wire” instrument.

Hot Wire Ammeter.

In thisinstrument a fine wire is stretched between two screws
inside a draught-proof case. To tlie middle of this wire is
connected another as shown in Fig. 7. To this second wire

10



ELECTRIC CURRENT MEASUREMENT II

a thread is attached, which passes over a pulley connected
to the pointer. As the current to be measured heats the first
wire it expands and sags by a definite amount corresponding
to the current flowing. This movement is transmitted to the
pointer, thus giving an indication of the current flow through
the instrument.

HOT WIRE

Fi1c. 7.—Hotr WIRE AMMETER.

The instrument has the disadvantage that its deflection is
proportional to the square of the current, and thus the de-
flection of the pointer for 7 amperes is 49 times the deflection
for one ampere. The heating effect of a current is always
proportional to the square of the current in amperes. It
looks therefore, as though, if we have a current of say 3
amperes in a heater and then increase the flow by 3 more
amperes, that we are getting something for nothing. The
fallacy will be seen later when we consider power and elec-
trical pressure.

Tangent Galvanometer

Another very simple instrument for measuring current is
known as the Tangent Galvanometer. This depends on the
deflection of a magnet by an electric current.
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If a wire carrying a current be held North and South just
over a magnetic compass needle the latter will be deflected.
This may be thought of in two separate ways. First, as the
flux from the magnet cuts the wire, it is possible to use the
left hand rule to determine which way the wire will be moved.
If the wire be fixed and the magnet free, the latter will move
in the opposite direction.

A _R
A
A
\:\‘?
H N)
Qg’o) |
a
C K )

F1G. 8. —TANGENT GALVANOMETER.

Again, the current in the wire produces a flux in circles
round the wire. This flux as it passes the needle will then be
from East to West or West to East, depending on the direc-
tion of the current. The needle while pointing North and
South is lying in the earth’s field, but when the current is
flowing in the wire, the field due to the current combines with
the earth’s field to produce a resultant field which can be
found from a parallelogram of forces. (See Fig. 8).

If CA represents in length and direction the earth’s field
which may be of strength H, and CB the field due to the
current—a field which may be called 2I (where % is a factor
depending on the distance of the wire from the magnet and
I the value of the current in amperes), the diagonal CR
represents the new direction of the field which is the new
direction taken by the needle. The needle has turned then
through an angle ACR which we may call 6.
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If we observe 6, in degrees, the proportion of the sides
CB to CA follows at once. In trigonometry we say
CB
Tan 0 = A

Tan 0 is simply the name given to a particular value of the

ratio g—i for a particular value of the angle 6.

Here is a table of the values of tan 0 for ten values of 6.

6° Tan 0
0 0
10 ‘ ‘176
20 ‘ 364
30 i’ ‘577
40 1 839

50 \ I'I9
60 » 173
70 275
80 567
Qo0 Infinite

We have then %I = tan 0.

Now as the earth’s field is constant, it follows that H as
well as & is a constant. Thus the current I is proportional to
the tangent of the angle 0.

Magnetic Instruments.

A very good type of instrument for measuring amperes
depends on the magnetic effect of a current, and is called a
moving-coil ammeter.

If a wire carrying an electric current is placed in a magnetic
field, the wire experiences a force tending to move it at right
angles to the flux—not towards the magnet or away from
it but at right angles to the flux. This may be memorised
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RESULTANT
ACTION

A

F16. 9.—CoNSTRUCTION OF MoVING CoIL AMMETER.

by what is known as the left hand rule. If the thumb, fore-
finger, and second or index finger be held at right angles to
each other, the following relations apply.

If the forefinger represents the direction of the flux, and
the index finger the direction of the current, the thumb will
indicate the direction of motion of the wire. The working
may be shown by taking two magnets and a suspended coil
of wire. The magnets are arranged North to South to send
a flux past the coil, which is free to turn about a vertical axis.
If we send a current round the coil, it will go along one side
and back along the other. (See Fig. 9).

Applying the left hand rule it will be found that one side
of the coil tends to move backwards and the other forwards.
Consequently the coil twists as a whole. This is also the
principle of an electric motor, which has two chief parts, a
stationary frame with field magnets and a moving armature
carrying coils of wire. As each coil on the armature moves a
little way, the current is switched on to another coil by a special
rotating switch known as the commutator.
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Electric Pressure.

In addition to current strength, it is necessary to consider
pressure. This will be seen from a consideration of waterfalls.
A shallow fall such as the Horseshoe Falls at Llangollen,
having a height of about 3 feet, will not be as powerfui, gallon
for gallon, as say Aira Force in the Lake District, which has
a height of about 8o feet. The difference is in the pressure.
Electrical pressure is measured in volts and the following list
gives an idea of the size of a volt.

Pocket lamp battery . . 13—44 volts.
Telephone Exchanges . . 20—00 volts.

Electric supply for houses . I15—230 volts.
Trams . . . . 500 volts.

Trains . A . . . 600 volts upwards.
Lightning : ; . . Several million volts.

We have seen how an ammeter works. How does a volt-
meter work? The voltmeter is an instrument designed to
measure pressure.

The Voltmeter.

How do we determine the pressure in a water pipe? The
simplest way is to take a fine drill and bore a small hole in
the pipe. If the water comes out slowly we know that the
pressure is low. If however, it comes out fast, we know that
there is a high pressure in the pipe.

A voltmeter is designed to do the same for electricity. It
is an instrument which measures the current flowing through
a small “leak” in the circuit. This leak usually consists of a
high resistance placed in the instrument case.

In using meters it is important for the beginner to note that
if we wish to measure the pressure which is being applied to
a piece of apparatus, the voltmeter should be placed across
the apparatus, owing to its high resistance. An ammeter,
on the other hand, should be placed in series with the apparatus
so that the current to be measured may actually flow through
the instrument.
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Electrostatic Voltmeter.

There is a type of voltmeter which does not measure the
current through a leak, but measures pressure directly.

If two insulated plates are connected to the two poles of a
battery, one will be charged negatively and the other posi-
tively, i.e. one plate has an excess and the other a deficit of
electrons. These two plates will then attract each other with
a real mechanical force. This force is slight but by allowing
the plates to move freely under the influence of a very light
spring, the electric pressure or voltage which is tending to
move them, can be measured.

Electric Power.

The power of a current depends on the pressure and on the
current flow. It is therefore necessary to multiply volts by
amps. to'get power. Power is measured in watts. One
ampere at a pressure of one volt is one watt.

Pressure x Current = Power
Vv X I = w
Thus an electric iron working on a 2oo-volt circuit taking
2 amperes consumes 400 watts.



CHAPTER III
OHM'’S LAW.

E have spoken of the current flow in amperes and
also of the pressure in volts. We have now to ask -

what determines the amount of current flowing in any circuit.
The answer is to be found in the resistance which conductors
offer to the passage of an electric current. A thin wire natur-
ally offers a higher resistance than a thick one. An iron wire
offers more resistance than copper wire of the same form, and
SO on.

The pressure in volts drives the current in amperes through
the resistance, which is measured in ohms. How big then
is an ohm? An ohm is a resistance of such a size that a volt
will drive one ampere through it. Similarly:

2 volts drive 2 amperes through 1 ohm.
2 bR 2 I 2 ) 2 b Rd

4 2 2
8 i3] 2 4 iRl i3] 2 iRl
6 2 3

In order to'obtain the current, then, we divide the volts by
the ohms.
volts
ohms

It is customary to use I for current, E for volts and R for
ohms. E is used as short for e.m.f. which means electro-
motive force.

Amps =

We have then, in symbols, I = }E—e '

By algebra, this can be changed to IR = E
and in this form the formula is useful when we know the
resistance R and current I and we wish to find the pressure E.

57
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Again, the law may be written R = ZIZ in which form it is

possible to calculate the resistance from the pressure and the
current.

Wide Application of Ohm’s Law.

Ohm’s Law is of universal application; it is true for the whole
circuit, and for every part of it taken separately, and for any
two or three parts of a circuit taken together.

Example 1. A lamp is fed from a 100 volt dynamo
over a cable whose resistance is 5 ohms, The current
going out, measured on an ammeter is } an ampere.
Find (a) The resistance of the lamp. (b) The voltage on
the lamp. (c) The volts lost on the cable.

The whole point of this problem is that the pressure from
the dynamo has to force the current of § ampere along the
cable and through the lamp. We know the cable resistance
but do not know the lamp resistance. We can however find
the total resistance for the circuit from the known current
of £ ampere and the known voltage 100, thus:

R = ? =I—;O = 200 ohms.

As the resistance of the cable is 5 ohms, the lamp resistance
will be 195 ohms.

Now apply ohm’s law to the lamp.

E = RI.
E = 105 X } = 97} volts for the voltage on the
lamp. The other 2 volts represent the loss in the cable.

We may now see why the heating effect of a current is pro-
portional to the square of the current.

Heat is a form of energy and therefore the rate of production
of heat is equal ‘to the rate of waste of electrical energy which
is power in watts. Power is the rate of expending energy.

Power in watts = E X [ but from Ohm’s Law E = RI.

Thus W = RI x I = RI=
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The reason why a double current through a wire represents
four times the power is that in order to double the current,
it is necessary to double the pressure in order to force the
double current through the same resistance.

Resistances in Series.

Take two resistances in series, and call them R; and R,.
(Fig. 10). What will be their combined resistance?

F1G6. 10.—RESISTANCES IN SERIES.

Let the current flowing from a battery of E volts be 2
amperes.

Now apply Ohm’s Law to cach resistance separately thus:

Voltage ¢, on R, = Ry
Voltage ¢, on R, = Ry
Total voltage E = (Ry 4+ Ry)

Now divide E by 7 to get the total resistance and
% = R, + R,. Thus Resistances in series add up.

- Resistances in Parallel.

Here, let the battery once again have a voltage E. The
current through R, will be

i E

1 — Rl
Similarly 7, = E
Total i = 43 4+ 1, = é_;__
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F1G. 11.—RESISTANCES IN PARALLEL.

3 'I I
=55+ w)

Now to find the total resistance, divide £ by 7 and we have

E I
i 1 I
RTER
If we call Rp the total resistance, we have
r_r., 1
Ry R, R,

We cannot say that resistances in parallel add up, but we
can say that their reciprocals add up to the reciprocal of the
total resistance. After a few trials it will be seen that the
total resistance of a number in parallel is smaller than the
smallest one in the group. Applying these rules again and
again, it is possible to determine the currents in all branches
of a network however complicated it may be.

Where there are only two resistances in parallel

. RiR, Product
Rpis Rt R, or Sum
6 ohms and 12 ohms in parallel would be 3 ohms.

Linear Nature of Electrical Quantities.

In the experiment illustrated above, doubling the voltage
doubles the current according to Ohm’s Law. But whilst it
is a very convenient method of calculating current, Ohm’s
Law is much more than that, and has other far-reaching
consequences.
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If Ohm’s Law stated that the current was proportional to
the square of the voltage or something of that sort, what
follows would not be true. It is the simple proportionality
which counts. If now we have two batteries in a circuit
either at the same place or at two different places, the current
everywhere in the circuit may be found by calculating that
due to each battery separately and adding the results. This
process holds in the case of all electrical pressures, whether
alternating or direct. ‘

Mathematicians, used to plotting graphs, call Ohm’s Law
a “linear law” because anything which is in simple propor-
tion gives a straight line when plotted on a graph.

In order to get a working knowledge of electricity it is
essential to remember what volts, amps. and ohms mean and
how easy calculations are made. A few examples will help.

Problems of Ohm’s Law.

Let us find the answer to a series of problems concerning
the current flow through circuits. All yield to Ohm’s Law.
It cannot be too clearly grasped that Ohm’s Law can be used
several times in the same circuit, each time in one of its three
forms.

(1) Given a Resistance and a Voltage, to find a Current

use the formula I = %

(2) Given a Current and a Resistance, to find a Voltage,
use the formula £ = RI

(3) Given a Voltage and a Current, to find a Resistance,

E

use the formula R = T

Of course it is the same formula every time, but turned
round to suit the purpose. There is one way, and only one
way to grasp Ohm’s Law and that is to turn it over in one’s
mind and try problem after problem. To solve problems
out of a book is good, but it involves looking at the book,
and there is a better way; that is to make the problems up
for oneself. A young student who does that is just as well
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off as the people who write the books; he is on the way to
becoming an expert.

Example 2. A town is lighted from a 402 volt dynamo
by a current of 100 amperes flowing along a cable having
‘02 of an ohm resistance, lead and return. Find (1) The
horse-power required to drive the dynamo. (2) The resist-
ance of the lamps in the town. (3) The voltage on these
lamps.

®

(1) The horse power is found from the relation,
1 H.P. = 746 watts.
402 volts X 100 amps. = 40,200 watts.
40,200 watts )
e = 5385 H.P.
(2) The resistance of the lamps is to be found by subtracting
the cable resistance from that of the whole circuit.

The whole resistance is found by applying Ohm’s Law
to the WHOLE CIRCUIT.

E 402 .
R = 7= 100 = 4702 ohms.
The resistance of the lamps altogether is 4'02 — "02 =
4 ohms.

(3) The voltage across the lamps is given by applying
Ohm’s Law to the lamps only, thus:

E = RI = 4 X 100 = 400 volts.

Nothing is said about the way the lamps are connected.
The figures refer to all the lamps taken as a whole.

Example 3. An impulse relay on a Telephone Selector
Switch is connected as shown below, to a subscriber whose
line has a resistance of 300 ohms. The transmitter resist-
ance is 50 ohms, the resistance of the relay is 400w and
the battery voltage is 48. (See Fig. 12.) Find (1) The
ccurrent through the circuit. (2) The voltage across the
transmitter. (3) Power wasted in heat in the relay
coils.
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-
TRANSMITTER
50w =
[« S
y ol
300w LINE 48V “m
- D
RELAY
L, 400 w

F1G. 12.—IMPULSE RELAY IN CIRCUIT WITH TELEPHONE TRANSMITTER.

Total resistance = 400 -+ 300 + 50 = 750
Current I = E = 48 — 10
R 750 250
(1) The Transmitter voltage.is given by applying Ohm’s
Law to the Transmitter:
E = RI = 50 X ‘064 = 32 volts.
(2) The power loss in the relay coils is given by
W = RI?
= 400 X ('064)? = 1°62 watts.

= ‘064 amps.

Example 4. Two lamps are lighted in parallel from a
240 volt circuit. One is a 30 and the other a 60 watt lamp.
Find the total resistance of the two lamps in parallel.

Method.

Find the current in each lamp, and as they are in parallel,
add the currents together.
Watts = Volts X Amps.
30 = 240 X i

1, = °'I25 amps.
Again 60 = 240 X 1,
1, = ‘25 amps.

i+ iy = 375 amps.

Now R is given by R = %‘ SO
.Zi(») = 640 ohms.
375

R =
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There is another way to do this problem and it brings in
the formula for resistances in parallel.

First find the resistance of each lamp and then combine
the two.

Current for 1st lamp = ‘125 amp.
240

Resistance = —— = 1920 ohms.
125

Current for 2ndlamp = ‘25 amp.

240

Resistance = o = 960 ohms.

Now use the formula for parallel working.

1 I I
Ry~ 1920 * g60
Here Ry means the total resistance
I _ 3
Ry 1920
Now turn this upside down:

Rp = % = 640 ohms.

Now apply Ohm’s Law to find the current and we have

= %j—g = % ampere.
The two ways of doing this problem are given because each
throws light on the other.
Finding the two currents and adding these together is the
simple way, but when the formula is used, that is what we
are really doing, but we are keeping it in the background.

Ri tells the current in the first lamp for 1 volt.
1

RL tells the other current for T volt. The formula
2

r_z + I is therefore obvious for it merely says the
Re R, "R,

two currents can be added together.
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Here is another problem which will yield to careful thought
if you have understood what has been said about Ohm’s Law.
Can you do it? A twelve-volt battery is connected to three
resistances as shown. Find the current in each resistance.

(See Fig 13).

2w
6w

12v.

b —
>

F1G. 13.—BATTERY WITH RESISTANCES IN SERIES AND IN PARALLEL.

It is very useful, also, to be able to understand voltmeters
and ammeters and make them measure smaller or larger
currents at will. The following calculations will help you to
do this.



CHAPTER 1V
CALCULATIONS ON VOLTMETERS AND AMMETERS

HEN an instrument is used to measure the current
flowing in a circuit it must be included in the circuit
as shown in Fig. 14.
®

-

= BATTERY RESISTANCE

il

F16. 14.—THE CONNECTIONS OF AN AMMETER.

When, however, an instrument is used to measure the
_pressure across a piece of apparatus, it is placed across the
apparatus terminals and has a high resistance in series with

it to form a leak thus.

AMMETER

9 A
-I- N
i VOLTMETER RESISTANCE

F1G6. 15.—THE CONNECTIONS OF A VOLTMETER.

The voltmeter really measures current, but because current
flowing down the leak resistance is proportional to the pres-
sure across AB, the meter measures this pressure.

26
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For instance, suppose the meter alone indicated 1 scale
division for ‘oor amp.

Now if it had an external resistance leak of 1000 ohms, it
would read 1 volt per scale division because 1 volt sends 1
milliamp. through 1000 ohms by Ohm’s Law. This neglects
the actual resistance of the meter.

Generally the coil of the meter has some resistance and this
must be subtracted from the 1000 to give the actualleak value,
so that both together form the thousand or whatever is wanted.

Example 5. A meter with a 100-ohm coil moves four
scale divisions for 1 milliamp. Find the external resist-
ance which must be used to make the meter read 2 volts
per division.

Four divisions per milliamp. means
One division ,, 25 milliamp.
As we want 2 volts per division, it follows that 2 volts must
cause ‘25 milliamp. to flow.

R = E: A 8000 ohms.
I ‘00025

The coil of the instrument has 100 ohms so the external
resistance must be 8000 — 100 = 7900 ohms.

Ammeters.
\With an ammeter on the other hand, it is usual tc place a

Y-~-

F1G. 16.—AMMETER SHUNTED WITH LOW RESISTANCE,

low resistance shunt across the coil so that only a small
fraction of the current flows through the meter.
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Suppose the meter has g ohms resistance and it is shunted
by 1 ohm thus. (See Fig. 16).

The current in the shunt will be nine times as great as the
current in the meter. Thus one-tenth of the total current
will flow through the meter.

Example 6. A meter with a 500w coil reads ﬁp to 6 mil-
liamps. full scale,and it is required to make it read 6 amps.
full scale; find how big the external shunt should be.

A current of 6 amps. is a thousand times larger than one of
6 milliamps., therefore the total current in the meter and shunt
must be a thousand times the current in the meter alone.
This means the shunt current must be 999 times the meter

current, i.e. the shunt resistance must be - of the meter

resistance.
. 500

Shunt resistance then = ~— = 5005 ohms.

This follows from the fact that the actual working of the
instrument itself is unaffected by any external apparatus, i.e.
let 1 milliamp. flow through its coil and it will always have
the same deflection whatever shunts may be in use.

Measurement of Resistance.

A good method of measuring a resistance is to apply a
battery to the resistance and measure the resulting pressure
E and the current I. The circuit for doing this is shown in
Fig. 15.

The value of R is given by R = ?

The ammeter should have very low resistance so that there
is no loss of pressure or fall in voltage in drawing the current
through it. The voltmeter should have very high resistance
in order not to pass a current which may be more than is
carried by the resistance under test. Most instruments are
not accurate, nor are they made so that these two important
points are allowed for. A better way of measuring is to use
a method invented by Sir Charles Wheatstone.
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Wheatstone’s Bridge.

When the first Atlantic Cable was laid, considerable trouble
was experienced. Faults developed, and it became necessary
to raise the faulty portion of the cable to the surface for
repairs. It will be realised that the task of raising the whole
cable borders on the impossible, and it became necessary to
have a convenient method of locating faults.

A resistance measurement is generally sufficient, for the
cable makers know the resistance per mile of the cable and
the sea conducts electricity very well, so that the problem
reduces to a division sum.

Let the resistance of the cable be 2 ohms per mile, and let
the measured resistance from the end to the fault be 2000
ohms. (See Fig. 17).

But where did the faultlay? It might be anywhere between
England and America.

BREAK IN CABLE” _l,.
E

F16. 17.—A SUBMARINE CABLE WITH A FAULT.

The distance of the fault from the end at which the measure-
ment is made will be

2000 .
= 1000 miles.

The Wheatstone Bridge consists of: (i) Three Resistances;
(ii) Two Keys; (iii) A Galvanometer; (iv) A Battery.

These are arranged as in Fig. 18.

The beauty of this circuit is that the measurement does
not depend on the accuracy of the galvanometer which
should, however, be sensitive. The three resistances “a,”
“d” and “R” must be accurately known and must be ad-
justable. Measurement is made by adjusting “R” and if
necessary ‘“a’’ and “b” too, until the galvanometer reads
zero. When it does so, there is a simple relation by which
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F1G. 18.—THE WHEATSTONE BRIDGE.

When balanced by varying R until the Galvanometer remains
stationary, the value of any unknown resistance is found from the
relation @ : b :: % : R.

the unknown resistance X may be calculated from the known
values “a,” “b”” and “R.”

This relation is X = %R

The proof of this is as follows. The full battery voltage V'
is applied between 4 and C. This pressure is used in sending
a current ¢; along ADC and in sending a current ¢, along
ABC. :

By Ohm’s Law the pressure between 4 and D, i.e. the pres-
sure across resistance “a’’ will be 7;a.

Similarly the pressure across X will be 7,X.

If the pressure drop along “a” is equal to the pressure
drop along X, the points D and B will be at the same pressure
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or “potential” and there will be no tendency for any current
to flow through the galvanometer in either direction.

It is necessary, then, when the bridge is “balanced” to
make G read zero,

at, = Xi,

Further, if the pressure across “X " is equal to that across
“a,” the remainder of the battery pressure across “6” will
be equal to that across R.

Therefore we have:

bi, = Ri,

Now take these equations and divide the first by the last.

This gives, in accordance with the rules of algebra

ai, _ Xi,

bi,  Ri,
The ¢, and 7, cancel leaving

a x

b R
Multiplying both sides by R gives

%R
x= ;R

Example 7. In a Wheatstone Bridge test the ratio
arms are 100w and 1000w respectively. R = 143 for
balance. Find the resistance of the apparatus under
test.

100

x = 143 X oo = 143 ohms.

Construction of ‘Bridges.

There are two main types of variable resistance for
use in bridges, one is the dial type and the other the

plug type.
Dial Type Resistance.

In the variable resistance arm, “R” of the bridge, there
may be four dials: thousands, hundreds, tens and units.
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900 800

F1G. 19.—A Di1AL TYPE OF VARIABLE RESISTANCE.

The sketch shows the “hundreds’ dial consisting of ten equal
resistances of a hundred ohms each. (See Fig. 19).

Plug Type Resistance.

This resistance consists of a heavy brass or copper bar
slotted at intervals as in Fig. 2o.

When the plug is inserted, the particular coil is short
circuited, but when the plug is withdrawn, current has to

1w 2w 2w Sw

F1G6. 20.—PLuG TYPE VARIABLE RESISTANCE.

flow through the coil, which is therefore in circuit. For
convenience; the two ratio arms a and b together with the
variable resistance R, are usually made up in one instrument
as shown in Fig. 21.
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F16. 21.—BoX PATTERN WHEATSTONE BRIDGE.
Commonly called the Post Office Box.

Fig. 21 shows the layout of this box pattern Wheatstone
Bridge. The main brass sections are divided into segments
and accurate resistance spools are wound and terminated on
them, connection being made by soldered joints. The diagram
shows the circuit clearly. The coils, which are wound in a
special manner are either short-circuited or brought into
circuit by manipulating the brass plugs.

The dial type of resistance is much better as it is far less
trouble to use, and there is no virtue in making anything
difficult to use.



CHAPTER V
MORE ABOUT RESISTANCE

Calculations on the Resistances of Conductors.

ITHERTO we have solved problems involving resist-
ances, but have given no account of the method of
determining how the resistance of any conductor may be
found. The resistance of a conductor depends on two things,
first on the nature of the material of which it is made, and
secondly on its form, or shape.

If we take then a certain shape as standard we shall have a
standard or Specific Resistance for every material. The usual
standard iseither a centimetre or an inch cube. The specific
resistance is the resistance between two opposite faces of
the cube.

Measured in this way, a cube of copper 1 cm. each way
has a resistance of 1°594 X 10°® ohms. The following table
gives the results of similar measurements on other materials.
The resulting value is usually denoted by the Greek letter p.
(Pronounced roe.)

It will be scen that silver is the best conductor. Since
it is fairly cheap, electric wires are, for most purposes, made of
copper. Where the weight, but not the bulk, of the material
is important, as in overhead conductors, aluminium is fre-
quently used. The cable may consist of several strands of
aluminium twisted round a core of stranded steel, the latter
giving strength to withstand wind, snow, etc.

Such a conductor is manufactured by the British Insulated
Cable Co., at Prescot, for overhead use in England, in con-
nection with the “Grid Scheme” of electric power distribu-
tion.

The problem of the electrical engineer is to determine the
resistance of a wire or other conductor when the dimensions
and specific resistance are given.

34
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First consider two cubes end to end, as in Fig. 22.

The measurement between 4 and B will be the measure-
ment of two resistances in series which is 2p. Similarly with
3 in series it will be 3p. Consequently a rod / inches long
will be /p ohms resistance if its cross section is I sq. cm.

What is the effect of altering the cross sectional area?
If two rods of length “/” cms. are placed in parallel, the
resistance will be halved, i.e. § p/. Consequently the resist-

TABLE OF SPECIFIC RESISTANCES.

MATERIAL. Ohms per | Ohms per I cm.
I in. cube. cube.
Silver . . . .| 56 X 107 | 1°'5 X 10°®
Copper . . . .| 626 1'59
Aluminium . : .| 17005 2705
Iron . . : .| 4716 10°57
Cast Steel . . : .| 787 20
Cast Iron . 5 . .1 39'35 100
Eureka (60 9, Copper) . 1929 49
(40 % Nickel) .
German Silver . . .| 868 22
(4 % Copper)
(2 9% Nickel) i
(1 9, 7inc) | ‘ —

ance of a wire is therefore smaller, the larger the cross
sectional area, and we have as the complete formula:

l
R=pa—
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F1G6. 22.—CoNDUCTOR MADE OF Two CUBES IN SERIES.

This is summed up by saying that the resistance of a con-
ductor is directly proportional to its length and inversely
proportional to its cross section. The actual form of the cross
section has nothing to do with the matter; it is immaterial
whether the shape be round, square, oval, or any other outline.

Example 8. Find the resistance of 1 mile of wire } inch
in diameter, as used for the overhead conductors on
tramway systems.

First find p per inch cube. The table of specific resistances
tells us that it is *626 microhms from table.
The AREA of a wire  in. diam. is

z(5)2—'0495 in
+ q. in.

There are 1760 yards in a mile, so
= 1760 X 36 ins.

a = 049 sq. ins.

p = 626 X 10°® ohms.

R — ‘026 ><6 1760 X 36 — 81
10% X ‘049

= -809 ohms.
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If therefore a tramcar takes 50 amperes there will be a loss
of 40°45 volts if the car is a mile away from the substation.

Internal Resistance.

It has been found that every battery offers some resistance
to the passage of an electric current, although it may be
generating that current. This is called internal resistance to
distinguish it from the resistance of the external circuit.

When the battery is giving out a current, power is wasted
in overcoming this internal resistance for some proportion of
the battery’s electro motive force is used up in driving the
current through the battery itself. This means that the
battery voltage will be rather less, when a current is being
taken, than when the battery is on open circuit.

Example 9. Take a simple example :—A battery with
an open circuit e.m.f. of 2 volts has an internal resistance
of 1 ohm. (See Fig. 23.) What is the voltage given by the
battery, the current flowing, and the power wasted in the
internal resistance, when the battery is connected to an
external resistance of 4 ohms ?

ij’4 AMP
_-LE 2v. 1w. 4w

Fi16. 23.—FINDING THE INTERNAL RESISTANCE IN THE DBATTERY.

Adding together the resistances 4 and 1 we have

I= % = "4 ampere.

This is the current flowing through the battery, and through
the external resistance. The voltage of the battery is divided
into two parts, one part to send the current through the
internal resistance and the remainder to send the current
through the external resistance.

The voltage across the external 4w resistance is 4 X *4 =
1'6 volts.
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The voltage used in the cellis 2 — 16 = 4 volts.
The power used externally is 16 X °'4 = -64 watts and
that used internally is 4 X "4 = °16.

' t
If now we define the efficiency of the cell as PROMICTRCHES
total power

the efficiency in this case is 64 = "8 or 8o per cent.

The power going out from a cell is dependent on the external
resistance as well as on the internal resistance and the open
circuit voltage. If the cell be short circuited no power is
used outside, though power is wasted within. Nor is any
power used either outside or inside when the cell is open
circuited.

Is it possible to find a resistance which shall draw the
maximum power out of the cell? The only thing to do is
to plot a graph of power against External Resistance.

Putting in tabular form we have:

R I w ’
% 1°33 -888 ‘
I 1'00 1°00

1} ‘800 .960

2 667 ‘888

3 | "500 750

This gives a graph of the form shown below in Fig. 24.

1

TT1 1T

T T

/ —

7

L1 11 11t L1t 1 1111 LiLd L1 11 L 5 b3 | -
5 1 1.5 2 25 3 35 4
EXTERNAL RESISTANCE (OHMS)

Fi16. 24—THE PowER DELIVERED BY A BATTERY,

POWER OUTPUT (WATTS)
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It is important to note that the maximum power output
is obtained when the External Resistance is made equal to
the Internal Resistance of the battery. This comes into the
theory of the design of transformers for wireless sets and the
thermionic repeaters (amplifiers) which are now being used
on long distance telephone lines.

More Problems on Ohm’s Law.

(1) Ome lamp takes 82 amps at 7°1 volts and another 6°9
amps. at 8 volts.  Which is the more powerful?

(2) A train operating on a 600-volt line, takes 2000 amperes.
Find the horse power. (One H.P. = 745 walts).

(3) A tram working on a 6oo-volt circuit takes 100 amps.
Find the horse power. '

(4) A 60 watt lamp works on a 400-volt circuit. Find iis
resistance.

(5) Find the curvent requived by a 4oo0-volt crane motor to
raise a load of 1000 [bs. at 100 feet per minute.

(6) Current is supplied over a cable of § an ohm vesistance to
light a town which takes 20 amps. The dynamo voltage is 400.
Find the horse power requived to drive the dynamo, the resistance
of the lamps and the voltage lost on the cable.

(7) Draw a diagram of a Wheatstone Bridge (P.O. type)
showing the connections.

(8) A 2-volt cell has an internal vesistance of T ohm. Draw
a graph showing the relation between the value in ohms of a
resistance connected to the battery, and the power wasted in this
resistance.

(9) An ammeter with a 500w coil reads wp to 6 milliamps.
Find the resistance of a shunt to make it vead up to 6 amps.

(o) A cell with an esm.f. of 4 volts has an internal resistance
of ‘T ohm.

An external vesistance is conmected to it.

Draw a graph showing the efficiency of the circuit for various
values of this resistance.

The student is advised to make up problems for himself.
That is the royal road to a good understanding.



CHAPTER VI
ELECTRO-MAGNETIC INDUCTION.

T was a great moment in the history of science when Hans
Christian Oérsted, of Denmark, discovered that a wire
carrying an electric current could deflect a magnetic needle.
A simple discovery, and yet it meant that a connection be-
tween electricity and magnetism had been found. An
electric current produces a magnetic flux and this is a link
between the “electrical” world and the ‘““magnetic” world.
To-day we have to deal with a second “link”” which is more
remarkable than the first.

WHENEVER A MAGNETIC FLUX CHANGES, IT
GENERATES AN ELECTRIC VOLTAGE IN PATHS
SURROUNDING THE FLUX.

The simplest way of proving this is to take a coil and con-
nect it to a galvanometer then thrust a bar magnet into the
coil, as in Fig. 25.

As the magnet is introduced into the coil, the galvanometer
needle indicates that a current is being generated in the coil.
(1) When the magnet is stationary there is no deflection.

(2) When the magnet is pulled out, the deflection is in the
opposite direction to when it is being pushed in.

(3) To push in the “South” pole produces an opposite
deflection to that produced by pushing in a North pole.

The flux in this experiment is provided by the bar magnet
but it is unnecessary to use a permanent magnet. A separate
coil of wire and a battery will do. In this case two coils are
taken so situated that when a-current is sent round the
primary coil P, the flux produced cuts through the secondary
coil S. The galvanometer needle will flicker whenever the
key is opened or closed, but will come to rest when the key
is left at rest in either position.
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F1G. 26.—CURRENT INDUCED BY ONE COIL IN ANOTHER.

Summary.

What has gone before in these few pages sums up a great
deal of labour and research on the part of many people.

Electricity is in small, very small bits or electrons. When
these move we have electric current.

A battery or dynamo is a kind of pump to cause a flow of
current.

Current we measure in Amperes, but the pressure causing
the current we call Voltage, measured in Volts.

Current flows in a circuit though electrons may crowd
together somewhat if their flow is caused by a break in the
path. Metals conduct the current well. We say they have a
“low resistance”. Resistance is measured in Ohms. When
we know the voltage of the battery or dynamo and the

D
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resistance of the circuit, it is easy to calculate the current.
It is a simple division sum.

This rule, called Ohm’s Law is exceedingly important.
Few substances disobey it. Use it on every part of a circuit
and on the whole circuit. One then gets useful rules like
adding resistances in series and the other rule for resistances in
parallel.

Power is measured in watts, being voltage times current in
amperes. The next thing of importance is that a current in
a wire or anywhere causes a magnetic flux. If the flux flows
in air—the flux is proportional to the current.

Last of all comes Faraday’s electro-magnetic induction.

A changing magnetic flux in any loop or coil of wire causes
a voltage to be induced in the loop or coil. This is the prin-
ciple of the dynamo and transformer. )

The condenser is a study in itself. It consists of conductors
separated by an insulator. Electron currents flow to and from
the plates during charge and discharge. An ether displace-
ment current flows in the insulation too. This has power to
cause magnetic effects no less than current in a wire, the
ordinary electron current.

In a circuit containing a condenser for example the electron
current in the conductors and the “Maxwell” current in the
insulator form a circuit so current always flows in circuits.
This is a key to radio work.

Faraday discovered electro-magnetic induction, 'which is
the principle of the modern transformer, and also made
momentous experiments on charged bodies, which led to the
invention of “condensers” as we now call them. These are
metal sheets interleaved with an insulator. The two plates or
sets of plates may be charged like a battery, but hold a very
small amount of electricity. Faraday’s magnetic and electric
experiments are the foundation of modern circuit theory.

Alternating Current.

There is one way in which the secondary may light a lamp
continuously and that is to feed an alternating current into
the primary winding. An alternating current is one which
reverses its direction in the circuit periodically. Thus the
alternating current from the Liverpool Corporation Supp1y
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starts from zero, grows to a maximum, falls gently to zero,
changes direction, gains strength and then falls to zero, to
repeat this complete cycle again every fiftieth of a second.

A time graph of-an alternating current is shown in the
following figure:

POSITIVE
+

NEGATIVE

TIME OF ONE CYCLE

I'1g. 27.—CURVE OF AN ALTERNATING CURRENT.

Under these circumstances, the flux in a transformer will
be varying from moment to moment and an alternating
pressure will be generated in the secondary coil, causing a
current to flow therein, so that a lamp may be lighted if
connected.

It should be noticed that it is the flux change that matters
and for purposes of calculation it is well to remember that
a change of flux of 100,000,000 lines per second produces
a volt in every turn of wire through which the changing
flux passes.

It is this dual connection between electricity and magnetism
which makes the phenomena so interesting.

Why a current produces a flux or why a changing flux
produces a voltage we do not know. This is the real wonder at
the back of all electrical invention, and it is well to remember
that if it were not so, no amount of research work or human
skill would be of any avail. The outstanding wonder of the
world we live in, is not that inventions have been made, but
that the universe has these fundamental properties which
we do not know anything about, but which make us able to
build our transformers, our telephones and wireless sets, and
then see them work,
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F1G. 28.—TuE CONSTRUCTION OF AN INDUcTION COIL.

The Induction Coil.

In order to obtain high voltages for experimental work,
the principle of electro-magnetic induction is used in the
construction of special “Induction Coils”. Such a coil is
constructed as follows:

There is a primary winding surrounding a core of soft iron
wires, and outside this a secondary winding consisting of a
large number of turns.

The primary winding is connected through an interrupter
to a battery thus producing an intermittent flux in the core.
The changing flux in turn produces the voltage in the secondary
coil. The changing flux induces a voltage in each turn of the
secondary, and therefore the larger the number of secondary
turns, the greater the total induced voltage.

Any form of contact breaker will do, and the most con-
venient is the electric bell type shown in the sectional drawing
(Fig. 28).

The sequence of operations is as follows:

The battery sends a current round the primary, mag-
netising the iron wires in the core.

This current flows through the contacts P, P, which are
short circuiting the condenser. This therefore plays no part
as yet.
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The current in the coil at first rises rapidly and then more
slowly until the contact breaker is opened by the increasing
magnetic flux in the core.

Why does the current take time to rise? Why do we not

have I = E the moment the battery is connected? The reason

is that the rising flux generates a voltage in the primary as
well as in the secondary. This induced primary E.M.F.
opposes the battery, and therefore limits the rate of rise of
flux.

As a matter of fact the flux rises so slowly, that the induced
secondary voltage is at this stage insufficient to perform
experiments.

As already stated, the flux rises until the magnetic pull
opens the contact breaker. The moment the contact points
separate, the current in the primary winding is diverted into
the condenser. As the condenser becomes charged, the
charge current falls in volume. The falling current can only
produce a falling flux. This induces the working pressure
in the secondary.

There is a pressure induced in the primary coil, and this
helps to send a bigger current into the condenser, which there-
fore charges it up to a higher voltage.

When the primary current has died down to zero the con-
denser is fully charged and has a high pressure on its terminals.

It therefore now sends a reverse currcnt round the primary
coil, and this wipes out the last traces of magnetism in the
core. It may be asked why a condenser is used at all?
Would not the break in the current be more sudden if the
condenser were omitted? Curiously enough, the answer to
this question is “No”. If an attempt be made to stop the
current suddenly by opening the contact breaker, without a
condenser, the voltage induced in the primary winding alone
is sufficient to strike an arc across the points, and as this arc
takes some time to die out, the decay is actually slower than
when a condenser is used.

The only other point calling for mention is the use of iron
wires for the core. The reason for this is that a flux can
decay much more quickly in a core of iron wires than in a
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solid core, a phenomenon which is due to the production of
eddy currents in the iron itself.

Suppose the following diagram to represent the cross
section of a solid circular iron core, carrying a changing flux.

F1G. 29.—EpDY CURRENTS.

Consider any circle such as ABC. The changing flux
within generates a voltage in the circle, for the circle certainly
surrounds the space lying inside it. The circle is a path in
the iron, and iron conducts electric currents as well as magnetic
fluxes.

All these “eddy” currents oppose the flux change, and
therefore lessen the efficiency of the coil. To break the core
up into a number of parts all electrically insulated from each
other, decreases this effect.

It is for the same reason that the cores of alternating
current transformers are made of sheet metal and the core
of the induction coil in a subscriber’s telephone set is made
of iron wires.

As a matter of interest it may be stated that every tele-
phone relay waits, after the current is switched off, before
commencing to release, due to the presence of eddy currents
in the core. A relay with a copper slug will have heavy eddy
currents induced in the slug while the flux is decaying and, for
this reason, such a relay is slow to release. The impulse (4)
relay in the Auto Telephone Systern when entirely disconnected
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from battery will wait for 7 milliseconds due to eddy currents
in the iron, while the “B” relay fitted with a copper slug
1} in. long will take perhaps 300 milliseconds to release.

It will be well to graph the primary current, and the second-
ary voltage in a working induction coil.
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F1G. 30.—CURRENT AND VOLTAGE IN AN INDUcTION COIL.
Transient Currents.

The induction coil offers an excellent opportunity to study
transient currents. One of the simplest transients is the rise
of current in the primary when the contact breaker closes.
A flux proportional to the current, rises as the current rises.
This rising flux generates a back e.m.f. in the coil proportional
not to the flux but proportional to its rate of increase.
Some of the battery voltage is spent in overcoming this back
e.m.f., the rest in driving the current of size I at that moment
say, through the coil resistance R according to Ohm’s Law

E = RI. When [ is small so is RI and there is plenty of
voltage left to overcome back e.m.f. so the rate of flux and
current rise is rapid at first.

The induction coil is a fine illustration of the principles of
induced voltage and current.
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EXPERIMENTS ON ‘' SPACE ”’

HE induction coil can, then, be used to produce surges
or impulses at high voltage. The coil used in the
following experiments developed about 30,000 volts. This
pressure lasts however for such a very short time that little
energy is given out. If the terminals of the coil are examined
in a dark room it will be found that they glow with a faint
bluish light. This effect is due to a discharge of electricity
into the air. .

When two wires connected to the terminals are brought
near to each other, a stream of sparks passes between the
wires, one spark at each interruption of the primary current.
The sparks indicate that the air in the space is being broken
down. In the same way, the spark will penetrate a piece
of cardboard, leaving a hole. When the wires are separated
too far for a spark to pass, it is natural to ask whether the
working of the coil can have any influence on the space
surrounding the wires. This can only be settled by
experiment.

Connect the coil to two plates placed parallel to each other
and say two feet apart. When the coil is working, the plates
are charged at each “break’ and discharged in between the
“breaks”’.

Can a lamp be lighted in the space between the plates?

A neon lamp such as is used for a “night light” will, if
fitted with small plates, as shown, actually glow when placed in
the space between the plates. It isdifficult to over-emphasise
the importance of this experiment, for though a wire carrying
a current is surrounded by a magnetic field, this lamp does not
glow by magnetism. It glows because something has hap-
pened to the space in between the charged plates. Exactly
what has happened, we do not know.

48
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Prof. James Clerk Maxwell, a brilliant Scotch mathemati-
cian, the first Director of the Cavendish Laboratory at Cam-
bridge University, whose life and work made a great impression
on all who came to know him, suggested that there was a dis-
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b ¢

F1c. 31.—LamMP LIGHTED BY SPACE CURRENTS.

placement of “ether” between the plates when charged.
When we charge a condenser we believe electrons to crowd
on to one plate and drain away from the other. One would
say that the electric charge and discharge currents finished
at the plates, but Maxwell saw that though the flow of elec-
trons stopped at the surfaces of the plates, there was what he
called a displacement of ether between them. Is a displace-
ment of ether entitled them to be called an electric current?
The great test for an electric current is whether or not, there
is an accompanying magnetic field.

The ether displacement does produce a magnetic field and
here we have the mechanism of a wireless wave revealed.

Maxwell foretold wireless waves long before anyone knew
how to produce them, and though few people could grasp the
meaning of his work, some attempting ridicule—he still
continued writing with an air of quiet confidence. He sug-
gested that ordinary light was a wave in the “ether” and
gave the equations for determining its velocity of travel.
He went on to show that any other ether wave would travel
at the same high speed, viz., 186,000 miles per second.

Once admit that the ether can be “displaced” whatever
that may mean, and that this displacement really is an electric
current, then it becomes possible to see how a wireless - wave
travels. The displacement “current’” must like all currents,
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produce a magnetic force. If the ether can carry a magnetic
flux, such a flux must be produced by this magnetic force.

As the wave moves, this flux measured at any place, will
change and we know that changing magnetic fluxes produce
voltages. The voltage in turn “charges” or displaces the
ether and now we are back to where we started. There is
a four-linked chain. As
the chain is complete
the wave is self support-
ing, which proves the
possibility of the  ex-
istence of such a wave.

But what is the ether?
Once again we do not
know. We believe it
stretches throughout all
space. It must stretch
out beyond the earth’s at-
mosphere to the furthest
star in order to carry the
waves of light to our eyes.

If we stand on the Fi1c. 32.—THE ENDLESs CHAIN ON
shore we see waves WHICH A RaDp10 WAVE MOVES.
coming towards us. The
waves would not be there but for the water. If we stand
by a field of ripening corn in late summer and watch the
breezes make the corn sway backwards and forwards, we
say that the corn is waving in the breeze.

Once again, there could be no wave without the corn, and
if light is a wave there must be something to do the “waving”.
This something has been called “ether” for want of a better
name. We believe the ether even penetrates substances;
for otherwise how could a ray of light pass through glass?

If two plates, separated by an insulator are connected to
a battery and the battery then disconnected, the plates will
themselves behave like a battery and send a current round a
circuit when connected together by a wire. The current soon
ceases, however, and though the plates act like an “accu-
mulator” the charge is so small as to be useless for most
purposes. Such an arrangement is called a condenser and a

ELECTRIC
DISPLACEMENT

ELECTRIC

VOLTAGE

MAGNETIC
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condenser will fill to any fulness depending on the voltage
used to charge it.

If ¢ = the quantity of electricity in coulombs in the con-
denser and C its capacity, the voltage in the terminals while
it has the charge ¢ will be given by the equation

q=VCOrV=;—

Capacities are measured in ““Farads’ named after Faraday,
and a 1 farad condenser holding 1 coulomb would be charged
to 1 volt. As the farad is a large size of condenser it is cus-
tomary to use one millionth or a micro-farad as the commercial
unit.

A 2 m.f. condenser charged to 6 volts would hold
g= VC =6 % st

1000000
= "000012 coulombs.

If a current of 4 ampere were taken from the condenser,
the charge would last only 0'ccoo12 = 0°I = "00012 second.
or about one ten thousandth of a 'second.

The capacity of a condenser is greater the closer the plates
and it varies according to the material placed between.

Some substances give a larger capacity than others. A
condenser may be likened to a spring, for in a spring the
Amount of Displacement = Force x Flexibility and in a
condenser Quantity = Pressure X Capacity.

The larger the capacity the weaker the equivalent spring.
And just as a spring can be strained by too great a force so
also may a condenser be broken down by too high a voltage
puncturing the insulator.

In practice condensers may be large consisting of many
square feet of tinfoil and paper, or may be quite small. Some
are variable. These usually consist of metal plates strong
enough not to bend, and sliding into a fixed set of plates,
the two sets being interleaved but not touching, when all
““in,” i.e. the position of full capacity.

The variable condenser is much used in radio receivers for
““tuning in”’.



CHAPTER VIII
GENERATION OF CURRENTS

T has been said that a wire cutting a magnetic field has
induced in it a voltage depending on the rate at which
the fieldis cut. This principleis used in constructing dynamos.

Example 10. A loop of wire spins round at 3,000 r.p.m.
in a field in which 16,000,000 lines of flux thread the coil
when its axis is parallel to the direction of the flux. What
will be the average and the maximum voltage induced in
the loop ?

The following sketch exhibits the essentials. The magnets
provide the field and are called field magnets. The revolving
wires are usually mounted on a piece of iron called an armature.

Fi1G. 33.—SiMPLE DyNaMo.
A Loop of Wire spinning in a Magnetic Field is the fundamental for
every Generator,

The loop of wire twists through half a revolution in

60 I
— - = —— second.
3000 X 2 100

During this time each wire cuts right through the flux.
52
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The rate of cutting is then

1
16,000,000 =~ ——
100
= 16 X 10®lines per second.

We know however that a cutting rate of 108 lines per second
induces a pressure of 1 volt so we have 16 volts in each wire.
There are two wires so the average of the two is twice this.
The result is therefore 32 volts.

What is the maximum voltage? It will not be correct to
double the average value of 32 because the flux maynot grow
uniformly from a zero to a maximum. We must find the
actual rate of cutting when the coil is in the horizontal plane.
We know no dimensions for the circle in which the wire moves.
Let it have a radius “7” feet.

We have 3000 r.p.m. or 50 r.p.s. The distance per revolu-
tion is 27r. This makes the actual tangential speed v =
1007r feet per second. Incidentally if » is only a foot, v
is about 240 miles per hour.

If the radius is 7, the diameter is 27 and in this space a
flux of 16,000,000 lines is contained.

. . 16 X 10°

Consequently the lines contained in a foot are ————
and with a speed v feet per second the lines cut per second will

16 X 106 .
be —~—-—
27

16 X I0%7

As v = 100777 this becomes ~—— ” = 8 X 1087

Now 10® lines per second gives a current with a pressure of
1 volt, so we have 87 volts in each wire, i.e. 167 or 50 volts
in the two wires.

It will be of interest to know how the voltage in an armature
wire varies from moment to moment. It cannot increase
from nothing to a maximum wuniformly or the maximum (50)
would have been double the average which was (32).

Imagine the wire to travel at one foot per second tan-
gential velocity, thus

Velocities can be analysed and compounded as vectors.
We can therefore analyse this velocity vector into two, viz.,
a horizontal, and a vertical one.



54 INTRODUCTION TO ELECTRICITY AND RADIO

A

b

V=1 FOOT PER SECOND

F16. 34.—THE DIRECTION OF MOTION OF A WIRE ON AN ARMATURE.

If the actual velocity is unity, the Horizontal Component
is Cos 0 while the Vertical Component is Sin 6.

It is a cutting of the lines which generates the voltage, not
a sliding motion. The vertical component Sin 6 is therefore
all important.

It will be seen that 0, the angle between the actual velocity

F1G. 35.
RESOLUTION OF VELOCITY
INTO TWO COMPONENTS.

VERTICAL

HORIZONTAL

vector and the horizontal is the same as the angle AOP
through which the coil has turned since leaving the vertical
position.

The actual voltage developed will of course depend on the
density of flux, and for simplicity let it be assumed that we
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have 108 lines per foot. If then the rate of cutting is 1 foot
per second there will be 1 volt generated. In the above
example, the rate of cutting is sin 0.

This then is the voltage at any point, i.e. V' = sin 6.

As the shaft moves round steadily, 6 grows smoothly, and
the growth of V' as time passes can thus be predicted from a
knowledge of the growth of sin §. The direction of voltage
in the wire will be opposite when the wire is travelling down-
wards to what will obtain when the wire is travelling upwards.

This is in accordance with what is known of “Sin 6" which
is positive when 0 lies between 0° and 180° while it is negative
when 6 lies between 180° and 360°.

As the direction of the induced voltage changes periodic-
ally, such voltages and currents are called ““alternating”.

The shape of the graph y = sin x is well known and x may
be measured in degrees or radians. - Often the latter is more
useful.

The following graph shows the relation, using radians:

\
A =
o Tr\—/aﬂ RADIANS

F1G. 36.—A SINE WAVE.

The whole time occupied in traversing the cycle, i.e. an angle
of 27 is called a “period”. “Frequency’ is the number of
cycles per second. Commercial alternating currents usually
have a frequency of 16 to 60 per second. Telephone fre-
quencies range from 400 to 3000 cycles. Wireless waves have
a frequency of from 100,000 to 100,000,000 cycles per second.

Since the direct current dynamo and motor are so common
their construction and working must be briefly described.
We begin with the simplest to understand, namely the
““Gramme ring”’.



CHAPTER IX
DYNAMO CONSTRUCTION

The Gramme Ring Armature.
NE of the earliest forms of armature was the gramme
ring. Imaginearing wound, in the manner shownin the
following sketch, to be placed between the poles of a magnet.

Fi1c. 37.—THE GRAMME RING ARMATURE.

By applying the right hand rule it will be found that as the
ring turns in the direction shown, voltages will be induced
in the direction indicated by the arrows. It will be seen that
though the armature wind-
ing is a closed coil, there is
no circulating current for the
e.m.f’s. induced in one half of
the armature balance those in-
duced in the other half—thus:

If now wires be taken from
the points 4 and B, an ex-
ternal current will flow from 4
B back to B. But how to connect

an external circuit to a

56
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moving armature? This is done by means of a device
known as the commutator which consists of a number of
copper bars insulated by strips of mica.

The Commutator.

The copper bars are shaped thus:

F1G. 38.—A COMMUTATOR.

The commutator bars are connected to the armature coils
at intervals, and two brushes, one positive the other negative,
press on the commutator at a point midway between the
poles to make connection between the armature and the
external circuit. It will be seen that as each coil passes under
a brush the current in that coil reverses direction. But the
current in the external circuit is steady, apart from small
fluctuations as each commutator bar passes under a
brush.

In this armature, only a small portion of each turn is useful,
the inner portion and sides of a turn contributing nothing
to the result. The voltage may readily be calculated from
the speed, flux and number of turns as follows:

In a two-pole Gramme ring type machine the flux is 500,000
lines in each pole, and there are 16,000 conductors on the
armature. Find the voltage generated at 3000 r.p.m.

There are 16,000 conductors on the armature, that is,
8,000 on each side, and each armature cuts the whole flux

. I
once per half revolution or every — second.

B



58 INTRODUCTION TO ELECTRICITY AND RADIO

The voltage is then

500,000 - 100 volts per wire
108
= 5 Volts.
The whole voltage is then 8000 X 5
= 4000.

These figures are approximately correct for an old Gramme
ring machine designed for operating arc lamps in series, in
the early days of electric lighting. In view of the low effi-
ciency of this machine, a new type of armature known as the
Drum Armature has been developed. (Fig. 39).

F16. 39.—A DRUM ARMATURE SHOWING THE SLOTS FOR WIRE.

The Drum Armature.

This has slots for the wires, arranged in the manner shown
in the following illustration. (Fig. 40).

The wires are so arranged that this armature is equivalent
to the Gramme ring, but the whole turn, with the exception
of the ends, is used for generation.

As a typical example of such a winding, take a case in which
a two-pole dynamo has 12 slots. The wire is wound backwards
and forwards along the slots gradually working round the
drum. This can best be accomplished by having a “IForward
© pitch” and a “Backward pitch”. In the case of a twelve-
slot armature, let the forward pitch pf = 7 and the backward
pitch pb = s.

The wire is laid on the 1st slot, brought back along 1 + 7
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MOTION

F1G. 40.—ARMATURE WINDING OF Two-PoLE DyNAMO
wITH TWELVE SLOTS.

= 8th slot, then taken forward along the 8 — 5 = 3rd slot.
The slot numbers in order are: 1, 8, 3, 10, 5, 12,7, 2, 9, 4, II, 6,
thenback to slot 1, thus completing the circuit. The following
sketch shows the arrangement. It will be noticed that, as
on the Gramme ring, the winding forms a closed coil. The

F1G. 41.—BRUSH TAKING OFF THE CURRENT FROM OPPOSED COMMUTATOR
SEGMENTS,
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arrows indicate the direction of the current flow, and it will be
noticed that the brushes are placed on commutator segments
leading to coils mid-way between the poles. These wires
have been marked with circles indicating that no voltage is
being generated therein.

It is a curious fact that the brushes themselves are opposite
the poles, not between them, but this of course is merely due
to the bending over of the armature conductors as they emerge
from the slots.

Number of Wires.

It should clearly be understood that there may be any
number of wires in one slot in order to generate a higher
voltage. The limit is set by commutation problems for here,
as in the Gramme ring, the current in a coil reverses during
the brief interval taken for a commutator segment to pass

F16. 42.—ARMATURE WINDING WITH MORE THAN ONE WIRE IN A SLOT.
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under a brush. The method of winding with more than one
wire in the slot is shown. (Fig. 42).

The Flux Path.

When the armature is in position, the flux passes right
through it as shown on the attached sketch of a “Two-Pole
Machine”. While a two-pole construction is quite common,
it is often an advantage to use more than two poles. The
poles are then made alternately North and South, the flux

TWO  POLE
MACHINE

FOUR POLE
MACHINE

Fic. 43.—THE I'Lux PATHS IN TwWo AND FoOUR-PoLE MACHINES.
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paths being shown on the sketch entitled ‘“TFour-Pole
Machine”. Such an armature will require a different winding
from a two-pole type. If there were 16 slots in all, the pole
pitch would be four slots, the forward pitch pf could be 5 and
the backward pitch pb could be 3.

The winding would then be: 1, 6, 3, §, 5, 10, 7, 12, 9, 14, II,
16, 13, 2, 16, 4 and back to 1. If this winding is laid out as
follows, it will be found that there are four parallel paths
through the winding, a separate voltage being induced in
each path. While the currents in the four paths add together,
the voltages do not. As it was necessary to divide the con-
ductors into two, in the two-pole case, here it is necessary to
divide by 4.

At the same time, any onc armature conductor cuts the
flux four times per revolution. Thus it is sufficient in voltage
calculations to consider the flux per pole and the total number
of armature conductors. This applies merely to the particular
arrangement of armature conductors which is known as
Lap Winding.

F16. 44.—A Four-PoLE LAP ARMATURE WINDING.

Voltage.

The output voltage depends on the flux per pole at the
time of passing a pole, and the number of armature conductors
in series comprising on path through the armature.

The time of passing one pole may be found by dividing the
time for onc revolution by the number of poles “p”.
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If the number of r.p.m. is #, the time of ‘a revolution is

6n_o sec. and the time of cutting through the @ lines of one

a8
poelsnp

Thus the rate of cutting flux is "%5 making the c.m.f. per
armature bar el
10860

113

If therc are “a” parallel paths through the armature, the
number of conductors joined in series between the brushes
will be Z, the total number of conductors on the armature
‘s « . mpdZ
divided by “a”. Thus the voltage generated is 10%260
where 7 = r.p.m., p = number of poles, @ = Flux, Z = Num-
ber of Armature Bars, and ¢« = Number of Armature Paths.in
parallel. In alap winding a = p.

Example 11. A 6-pole Lap Wound armature has 400
armature bars, the flux per pole being 5 X 10 lines. What
will be the terminal voltage at 1,500 r.p.m.?

Here n = 1500

p=20

® =5 X 108

Z = 400

a =26
l_1500><6><5><106><4oo
o 10° X 6 X 60
= 500 volts.

There is another common type of winding known as wave
winding. Here the two pitches, though unequal, are both
in a “forward” direction, and although there may be any
number of poles, there are only two parallel paths through
the armature.

Excitation.
We have not yet stated how the machine derives its current
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for supplying the field magnets. There are four systems in
use:
(a) Separately excited.
(b) Series Wound.
(¢) Shunt Wound.
(d) Compound Wound.
SEPARATE ExXcCITATION. The field current can be provided
by a separate dynamo or battery, thus:

-
F1G. 45.—SEPARATELY — OUTPUT
ExciTED MACHINE, -

SErRIES WoOUND MACHINES. Here, the entire armature
current passes round the field coils in order to provide the
magnetic flux. This arrangement is very seldom used for
dynamos but is popular for train motors. The field winding
must have low resistance.

OUTPUT FiG. 46.—SERIES
WouUND MACHINE.

SHUNT WOUND MACHINES. Here a portion only of the
main current is tapped off to provide the current for the
field. The field winding must therefore be of high resistance.

Fi1Gc. 47.—SHUNT

WouND MACHINE, OUTPUT
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CompounD WoUND MACHINES. For reasons which will be
given later, it is often desirable to combine both series and
shunt excitation.

F1c. 48.—CompPOUND

OUTPUT
‘WouUND MACHINE,

We have now indicated the underlying principles of the
dynamo, but there are numerous points of great importance,
attention to which is imperative for the design of a satis-
factory machine. For dynamo design, it is necessary to
understand the relation between ampere-turns and flux in a
magnetic circuit, but before doing this it will be well to outline
the distinction between a dynamo and a motor, as a dynamo
can be used as a motor and a motor as a dynamo.

The Dynamo.

When the machine is working as a dynamo, the E.M.F.
generated by the motion of the armature pushes the current
round the external circuit. This current causes a backward
torque on the shaft which is overcome by the driving engine.
The dynamo is thevefore attempting to run in the reverse divection
as a motor.

The Motor.

When the machine is working as a motor, the backward
E.M.F. generated by the motion of the armature is overcome
by the forward E.M.F. of the current supply. The current
which is driven through the armature by the supply E.M.T.
against the generated back E.M.F. produces the torque on
the shaft. T/ie motor is therefore attempting to act as a genevator
in an effort to send a curvent backwards vound the supply
ctreutt.

The Mechanical Force in Dynamos and Motors.

In a motor or dynamo the conductors carry an electric
current and being in a magnetic field they experience a
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mechanical force. This mechanical force in a motor is the
useful effort which is transmitted through the armature teeth
to the shaft. In a dynamo this mechanical force must be
overcome by the steam engine in order to turn the armature
and generate the voltage. Thisis necessarily true because the
steam engine provides energy of motion. Energy is non-
destructible, which principle we call the Conservation of Energy.

F16. 49.—CoNDUCTOR IN A FLUX.

FORCE F VELOCITY V
/&—\)’

I'1G. 50.—MECHANICAL FoRCE IN A CONDUCTOR.

For this reason it follows that the mechanical motion
energy is equal to the corresponding electrical energy. The
relation between the units is that T H.P. = 746 watts. The
mechanical force will depend on the field strength, on the
length of conductor in the field and on the current flowing.

Take an inch of conductor moving in a field of density 8
lines per-square inch. The conductor will have an e.m.f. (£)
induced in it which will depend on its length, on the velocity,
and on f.

If the induced e.m.f. sends a current 7 round an external
circuit, the Power generated will be E X ¢ watts. It is this
power which is equal to the mechanical horse power, equated

by the relation 1 H.P. = 746 watts.
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The early dynamo makers understood the general prin-
ciples of induction as expounded by Faraday, but they had
very little knowledge of the subject, and their productions
were most crude. It was not until Prof. John Hopkinson
published an epoch-making paper on the magnetic cireuit of
the dynamo that a sound theory of design was evolved.
This theory we now propose to sketch.

Dynamo Characteristics.

It is known from experiments on electro-magnets that with
a small current flowing in a coil surrounding an iron core, the
flux is roughly proportional to the current in amperes. At
high flux densities, however, the increase in flux becomes less.
This effect is known as saturation of the iron.

It is due to the fact that magnetisation of iron is a turning
of the molecules so that they tend to lie all in one direction.
When all the molecules are so turned, obviously nothing else
can be done except that the ether in the spaces between the
molecules may take a bigger flux. So far as we know, there
is no limit to the flux which can be carried by the ether, so
the flux curve never becomes quite flat.

A smaller current with more turns gives exactly the same
effect as a large current with correspondingly less turns. It
is the product (AMPERES) X (TUkNS) which counts. The
usual symbol for ampere turns is A. The following curve
represents the effect of saturation:

12000

/

A

8000 /

4000
/

FLUX

o 200 400 600 800 1000 1200
AMPERE TURNS

Fi16. 51.—FLUx CURVE IN TELEPHONE RELAY.
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This curve is drawn for a telephone relay with its armature
in the operated position. It has a magnetic circuit just like
a dynamo. Our interest, at the moment, in magnetic flux,
is its ability to generate e.m.fs. and we are therefore inter-
ested in the current flowing round the field magnet coils and
the flux produced thereby. If the field winding of a dynamo
is supplied by a battery, there will be a definite current
flowing and a definite flux produced.

What happens, however, in the usual commercial dynamo
which has its field winding connected to the brushes, and
therefore derives its current from the armature?

Should the dynamo voltage increase, we should expect the
current through the field winding to increase, and this in turn
would raise the flux and put up the generated voltage. If an
increase in voltage produces a further increase, is there any
logical stopping place? In other words, have we a kind of
unstable equilibrium like a cone standing on its point? The
answer is “No”. The dynamo voltage will rise until a certain
equilibrium point has been reached. The determination of
this point is our present task.

If the generated voltage V is proportional to the flux “¢”
produced by the field, and we know the relation between the
field current “7”’ and this flux, then we can deduce the relation
between field current and generated voltage. The graph will
have the same form as the one just considered. We can
therefore draw a curve as shewn in Fig. 52.

> -
.
g /1
1A A
AN P
F
0 FIELD CURRENT i1 -

F1G. 52.—THE EQUILIBRIUM VOLTAGE OF A SHUNT WoOUND DyNaMO.
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At the same time we must bear in mind that the field current
not only produces the generated voltage, but is circulated
by it, according to Ohm’s Law. In other words, the graph
of ¥V and I is a straight line as given by Ohm’s Law: V = Ri
where R is the resistance of the field magnet windings.

This line, when drawn, must pass through the origin as one
cannot have a current without volts—both must be zero
together. Also the slope of the line or the Tangent of the
angle § must be R, i.e. R = Tan 6.

The line OP and the curve both give the relation between
¢ and V, one by the theory of dynamo voltage generation,
the other by the ordinary Ohm’s Law. The point P which
is a point on both curves, must therefore be the working
point, indicating by its position both the field current and the
terminal voltage.

Regulation. .

If the field resistance be varied, it will be necessary to draw
a line having a different slope, and this will alter the point
of intersection with the curve giving a higher or lower voltage.
A regulating resistance is usually included in the field circuit
of a D.C. generator to control the voltage. Increasing the
field current raises the voltage and vice versa.

In a case where a generator supplies a current to a town
over a long cable, the regulation enables the voltage at the
town to be kept constant under varying load (current in
amperes), although there is a variable loss of pressure due to
the resistance of the cable.

Characteristics of Motors.

When a motor is running, electrical energy, measured in
“units,” is being turned into mechanical energy of motion.
In Ohm’s Law, where a current is driven through a conductor
by. a voltage according to the formula E = Ri, electrical
energy is being turned into heat. It therefore follows that
there is something more than Ohm’s Law involved in the
action of a motor.

When the motor is working, armature bars carrying cur-
rents are moving in the field of magnetic flux, driven by the
““Mechanical Force” already described. In addition, the
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mere motion of the conductors in the field generates an e.m.{.
as in a dynamo, but whereas in a dynamo the generated e.m.f.
drives the current through the armature windings and the
external circuit, the opposite is the case in the motor.

The e.m.f. generated in a motor is a back e.m.f.
and the supply voltage has to force the current
against this back voltage.

Since a generated voltage is proportional to the rate of
cutting flux, it follows that the back e.m.f. is proportional to
the motor speed, provided the field strength remains constant.
In a shunt motor, where the field winding is a high-resistance
winding shunted across the supply main, this is the case.

Shunt Motors.

The following sketch illustrates the principle of the shunt
motor.
As the field winding of resistance Ry is shunted across the

i
£ +
FIELD BACK ARM SUPPLY
RES=Rf E.M.F=e RES=Rq VOLTAGE-V

L]

F16. 53.—THE E.M.F.’s IN A SHUNT MOTOR.

supply main of voltage V, the current in the field coils ¢y is

given by Ohm’s Law as iy = ITV
1

In the case of the armature, however, it is the difference
between the main voltage V and the back voltage £ which
drives the current ¢, through the armature resistance R,
. V—-F
thus: 74 = R.

The motor therefore runs up to such a speed that the voltage
(V—E) is just sufficient to send the right current through the
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armature resistance. What do we mean by the “right
current”’? The force exerted by the armature in its motion
is proportional to the current ¢, and therefore the current
needed to keep up the motion is proportional to the load on
the motor, i.e. the machinery which it happens to be driving.
When the motor is driving nothing, or “Running Light” as
it is called, it still requires a small armature current to over-
come the friction of the bearings, the wind resistance and
SO on.

Example 12. The field strength and armature winding
details of a 200-volt motor are such that it generates a
back e.m.f. of 100 volts when running at 500 r.p.m. The
armature resistance is ‘1 ohm. Find the speed with
different load currents up to 100 amps.

Speed-load Curve for a Shunt Motor.

Start with Ohm’s Law for the voltage needed to circulate
current through the armature. The voltage available for
this purpose is V—E. This may be tabulated as follows:

10
20
30
40
50
60
8o
100

HHHHHHAHH

The figures in the first column have been written down at
random to give a list of currents up to 100 amps. The third
column is obtained by multiplying currents by resistances.
This gives the values of V—E. The V is 200, giving E by
subtraction thus:
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) E Speed
28y 199 995
20 198 990
30 197 985
40 196 980
50 195 975
6o 194 970
8o 192 960
100 190 950
\

The speeds are filled in, through the relation that r.p.m. » E
Given that 500 r.p.m. generates 100 volts, we have r.p.m. =
5 X E which gives the speed as a function of the load.

Speed-Load Curve for a Shunt Motor.

The shunt motor, nearly constant in speed for wide varia-
tions of load, is eminently suitable for factories, where speed
must remain constant when other machines are added to
the load and must be taken up by the same motor. (Fig. 54).

\

——

SPEED R.P.M.

LOAD (AMPS)

F16. 54.—SPEED-LoAD CURVE OF A SHUNT WoOUND MOTOR.

The series motor, however, has a different characteristic
altogether. (See Fiz. 55).

It has a high speed with an ““ easy”” load and a slow speed on
heavy load, developing a good pull in this case because of the
strong current aiding the field as well as the armature.
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SPEED

LOAD (AMPS)
F1G. 55.—SpEED-LoAD CURVE OF A SERIES WoOUND MOTOR.

Such motors are used for traction purposes and the following
shows how a tram with two motors is controlled.

The two series motors are first put in scries and then in
parallel still being series motors. (Fig. 56).

- o SERIES CONTACT FINGERS
o b
;g%? ?ézé b3
O o 3
o
OTOLER é%l < TROLLEY
ST MOTOR
0 777) s
: BARREL -
é% i % j%%% 797 2'OMOTOR
7
7
7770 5 —
131211109 8 7 6 5 4 3 2 1 O v

Fi1c. 56.—ConNTrROL D1aGRAM OF TRAMCAR WITH Two MOTORS.

Interpoles.

Many dynamos and motors are fitted with small magnet
poles between the main ones. These are called interpoles.
They carry the armature current, having a few turns in series
with the armature. (See Fig. 57).

F
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INTERPOLE

F1G6. 57.—INTERPOLES.

Their purpose is to oppose the flux which would otherwise
be caused by the armature currents flowing in the armature
wires. When they are not fitted, the armature “reaction”
flux combines with the main field with resulting distortion as
shown in Fig. 58.

This causes sparking at the brushes.

MAIN

Y

ARM.

F16. 58.—DisTtorTION DUE TO ARMATURE REAcTION FLUX.

Motor Control.

SHUNT MoTors. When the motor armature is stationary,
no back e.m.f. can be generated, and if the main switch were



DYNAMO CONSTRUCTION 75

closed, putting the full main pressure across the armature,
the resulting heavy current would blow fuses and possibly
damage the cables and switchgear. To obviate this, a variable
resistance is connected in the armature circuits, and arrange-
ments provided by which it is cut out, either by hand or
automatically, as the speed increases. The field winding
should be fully energised from the first moment, to give the
biggest possible back e.m.f. and starting torque.

RESISTANCES

L7
\\,) A\
Oy
\ ARMATURE
SWITCH 'rt‘t"
/ o I j

F1G6. 59.—SHUNT MOTOR STARTER.

The resistance must be re-inserted in the armature circuit
when the motor is stopped, so that it is ready for starting
when next required, and in the usual type of motor starter
shown in the following sketch, this is done automatically, by
means of a return spring. While the motor is running, the
starter switch arm is held in position against the spring, by
an electro-magnet.

Since alternating current is now so common, alternating
current motors are gradually taking the place of direct
current ones. The simplest of these asregardsits construction
is the induction motor. It is like a transformer in which the
mechanical forces make the secondary coils move.



CHAPTER X
SOUND AND SPEECH

HIS is a suitable place to explain the telephone. Sound

is a rapid to and fro motion or vibration in the air.

The number of complete to and fro movements or cycles per

second is called frequency. A low frequency sound has a low
tone and a high frequency a high tone or pitch.

Most musical instruments such as a violin send vut the main

tone or fundamental note together with vibrations whose
frequencies are whole multiples of the fundamental, when
sounding any one musical note. These higher components
are called harmonics and the number and strength of them
gives the tone its musical ““ quality .
. In speech every consonant and every vowel has its own
wave form consisting of—it may be said—many harmonics.
In point of fact, the air particles execute complex vibrations
and this way of expressing the whole movement as the sum
of so many different harmonics is due to Fourier. Since
each harmonic is a simple sine wave, it reduces the whole
study to that of simple sine waves.

In the original “Bell”” Telephone, a long horseshoe magnet

(] CARBON DIAPHRAGM
GRANULES

HJ‘\DIAPHRAGM

3

|
ll colLS
TRANSMITTER RECEIVER

F1G. 60.—TELEPHONE TRANSMITTER CIRCUIT.
76
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has coils of wire round the ends and a disc or diaphragm of
iron is supported so as to be near but not to touch the coils.
(See Fig. 60). A current flows through the coils and either
assists or weakens the magnet and so varies the pull on the
diaphragm. As the current is varied at the transmitter by
the speaker’s voice, the receiver diaphragm varies in accord-
ance with the distant air vibrations and so reproduces the
sound.

The transmitter is a small box full of carbon granules
with a diaphragm in front. When this moves it varies the
pressure on the granules, makes their resistance larger or
smaller and so varies the battery current which flows through
them.

In calculations on telephone systems, the engineer usually
considers one sine wave frequency at a time from the lowest
to the highest. He therefore chiefly needs to be able to
calculate the currents and voltages for a simple steady sine
wave of any given frequency.

This is the study of alternating currents.



CHAPTER XI
ALTERNATING CURRENTS

LTERNATING currents flow first in one direction then
in the other. If a direct current is likened to a steadily
turning wheel, an alternating current is like the balance
wheel of a watch. In radio work the speech currents as well
as the high frequency currents are all alternating and they
are often part of a total current which includes some direct
current too. This is the case in a valve. Historically the
alternating currents which were first studied were produced by
generators.

Generation of Alternating Currents.

If a dynamo is made without a commutator, wires may be
taken from the armature winding to plain brass rings instead.
These rings are insulated from the shaft to which they are
firmly fixed. Brushes make contact with the “slip rings,”
as they are called, and the brushes lead the current round the
outside circuit. Since each armature wire passes first under
a North and then under a South pole the current in the arma-
ture conductors reverses or ‘‘alternates’ rapidly and since
there is now no commutator, to put these reversals “right,” as
it were, the current round the outside circuit flows first in
one direction and then in the other. It is alternating. The
current starts from zero, goes round the circuit one way
rising to a maximum, and then dies away to zero. It then
reverses, rises to a maximum in the other direction, and falls
to zero ready to start out in the first direction again. That is
one cycle. The number of cycles per second is called the
Frequency. The “Grid” power supply of Britain is at 50
cycles per second. That is 50 maxima in each direction or
100 reversals per second.

The alternating current generator or alternator has come
into its own. The reason is that the alternating current

78
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may be made to produce another alternating current at quite
a different voltage by means of a simple transformer.

The Transformer.

If a coil of wire is wound round an iron core and another
coil wound round this again, this core and two windings
constitute a transformer.

One coil is connected to the alternator and alternating
current flows through this winding which is called the primary.

The primary inductance must not be so low that the primary
coil forms a heavy shant across the circuit, taking a big current
and lowering the applied voltage.

With the secondary coil disconnected, the primary coil
takes a current when it is connected to a source of alternating
voltage.

The current magnetises the core first in one direction then
in the other. The result is an alternating flux. This flux
generates a back e.m.f. in the primary turns because it is a
changing flux. The back e.m.f. balances as it were the applied
e.m.f. But there is an e.m.f. induced in each turn of the
secondary coil. If the secondary has more turns than the
primary winding, the total secondary voltage will be greater
than the primary e.m.f., ice. than the applied voltage.

It is impossible to study alternating currents without
understanding the relations between current and voltage first
in “Inductance” and then in “Capacity,” for these two,
while they complicate the subject, make it possible for the
electrical engineer to evolve practically any combination to
suit the end he hasin view.

Inductance and Capacity.

When current is increased or decreased in a coil, a voltage
due to self-induction is generated in the coil. If the current
is rising in strength, the induced e.m.f. acts in such a direction
round the turns as to hinder the flow of current; but if the
current is decreasing, the induced e.m.f. acts in such a direc-
tion as to keep the current flowing along the wires of the coil.
This phenomena is explained by the two facts that Current
Causes Magnetic Flux, and Changing Magnetic Flux causes
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or generates voltage round the lines of flux. Thercfore changing
current in a coil generates voltage.
Expressed mathematically we have
e di meanin A small increase in ¢
dt & A small increase in ¢
but I depends on the number of turns, size of coil, shape and
also material of core; air, iron, ctc. It is usual to say that if
one ampere per second rate of current change causes I volt
to be induced in the coil, then we have 1 henry. So if the
coil is of inductance L henrys the formula becomes
E = L times rate of change of I

or E =1L g; which means the same.

It is important for the beginner to realise that a back e.m.f. is
generated ¢ the turns of the coil when the current increases
in the coil.

At the same time, once that is clear, one may go on to use
the E in the formula to represent the applied e.m.f. needed
to overcome the induced back e.m.f. Then the minus sign
often used when E represents back e.m.f. should not be in,
when it represents the applied e.m.f. The formula £ = L %
suggests that one should examine the current wave and note
its rate of change. An easy and important case is a sine wave
lasting 27 seconds for 1 cycle. It is I = Sin ¢ This curve
drawn on a true scale of height 1 inch and base 27 inches
per cycle starts off at 45°.

As tan 45° = 1 the slope is I at its greatest slope, and

% is simply T times Cos (f). This means % is just Cos (¢), a

wave of equal height to sin (f) but 9o° advanced in phase.
If now we take not 1 cycle in 27 seconds but 1 cycle in 1 second,
everything is speeded up 27 times and all rates of change are
27 times faster. The way of writing 1 cycle per second is
Sin 27t and the new slope is 27 times Cos 27¢. If we have f
cycles per second we write it sin 27ff and the new slope is
2mf Cos 2mft. The multiplier 27f comes in so often that we
use a separate letter w for it. w = 277
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The Slope of a Sine Curve.

Since it is fundamental to know the rate of change of
current in a coil and of voltage on a condenser in order to
calculate the coil voltage or condenser current, the student
may wish to have proof that the rate of change of Sin 6 is
Cos 0. That is to say, since the slope of Sin § varies along
the curve, if, for example, it is required that the slope be, at

say, 57 I% where § = 1 radian, put 1 in Cos #and Cos 1 or Cos

57 f} which is about ‘87, so the slope of sin § is ‘87 when the

angle is 1 radian.

SIN ©

XX

Fi1c. 61.—THE SLOPE OF A SINE CURVE.

To prove that the rate of change of Sin is Cos, 6 in Fig. 61.

Draw OA to form the angle §. The perpendicular 4X
measures sin 6 if we make 04 = 1.

Now if the angle 6 increases slightly from 4 to B, the

. . AB N

increase of angle is OB’ which is the way angles are measured

. . ., . arc .

in radians: it is ——. Here, as the radius is 1 the angle
radius

is AB.
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The new value of the Sine is Bi(l = BX?' and the increase
BC is the increased sin for an agle increase of AB.

The ratio Be is the ,oCr¢as€ 9 sl and so is the desired
AB increase of angle 0

rate of change or “slope” of a sine curve when plotted out as
a wave. The increase should be small in this drawing and

then AB becomes like a straight line and ;(51% becomes Cos

CBA, which is Cos 0, because AB leans at an angle 6 to the
vertical.

Measurement of Sine Wave Currents.

Sine wave currents are usually measured as the current
which would cause the same heating effect as a direct current.
Since the heating is the square of current multiplied by the
resistance, we need Sin 2x. From easy trigonometry Sin 2y
is seen to be $—1 Cos 2x, because Cos 2x = 1 — 2 Sin 2x.

In $—3 Cos 2x the § Cos 2x is a double frequency wave
and contributes nothing to the average value of the Sin 2x
which is 4. The direct current which when squared to give
the heating effect equal to the alternating current, i.e. equal

1 s /=L o 2 I _ V2
tO2S'V/' 2and’chlsls\/ sz ,

I°414

2

= ‘707 amps.

Thus a *707 amp direct current is as good as Sin w¢ which
peaks at T amp. This ";07 amp is the Root of the Mean of

SIN 2¢
-

AVERAGE OF .

| ———

2
SIN3x = 3

I'16. 62.—THE SQUARE OF A SINE CURVE.
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the Square of sin x or RMS value. Therefore the RMS
value of a voltage or current, the ‘“commercial” value, is -7
of the Maximum for a sine wave.

Graphically when sin x = } then sin® x = 1. When
sin x = £ then sin? x = 24 which is less and the curve is as
seen in Fig. 62.

Alternating Currents with Inductance.

With an alternating current Sin w# the voltage required to
drive it through one henry is w times Cos wf so we see that
the voltage wave is 9o° in advance of the current wave.
The lagging current on an inductance is most important.
With the lag there is the amplitude relation that when:

Current = Sin w?
Valtage = w Cos w?

//’
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[«
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m
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F1G. 63.—CURRENT AND VOLTAGE ON A PURE INDUCTANCE.

When it is not merely Sin w?, which means a wave with a
peak of T amp. but I sin w¢ with a peak of I amps. then
V = wl Cos wt.
Since this is for 1 henry, and in general the inductance is
L henries, we have V = LwlI Cos wt.
The current is I Sin w?, but as Cos and Sine waves are the
same shape with a time or phase difference, we have

I; = Lw as regards size.

This calculates current from voltage with any inductance
at any frequency.
Here are some easy examples of this:
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Example 13. A 40 henry coil carries 1 milliamp. at 100
cycles per second, what is the voltage needed to send that
current through such a choke?

Here f = 100 so 2nf = 628.

Since L = 40 always to be henries and I = L amp. we
1000

have

E = Lwl = LS = 25.12
1000
so the answer is 25 volts. If the milliamp. was a wave of
maximum value I milliamp., then the voltage is 25 volts
maximum, but if it is T milliamp. heating value, i.e. RMS
such as would make a meter read I m.a., then the voltage is
25 volts RMS too.

Example 14. Again a 1 millihenry coil carries 1 amp.
at half a megacycle, what is the voltage ?

For an amp., by the way, it would be a small transmitter.

Here again £ = LwI and I is one, so
I I X 10° .

E = 1000 X 2m X 2 = 3141 times the T amp. = 3141
volts.

Here we see that, apart from the go° lag of current the coil
scems to have 3141 ohms. We say it has 3141 ohms not of
resistance but reactance.

Reactance.

The product Lw, then, for a coil is so many ohms and once
this reactance is calculated we use it just like Ohm’s Law,
current equals voltage divided by reactance.

I volt is applied to a coil of } millihenry. The current is
a steady carrier at I megacycle.

ThenV =1

w = 6,280,000
_ &
~ 6000
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6000

Put these in V = Lwl so that [ = ~V and ] = ———
w 62800c0

it
= -95 milliamps.

The best way is to regard Lw as so many ohms at that fre-

vV
ohms.

The reactance as Lw is called, goes up with frequency, and
there is too the phase difference here which one doesn’t get
with a resistance.

quency and work like Ohm’s Law, where I =

Circuit containing Inductance and Resistance in Series.

Here, because the two are in series, the current is the same
but not the voltages V', across the inductance and Vp across
the resistance. They are not in the same phase and may
not be the same size. The total voltage at any instant on
the whole circuit is, however, the sum of the values of ¥, and
V g at that instant.

Thus the two waves need adding. To add two waves
moment by moment we go back to the rotating vectors which
in mathematics are always used to generate the waves. Thus
in Fig. 64 V is the vector representing the wave of voltage
on the coil and V' is the vector representing or drawing the
wave of voltage on the resistance. The total voltage is V
total, and is the diagonal of the rectangle because these rotat-
ing lines always combine by addition like vectors. The proof
is easy. See Fig. 65. Suppose O4 and OB are two such
vectors, which generate or represent sine waves.

A sine wave is drawn by a rotating vector. At the moment
shown, S'4 is the value of the voltage—the instantaneous
value of the voltage represented or generated by the line OA.

Similarly the voltage representcd at the moment by OB is
BS.

If one completes the parallelogram OBPA, then the height
of P is by Geometry AS' + BS, which makes P by its height
represent the true sum of the instantaneous voltages. Thus
the vector OP by the height of P represents the sum of the
heights of 4 and B, so this vector is the sum of the vectors
0OA and OB. The proof is that PQ = BS and QT = ASt.

Thus BS + ASt = PT.
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The result is that one always adds vectors in this way,
(See Fig. 66).

=V < Vg ,'
O—09900999999 ——AAANANA—O
vV VioTaL _
3 1 P
A S5 s
N\ ¥ 3
N\ //
* \\\ VR I//
\ /
\\ //
0 VR \\ v //I
YL /
\\\ ;
~, //

Fi1c. 64.—CURRENT AND VOLTAGES IN AN INDUCTIVE CIRCUIT.

In the present case V' = RI by Ohm’s Law and
Vi = Lwl., so as these are at right angles, we use
Pythagoras and V Total = 4/R2]2  L2p2[2
Bracket out 7/ and we have
V=1T+R2 | L
now dividing all aleng by v/R2* 4+ [ 22
= _r.
T V/R® 4 L

Lwl ViotaL

0 RI

F1G. 65.—ADDITION OF SINE CURVES BY F1G6. 66.—VOLTAGES IN
VECTORS. AN INDUCTIVE CIRCUIT,
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Condensers.

A condenser charges up to a higher voltage as more and
more current is sent into it by an applied voltage. The
pressure on its terminals depends on the charge in Amps. and
Seconds or Coulombs, and 1 amp. for 1 sec. charges 1 Farad
to 1 volt. Most condensers are a small fraction of a farad.
A larger condenser needs more coulombs to charge it to the
same voltage. In general, ) = CV where ) = quantity of
electricity in coulombs, C is in farads. With a condenser,
then, it is I equals C times rate of change of Voltage.

Now compare this with

- E = L times rate of change of I
for a coil. The two are the same but for interchange of E
and 7 mathematically, because L and C are just constants,
though different physically.

Ifthen E = L Z; for a coil gives £ = Lwl for a sine wave

with lag of current then I = C % gives I = CwE with lag

of voltage for a condenser.

Reactance of a Condenser.

Reactance is ? = —CIw in this case. Thus the reactance of
. T
a condenser is ——
Cw

Since V=L % results in Current lagging 9o° in the case of
a coil, so the formula

=% %} results in Voltage lagging go°

in the case of a condenser. It is often said that in a con-
denser the Current Leads go° ahead of the voltage. That is
saying the same thing.

The reactance of a condenser is best understood by an
example.

What is the reactance of a 2uf. condenser at 8oo cycles?
The question and answer are well worth remembering, for
reasons that will be described.
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.
Here C is o8 and w = 27 X 800 = 5,000 nearly.

I I
Soreactance = =
87 2 X 5000
108
. . 2
Invert the divisor oo thus:
I 108 1000000
— X — = - = 100.
5000 2 I0000
So it is 100 ohms. This means that at that frequency 20

E 20

volts would give a current of [ = o———— = which is
Reactance 100
$ ampere.
Notice now the result of a different frequency in the case

of coil and condenser.

The Variation of Reactance with frequency and size of
components.

If with an inductance—and in discussing inductance one
ignores resistance to make it clear what inductance is and
does—we double the frequency, then because it is Lw that
is L multiplied by w, the reactance is doubled.

Also a double size of inductance gives double reactance
with the same frequency. With Condensers it is quite

. . . . I
different. Here it 1s I and as I is less than I or — then
Cw 10 5 2

?Iu; is a smaller reactance in ohms if Cw is larger. Thus a
larger condenser or a higher frequency lowers the reactance.
If then 2uf. at 8oo cycles is 100 ohms, it follows that 4uf.
at 8oo cycles is 50 ohms, and 4 uf. at 8,000 cycles is 5 ohms.

Making of Inductances.

If a large number of henries is needed, the method of con-
struction is to use an iron core of stampings and wind many
turns. These stampings are often as shown in Fig. 67.

They are also used for transformers. The use of a number
of them saves the generation of large currents in the iron core.
These would be set up because iro