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Introduction

This second volume in the series shows how the basic
principles of electricity apply to the behavior of AC and
DC circuits, the building blocks from which all electrical
and electronic equipment is made. As the principles of cir-
cuit operation are presented, they are related to familiar
applications to help you understand both the principle itself
and how it can be put to practical use. Thus the learning
process is made easier, and your interest in the subject is
maintained. In this volume you will progress beyond basic
generalities and begin to learn specific facts of greater prac-
tical importance. After studying this volume, you will be
able to apply your knowledge of circuit fundamentals to
the analysis of how electrical and electronic devices work.

WHAT YOU WILL LEARN

This volume explains how the relationship between volt-
age and current in a circuit depends on the arrangement of
components in the circuit. You will learn about these
components (resistors, inductors, capacitors, transformers,
etc.) and study the basic ways in which they can be con-
nected. Methods of calculating the combined effect of sev-
eral resistors, inductors, or capacitors connected in a circuit
are also discussed. The text -explains reactance—how in-
ductors and capacitors produce different results for AC than
they do for DC. You will discover how reactance and resist-



ance produce a combined effect called impedance. Special
combinations of capacitance and inductance that produce a
condition called resonance are presented, and you are shown
how this condition can be put to use in tuning radio and
television receivers, as well as in many other applications.
The meaning of phase and the use of vectors when studying
the actions of AC in a circuit are explained. You will be-
come familiar with time constants and be introduced to the
fundamentals of pulse circuits. Finally, you will study about
transformers, how they work, and how and why they are
used.

WHAT YOU SHOULD KNOW BEFORE YOU START

Before studying this text it is desirable, but not absolutely
necessary, that you have a general familiarity with the
basic principles of electricity and electronics (such as is
provided by Volume 1 of this series). However, the only
essential prerequisites for learning about AC and DC cir-
cuits from this text are an ability to read and a desire
to learn. All terms are carefully defined. Enough math is
used to give precise interpretation to important principles,
but if you know how to add, subtract, multiply, and divide,
the mathematical expressions will give you no trouble.

WHY THE TEXT FORMAT WAS CHOSEN

During the past few years, new concepts of learning have
been developed under the common heading of programmed
instruction. Although there are arguments for and against
each of the several formats or styles of programmed text-
books, the value of programmed instruction itself has been
proved to be sound. Most educators now seem to agree that
the style of programming should be developed to fit the
needs of teaching the particular subject. To help you pro-
gress successfully through this volume, a brief explanation
of the programmed format follows.

Each chapter is divided into small bits of information
presented in a sequence that has proved best for learning
purposes. Some of the information bits are very short—a
single sentence in some cases. Others may include several
paragraphs. The length of each presentation is determined



by the nature of the concept being explained and the knowl-
edge the reader has gained up to that point.

The text is designed around two-page segments. Facing
pages include information on one or more concepts, complete
with illustrations designed to clarify the word descriptions
used. Self-testing questions are included in most of these
two-page segments. Many of these questions are in the form
of statements requiring that you fill in one or more missing
words ; other questions are either multiple-choice or simple
essay types. Answers are given on the succeeding page, so
you will have the opportunity to check the accuracy of your
response and verify what you have or have not learned be-
fore proceeding. When you find that your answer to a ques-
tion does not agree with that given, you should restudy the
information to determine why your answer was incorrect.
As you can see, this method of question-answer program-
ming insures that you will advance through the text as
quickly as you are able to absorb what has been presented.

The beginning of each chapter features a preview of its
contents, and a review of the important points is contained
at the end of the chapter. The preview gives you an idea
of the purpose of the chapter—what you can expect to learn.
This helps to give practical meaning to the information as
it is presented. The review at the completion of the chapter
summarizes its content so that you can locate and restudy
those areas which have escaped your full comprehension.
And, just as important, the review is a definite aid to reten-
tion and recall of what you have learned.

HOW YOU SHOULD STUDY THIS TEXT

Naturally, good study habits are important. You should
set aside a specific time each day to study in an area where
you can concentrate without being disturbed. Select a time
when you are at your mental peak, a period when you feel
most alert.

Here are a few pointers you will find helpful in getting
the most out of this volume.

1. Read each sentence carefully and deliberately. There
are no unnecessary words or phrases ; each sentence pre-




sents or supports a thought which is important to your
understanding of electricity and electronics.

. When you are referred to or come to an illustration,
stop at the end of the sentence you are reading and
study the illustration. Make sure you have a mental
picture of its general content. Then continue reading,
returning to the illustration each time a detailed
examination is required. The drawings were especially
planned to reinforce your understanding of the subject.

. At the bottom of most right-hand pages you will find
one or more questions to be answered. Some of these
contain “fill-in” blanks. Since more than one word might
logically fill a given blank, the number of dashes indi-
cates the number of letters in the desired word. In
answering the questions, it is important that you
actually do so in writing, either in the book or on a
separate sheet of paper. The physical act of writing
the answers provides greater retention than merely
thinking the answer. Writing will not become a chore
since most of the required answers are short.

. Answer all questions in a section before turning the
page to check the accuracy of your responses. Refer to
any of the material you have read if you need help. If
you don’t know the answer even after a quick review
of the related text, finish answering any remaining
questions. If the answers to any questions you skipped
still haven’t come to you, turn the page and check the
answer section.

. When you have answered a question incorrectly, return
to the appropriate paragraph or page and restudy the
material. Knowing the correct answer to a question is
less important than understanding why it is correct.
Each section of new material is based on previously
presented information. If there is a weak link in this
chain, the later material will be more difficult to
understand.

. In some instances, the text describes certain principles
in terms of the results of simple experiments. The in-
formation is presented so that you will gain knowledge



whether you perform the experiments or not. However,
you will gain a greater understanding of the subject if
you do perform the suggested experiments.

7. Carefully study the review, “What You Have Learned,”
at the end of each chapter. This review will help you
gauge your knowledge of the information in the chapter
and actually reinforce your knowledge. When you run
across statements you don’t completely understand,
reread the sections relating to these statements, and
recheck the questions and answers before going to the
next chapter.

This volume has been carefully planned to make the learn-
ing process as easy as possible. Naturally, a certain amount
of effort on your part is required if you are to obtain the
maximum benefit from the book. However, if you follow the
pointers just given, your efforts will be well rewarded, and
you will find that your study of electricity and electronics
will be a pleasant and interesting experience.
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1

Understanding
Basic Principles

It is important that you

What You learn to visualize and
. describe electron flow and
Will Learn be able to define the differ-

ence between conductors and
insulators. In this chapter you will learn to identify and
describe the six methods for developing electricity. You
will determine the effect of resistance and voltage on
current flow and become familiar with actual devices.

WHAT IS ELECTRICITY?

Electricity is voltage and current. Voltage is electrical
pressure, and current is the flow of charged particles.

VOLTAGE AND CURRENT |

N /
LOAD
BATTERY LAMP -

v = AN
SOURCE |- |

FLOW OF ELECTRONS

Voltage (electrical pressure) is an excess of negatively
charged particles at one terminal of a source with respect
to the other terminal.

Current is the movement of these charged particles from
the negative terminal of the source (battery), through the
load (lamp), and back to the positive terminal of the source.
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THE MOLECULE

To establish a mental picture of these charged particles
and their movement, you must visualize how all matter is
put together. First, consider the smallest grain of salt you
can see. Assume that we break it in half and then break

TINY O
GRAIN AN
OF SALT [ Ooohb:... )

-

o= T
Em {< _ _ THE SMALLEST POSSBLE
PIECE OF SALT

one of the halves in half, continuing the process until we
have the smallest piece of salt possible. This piece cannot
be seen, even with the most powerful microscope. This
breakdown to the smallest possible piece of salt would
require several million of the .-of-1 steps.

The smallest possible piece of salt is called a molecule. It
consists of two elements—chlorine and sodium. A molecule,
by definition, is the smallest particle of a substance that
still retains the same physical and chemical characteristics

SODIum

SALY
MOLECULE

CHLORINE

of the substance. A molecule of salt is made up of two
elements—one part chlorine and one part sodium-—chemi-
cally bonded, or “welded,” together. Water is composed of
two parts hydrogen and one part oxygen.

THE ATOM

The elements that are bonded together to form the mole-
cule are called atoms. The atom, by definition, is the smallest
portion of an element which exhibits all properties of the
element. An element is one of a class of substances (of

18



which more than 100 are now recognized) which cannot be
separated into substances of other kinds. The atom is made
up of even smaller particles called protons, electrons, and
neutrons. There are other tiny particles in an atom, but
these three are all that will be discussed.

EQUATIONS FOR SALT AND WATER
ONE MOLECULE _ ONE ATOM OF SODIUM 4

OF SALT ONE ATOM OF CHLORINE
ONE MOLECULE _ TWO ATOMS OF HYDROGEN +
OF WATER ONE ATOM OF OXYGEN

The helium atom has two electrons in orbit around a
nucleus of two protons and two neutrons. An electron has
a negative charge that is equal to but opposite in polarity

THE HELIUM ATOM

© = THE NEGATIVE PARTICLE = ELECTRON
© = THEPOSITIVE PARTICLE = PROTON
® = THE NEUTRAL PARTICLE = NEUTRON

to the positive charge of a proton. The atom is very similar
to the solar system in structure.

PART OF THE SOLAR SYSTEM

VENUS AND
MERCURY

y IN ORBIT
/ ud AROUND

THE SUN

(THE SUN 1S
THE NUCLEUS)

MERCURY o

Q1. Of what would the smallest particle of water be
made? Draw a diagram similar to the one for a
molecule of salt on a separate sheet of paper.

19



Your Answer Should Be:

Al. The smallest particle of water would be made of
two parts hydrogen and one part oxygen.

\/

I/ \
HYDROGEN |

! HYDROGEN

A MOLECULE OF WATER

FREE ELECTRONS

If the proper amount of energy in the form of heat, light,
electrical pressure, etc., is concentrated in an atom, it can
cause the atom to give up or take on electrical particles. Ele-
ments differ from each other by the number of electrons in
orbit and how many protons and neutrons are in the nucleus.

Normal atoms have the same number of protons in the
nucleus as they have electrons in orbits.

47 ELECTRONS

= 2N
47 PROTONS

F_
29 PROTONS

29 ELECTRONS

COPPER

SILVER

Electrons do not all move in the same direction around
the nucleus. They travel in many different orbit paths (as
many paths as there are electrons). Counting from the
nucleus outward, the greatest number of electrons that can
exist in the first and second orbit zones are 2 and 8, respec-
tively. Subsequent zones may be filled by 8, 18, or 32 elec-

20



trons. When the outer orbit zone is not completely filled,
the element (atom) has the ability to release free electrons
when voltage is applied.

Silver and copper atoms have only one electron in their
outer orbit zone. The amount of energy needed to move
these electrons to a nearby atom will be less than if the
outer orbit zone were completely filled.

Some elements have all of their orbit zones completely
filled. These elements are called inert because they will
neither give up nor accept an electron from another atom.
The neon atom is a good example of this concept. Its atomic
number is 10—it has 10 electrons in orbit around a nucleus
containing 10 protons. As can be seen in the illustration
below, the outer orbit zone contains 8 electrons, thus it is
completely filled. By contrast, the fluorine atom has only 7
electrons in its outer orbit. This makes chlorine an active
element rather than an inert element.

THE NEON ATOM THE FLUORINE ATOM
ATOMIC NUMBER -10 ATOMIC NUMBER -9
MISSING ONE
NUCLEUS  __ “HiEcTRON

©

\ NUCLEUS CONTAINING
PROTONS & NEUTRONS

Q2. An atom, like the solar system, is mostly — — — _ _.

Q3. Could a molecule be a single atom? (Review each
definition carefully.)

Q4. The electrons go from the negative terminal,
through the load, and to the positive terminal of
the source. What path do they follow inside a
battery?

Q}5. Name the particles in the nucleus and assign the
proper charges. Assign the proper charge to the
particles which orbit about the nucleus.

21



Your Answers Should Be:

A2. The atom, like the solar system, is mostly space.

A3. Yes, if the substance in question is one of the 103
elements.

A4, The electrons, or the flow of negative charges, must
move from the positive terminal of the battery
through the battery to the negative terminal.

A5. The nucleus contains protons (a proton has one
unit of positive charge) and neutrons (a neutron
has one unit of positive and one unit of negative
charge). Electrons are in orbit around the nucleus.
The electron is assigned one unit of negative
charge.

THE ION

If enough force or energy is applied to an atom it is pos-
sible to add or take away an electron or two. If this happens,
the atom will have an unbalanced electrical charge (unequal
number of electrons and protons). This unbalance will cause
the atom to have either a negative or positive charge. When
an atom is charged (either negative or positive), it becomes
an ion. A negatively charged atom is called a negative ion,
and a positively charged atom a positive ion.

CHLORINE

SODIUM

-8

POSITIVE 1ON NEGATIVE ION

It was shown earlier how the sodium and chlorine atoms
were bonded to form common household salt. This bonding
is not a difficult thing to understand if you consider that

22



the sodium positive ion shares its outer electron with the
chlorine negative ion so that the two bond together to form
balanced outer-orbit zones. That is, the sodium atom shares
its outer electron with the chlorine atom, which permits the
chlorine outer-orbit zone and the sodium outer-orbit zone to
be effectively filled.

SALT=SODIUM AND CHLORINE ATOMS BONDED

This sharing process establishes a stable combination (a
molecule of salt) which is difficult to break. In the combina-
tion (molecule), you could consider the sodium atom capable
of being a positive ion and, at the same time, the chlorine
atom capable of being a negative ion if either should become
isolated.

*

THE ARGON // Yo ATOMm
Lo d Ty
THIRD (QUTER) «” T
A

A” . /
/ ' |
ORBITZONE /|
/ 41 PROTONS+ lo
B %
AN . "/\
/ Mo -7 /I/
=Ze — 1 FIRSTORBIT ZONE

\ ~—SECOND ORBIT ZONE
\ /

\ /
\ /

oo

~

-

Q6. Could argon, with an atomic number of 18 (18 elec-
trons and 18 protons), be considered a free-electron
type element? Why?
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Your Answer Should Be:

A6. No. Argon has all orbit zones completely filled.
Each argon atom has 2, 8, and 8 electrons in its
three orbit zones, making it inert.

FORCE AND FLOW

To have electrical movement, energy must be applied to
the atoms in a material. For the electrical movement to be

e i+ HEAT CAUSES ELECTRONS TO JUMP FROM ATOM 10 ATOM

390900 Rp00R ¢

| Q38 9080560

|Po,Ra@P Pyl
e\@@?’ Q 3

HEAT SCATTER
EFFECT

L T
P

" METAL BAR

of value, the energy must be apblied in such a manner as

to move a relatively large number of electrons in the desired
direction.

DIRECTED FORCE
PUSH METAL BAR . PULL
OJOXC) ) O~ OO~ WeoNeWy. | [CJOXO)
0606 £ @‘@*@*O‘@‘@*@‘@*@w,,@@@
000 | O-0-0-0-0-0-0-0-0-O-

oJoJo)
888 O-0-0-0-0-0-0-0-0-0- |/ OO

00-0-0-0-0-0-0-0-0- /000
©00 ELECTRICAL PRESSURE 6(?,_(9

BALL STRIKES—={  CAUSES '—— BALL TO POP OFF END
1900000041
Electrical pressure is the most common form of control.

This electrical pressure, or force, is made available by many
forms of voltage sources.
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A voltage source is an excess accumulation of negatively
charged ions in one area with respect to another area.

A FLASHLIGHT CELL

000060060 0
CREICHCHCRCNONCRCRCN NS s
R "o 00 o)
/00000066 0O006o\o CENTER POST
OUTSIDE SHELL
T+ +
NEGATIVELY | posiivery | T+ T
CHARGED CHARGED |+ + +—@
SIDE SIDE + 4+ +
+ + +

A battery is one such form of voltage source. It has an
excess of negative charges on one terminal and a lack of
negative charges on the other terminal. When the two bat-
tery terminals are applied properly to other elements, a
complete path from one terminal to the other is formed.
The more negative terminal gives off negative charges that
pass through the other elements to the positive terminal.

b /LOAD
l BATTERY LAMP @ _
3V = ’

SOURCE |~ |

FLOW OF ELECTRONS

This process continues until the charges on the two ter-
minals are equal. This does not mean the terminals have to
be so completely neutralized that no electrical charge exists
on either terminal. Under this condition, the battery is
discharged (run down).

Many processes in electricity are described in terms of
electrical charge. Not only must you be concerned with the
amount of electrical charge, you must also be concerned
with the polarity (negative or positive).

Q7. Consider the salt molecule. Could the effect of
electrical charges, one atom to the other, hold it
together?

25



Your Answer Should Be:

A7. Yes. Electrical charges do affect the bonding of the
two atoms, one to the other.

Electrons and Ions

One atom is constantly trying to steal an electron from
another atom so that the last orbit zone will be completely
filled. This results in the production of two ions (if they
are considered separately)—one negative and the other posi-
tive. The two atoms are thus held together because of the
unlike charges attracting each other.

Why is it the earth does not go crashing into the sun?
These two bodies are attracted to each other. If this attrac-
tion did not exist, the earth would not revolve around the
sun in its yearly orbit. Instead, the earth would go rambling
off into space. If you swing a ball in a circle at the end of
a string, the ball tends to pull away from you. If you pull
back with an equal force, the ball remains the same distance
from you. The same is true of the earth and the sun. If the
earth were to speed up (go faster in its orbit about the
sun), it would slowly move farther and farther away from
the sun. If it were to slow down, it would finally collide with
the sun.

FORCE and | 1he SYN

EARTH'S CENTRIFUGAL

.- ———— —— = EARTH )Y = — = SUN PULLS AT SUN
FORCE 1S EQUAL TO THE EARTH WITH
THE SUN'S PULL | A GREAT FORCE
I
.' 7
PATH IT TRIES YEARLY ORBIT
TO FOLLOW PATH

With respect to the ratios of size and weight indicated
between the earth and the sun, how do the particles in the
tiny atom compare? First, the electron is many times
lighter than the proton. Second, the proton is slightly lighter
than the neutron. With nearly all the mass or weight in the
center (nucleus) of an atom and the lighter particle moving
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about it in an erbit, the electron is the most likely particle
to be disturbed by some external force. However, the entire

THE ION PATH

POSITIVELY CHARGED PLATE
R R e AR SAR

p
NEGATIVE .

A e
E == ION \he——_—-r -
_— ION PATH \.’"

VOLTAGE - // POSITIVE ION
SOURCE |

NEGATIVELY CHARGED PLATE

travel in a directed line? Yes. If positive, it will be repelled
by another positive force or attracted by a negative force.

THROWN -OFF ELECTRON
HEAT, LIGHT, OR +!

ELECTRICITY

LIGHT
ENERGY

AFFECTS THE
ELECTRON

ELECTRIC
FORCE

Q8. What happens in the atom, with reference to the
description of forces on the earth? Draw the atom
to include the nucleus and the orbiting electrons.

Q9. Could the earth be made to move in a straight line?

Q10. Show by an illustration what effects positive and
negative forces have on a negative ion.

Q11. Draw a lithium atom, atomic number 3. Label the
free electron.

Q12. What effect do the neutrons within an ion have on
the movement of the ion?
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Your Answers Should Be:
AS8.

(SPEED AND
WEIGHT) NUCLEUS
PULLS
ELECTRON _
CENTRIFUGAL
FORCE l

|
PATH IT wouLp !
FOLLOW [F NO—
NUCLEUS PULL ¥

A9. Yes, if enough force were applied from some

source that had a much greater pull than that
applied by the sun,

Al0.

SOURCE

ELECTRON ORBIT
PATH—__

+ SOURCE

All  FREE ELECTRON

LITHIUM ATOM

A12. They have the effect of slowing down the move-
ment of the ion because of their mass. Without
the neutron the ion could be moved more easily.

PRODUCTION OF ELECTRICITY

Electricity is produced by a movement of charges between
two terminals. One terminal collects negative charges and
the other positive charges. Electricity can be the movement
of free electrons from one point to another. A DC gen-
erator, a device for producing a constant voltage, moves an
excess of electrons in one direction through a series of wind-
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ings. The electron movement is caused by the loops of wire
cutting magnetic fields.

A GENERRTOR

A FORCE TURNS THE
~ GENERATOR SHAFT

A MAGNETIC NORTH

" L AND SOUTH FIELD
;;‘ .S :’ifg

WIRES ROTATED SO :
AS TO CUT THROLGH ——
THE MAGNETIC FIELD

/A
BRUSHES

Electricity can also be a movement of positive ions in one
direction and, at the same time, a movement of negative
ions in the other direction.

et
g
i SIONL -}
Bamcati e |
/lh_]! )'

In order for electricity to be produced, there must be a
way to transfer charges from one place to another. This

transfer of charges is made possible by the use of
conductors.

Q13. What is the source of electricity called?

Q14. How is the source of electricity made available to
other locations?
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Your Answers Should Be:
A13. A voltage source.

Al4. Electric charges are transferred from one location
to another by conductors.

CONDUCTORS AND INSULATORS

The use of a conductor as the path by which electrical
charges are transferred from one point to another is dem-
onstrated in automobiles, homes, aircraft, ships, and almost
anything else you can name. Examples of insulators are the
large glass shields used to support wires and the rubber or
plastic coverings along the surface of the conductors.

_INSULATOR
) INSULATORS _
CONDUCTOR CONDUCTOR =
LINE CORD ]
INSULATOR — | ﬂ‘ g POWER- LINE
(THE FIBER BOARD) CONDUCTOR

PRINTED-CIRCUIT BOARD
Conductors

A conductor is a free-electron material which serves as a
path for electric current.

CONDUCTORS

HIGH-
&POWEI&'NE

STRANDS OF _SOLID COPPER ..
COPPER WIRE - WIRE

Some materials are better conductors of electricity than
others. The availability of more free electrons in silver and

copper, for example, makes them better conductors than
iron or steel.
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Insulators

An insulator is a material through which electric current
will not flow easily; thus, an insulator may be used to sep-
arate conductors from each other. An insulator may also
be a covering over each conductor, permitting two or more
conductors to be positioned near each other without danger
of current following an undesired path between the con-
ductors. In all cases, the insulator, to be effective, must
present a path of high opposition to electron or ion flow.

“PLASTIC

RUBBER COVERING USABLD (AL GLASS

Any insulator, however, will become a conductor of elec-
tric current if subjected to a sufficiently high voltage. This
is true because of the atomic structure of all elements. The
insulators in the following list will remain insulators under
normal values of house voltage (120 volts).

Conductors Insulators
silver glass
gold porcelain
copper plastic
lead rubber
tin mica
brass ice and snow (pure)
aluminum nylon
bronze bakelite
nickel paper
iron and steel wood
cadmium paraffin
graphite quartz
mercury dry air

Q15. With respect to the orbit zones, how should an
atom in an insulator be constructed?

Q16. With respect to the orbit zones, how should an
atom in a conductor be constructed?
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Your Answers Should Be:

Al5. Each atom should have completely filled orbit
zones.

A16. Each atom should be a free-electron type element.

STATIC ELECTRICITY

Static electricity is the production of a difference in elec-
trical charges between two materials as a result of friction.
Rubbing one type of material against another, each of dif-
ferent orbit-zone construction, causes electrically charged
particles to be transferred from one material to the other.

CHARGING A BALLOON

nghtmng is an examp]e of statlc electricity, and is the
result of an accumulation of charges caused by friction
between cloud layers or between clouds and the earth. When
the charge becomes great enough, it breaks down the insu-
lating air. The resulting discharge produces the familiar
lightning flash.

The sparks that jump from your fingers to metal objects
or to other persons is another example of static electricity.
The sparks are the result of your body becoming charged by
walking across a rug and discharging to an object having a
neutral charge.

VEMENT
CHARGING MOVENEN COLLECTS CHARGE
4 CLOUD FROM DRY AIR
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Electrical Charge

Electrical charge is founded on a basic electrical principle.
The electron is considered to be a negative particle, and the
proton is considered to be a positive particle. These are the
two elementary electrical particles on which all other expres-
sions of electrical charge are based.

An ion is another example of a negative or positive charge.
Whether the ion is positive or negative depends on the num-
ber of electrons in the outer orbit and the number of protons
in the nucleus. If the electrons outnumber the protons, the
atom is a negative ion. If the protons outnumber the elec-
trons, the atom is a positive ion. It is very difficult to
determine if a single atom is an ion, and whether it is posi-
tive or negative even after it has been found to be an ion.

There are ways to measure the overall effect of an accu-
mulated charge. The most common method is with a meter,
such as a voltmeter, ammeter, or a combination unit known
as a multimeter.

Mff[ﬁg AMMETER

(CURRENT)

[

BV a1V 100V

© © ©

COM. " 5A - -.50A

AUTO DASH

VOLTMETER

MULTIMETER
These devices indicate an approximate measurement of
charges. Yet, these measurements are sufficiently accurate
to serve as standards on which electrical and electronics
personnel base their evaluations.
Q17. The electronisa - — —— ——__ particle.
Q18. The protonisa — — ——— —__ particle.

Q19. What two factors determine whether an ion will
be charged positively or negatively?

Q20. How could you measure the overall effect of an
accumulated charge?
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Your Answers Should Be:

A17. The electron is a negative particle.

A18. The proton is a positive particle.

A19. The number of electrons in the outer orbit and the
difference in number between electrons and pro-
tons in the atom.

A20. You can measure the overall effect of a charge by
the use of a meter.

Like and Unlike Charges

Another principle on which all other concepts of electricity
are founded is the fact that like charges repel and unlike
charges attract.

N CHARGES N

- (- +
I [ © Emp |1

- +

C LIKERCEI-F”‘EEGES UNL':TETIE%?GES j

A negatively charged body placed near a positively charged
body produces a force of attraction between them. One body
tries to contact the other in an attempt to neutralize, or
balance, the charges. You can try a simple experiment to
demonstrate this principle. Inflate a rubber balloon and rub
it on your hair. (Make certain your hair is dry and clean.)

BALLOON
N AND STATIC
== _ CHARGES

SRR AT i s

RE X £%

Now place the balloon near a wall. The balloon clings to the
wall because of the negative static charge it accumulated.
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When a charged particle comes in contact with a neutral
particle, the charge will be equalized (divided equally)
between the two particles. If the original charge is great
enough, both particles will then acquire a like charge and
repel one another. This can easily be seen if a pith ball is
given a negative charge and allowed to come in contact with
a neutral pith ball.

 m— C—{—Fr—>
;ATTRACT SWINGS

~. TOGETHER
S O =

NEGATIVELY EQUAL NEGATIVE
CHARGED NEUTRAL TOUCH AND CHARGES

PITH BALL  PITH BALL EQUALIZE
(NOT NEUTRALI!ZE)

You can perform another experiment using an electroscope
to illustrate the principle of attraction and repulsion between
static charges.

What you will need to build an electroscope:

1. One clear glass bottle (1 pint) and a rubber cork to fit.
2. One metal rod, approximately Y inch in diameter.

3. Two thin pieces of aluminum foil (1 inch X % inch).

METAL ROD

AN
ELECTROSCOPE

LENGTH
OF THREAD

FOIL

AL-PINTBOTTLE NS
Q21. Why was the balloon attracted to the wall?
Q22. What charge was left on your hair?
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Your Answers Should Be:

A2l. Because the wall has a neutral charge and unlike
charges attract one another.

A22. A positive charge.

Electroscope Demonstration

Testing the electroscope:

1. Rub a rubber comb with fur.

2. Touch the metal rod with your finger.

3. Touch the metal rod with the charged comb.
4. The pieces of foil should repel one another.
Next test:

1. Touch the metal rod with your finger.

2. Charge the comb using the fur.

3. Bring the comb near the rod (do not touch the rod).
Now touch the rod with a finger from your other hand.

4. Remove your finger from the rod.
5. Remove the comb from the vicinity of the metal rod.
6. The foil strips should repel one another.

Charging by Contact and Induction

RUBBER
COMB

++++4+++])

TEST #2
INDUCTION
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Forces Between Charged Objects

You can visualize the effects of charged bodies on one
another and on neutral bodies. First, what is the effect
called which caused the foils to be repelled, or the pith ball
to be attracted or repelled? The answer is force. How do
you determine just how much force and what caused it to
exist? The answer is charge. The amount of charge deter-
mines the amount of force. How can the charge be meas-
ured ? Each object must be measured separately with respect
to a neutral object.

NEUTRAL

MEASURING CHARGE
— p——
NO CHARGE CHARGE

Multiply the numerical value of charge on one object by
the numerical value of charge on the other. The product
gives the total charge. The greater the total charge, the
greater is the force.

X
MORE CHARGE—-
MORE FORCE
-~ | b LARGE -+
SMALL CHARGE CHARGE

23. What is the charge condition on the metal rod and
the comb at the completion of the first test?

Q24. What is the charge condition on the metal rod and
the comb at the completion of the second fest?
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Your Answers Should Be:

A23. Equal and negative, because the comb took elec-
trons from the fur and transferred them to the
metal rod.

A24. The metal rod is negative because the comb re-
pelled electrons away from the tip of the rod and
the excess positive charges were removed via the
finger. The comb retains a negative charge.

Does the distance between the objects have any effect on
the force between them? Yes. The greater the distance, the
less effect one body will have on the other.

STRONG
REPELLING FOR
NG FORCE REPELLING

FORCE
Less Distance—More Force

There is one very important concept you must understand
before the mathematical expression which fits all of these
ideas can be determined. This concept states that the dis-
tance is not a direct measurement factor. For instance, if
the distance is doubled between the two objects, the force
effect between them will not be half as great, as might be
expected, but only a fourth as great. Why is this?

Consider the effect that only one charge has on the other.
If this charge is moved twice the distance away from the
other, it will have one half the effect as before. By the same
reason, the other charge will have one half the effect as
before. Therefore, one half times one half is one fourth.

A B A B
@ m— ) (D) m—(F)
L UNIT OF L/2 UNIT OF
REPELLING FORCE REPELLING FORCE

A B A B
|FORCE-1/2X1/2-1/4 '

The Effect of Distance on Force
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Now that the reasoning has been established, take a look
at the shorthand statement in a mathematical form.

F — Q; times Q. __ Q X Q2
d times d d*

where,

F is the force exerted between two charged bodies,
Q. is the charge on the first body,

Q. is the charge on the second body,

d is the distance between the two bodies.

The force will be in dynes, if the Q’s are given in electro-
static units and the distance is measured in centimeters
(cm). An electrostatic unit is defined as the charge required
to repel an equal charge 1 centimeter away, with a force of 1
unit. The unit of force is the dyne.

What is a dyne? First, what is force? One way of reason-
ing is to think of the effect you have on the speed of a toy
wagon by pushing it. It requires more effort on your part
to get it started. After it starts, you need only push with
a small effort to keep it at a constant speed. What if the
push against the wagon is always just as much as that with
which you started? The speed of the wagon will increase
and the force of your push must increase accordingly. The
speed of the wagon and the force of your push will increase
until the limit is reached where you cannot push any harder.
At this point the force against the wagon decreases and the
speed will no longer increase. If the pushing force decreases
below the amount required for a steady speed, the wagon
will slow down.

Solve the following problems, using the force expression




Your Answers Should Be:

A25. F = (6 X 5) -+ 100 = 0.3-dyne attraction.
A26. F = (5 x 10) = 25 — 2-dyne attraction.
A27. F = (20 x 50) — 100 — 10-dyne repulsion.
A28. F = (5 x 25) —+ 25 — 5-dyne repulsion.

Application of Force

A dyne is the force required to cause a l-gram mass to
travel a distance of % centimeter (¢cm) when the force has
been applied for 1 second. If this same 1 dyne of force is
continued for another second, the gram of mass will be 2
cm from where it started. At the end of the first second it
will be traveling at a speed of 1 cm per sec. At the end of
the second second it will be traveling at a speed of 2 cm per

 ORCE-MASS - SPEED

-

1 DYNE OF FORCE

I
fe———1 SECOND — 4 SPEED AT THI'S POINT WAS ZERO
\speeD ATTHIS POINT IS 1 CM PER SEC.

1 DYNE OF FORCE

e |
I zom ™| SPEED ATTHIS
fe—— 2SECONDS—— 4“4 POINT WAS ZERO

\SPEED AT THIS POINT IS 2 CM PER SEC.

A force of one dyne produces an acceleration of 1 centi-
meter per second per second on a 1-gram mass.
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One gram of matter is the measurement of how much
resistance a collection of matter offers to a change of motion.
One dyne of force applied to a 1-gram mass results in the
following speeds and distances traveled:

TIME

seconds 0 1 2 3 4 5 6 7
SPEED

cm per sec. 0O 1 2 3 4 5 6 7
DISTANCE

centimeters 0 v 2 4% 8 12% 18 24%

Graphical Representation of Forces

There are many methods used to represent the force be-
tween two charged bodies. These methods attempt to make
the idea of force between the two bodies easier to under-
stand or visualize, The following diagram is. not one of the
classical representations. Instead it emphasizes the poten-
tial difference from one plate to the other. Notice that the
force is equally distributed throughout the entire area be-
tween the two plates.

FORCE EXERTED BY TWO CHARGED BODIES

— -

PLATE 1 PLATE 2
TWO CHARGED BODIES

Q29. What is the electrostatic unit of force?

Q30. One — ——_ is the force required to cause a one
— ——— mass to travel a distance of %2 —— when
the force has been applied for one — — _ _ _ _.
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Your Answers Should Be:
A29. The dyne.
A30. A dyne is the force required to cause a one-gram

mass to travel a distance of %2 em when the force
has been applied for one second.

Electric Fields

In addition, there are other potential differences existing
between imaginary points located somewhere between the
two charged plates.
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POTENTIAL DIFFERENCE BETWEEN CHARGED PLATES

Because of the distance between P, and P, and the amount
of charge on each, there is a specific force between the two
plates. The force in this case is an electrical attraction of
one plate to the other.

If a charged particle is placed at point A,, a force acts on
the particle. For example, an electron placed at point A,
would be urged toward plate P.. Similarly, a force acts on
a charged particle placed at point B, or any other point
between the two charged plates. In the case of two parallel
charged plates, the amount of force acting on a charged
particle is the same for any position of the particle between
the plates.
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The region around the charged body is referred to as the
electrostatic field of force. The lines represent the path a
free electron would follow.

: ELECTROSTATIC

This area therefore contains electrostatic lines of force
between two charged bodies. There is an electrostatic field
around each charged body. When two positively or two
negatively charged particles are placed near each other,
their electrostatic fields repel each other. However, when a
positively charged particle is placed near a negatively
charged particle, their electrostatic fields attract each other.
Like charges repel, and unlike charges attract.

Q31. What two factors must be considered in determin-
ing the force exerted between two charged bodies?

Q32. The area surrounding a charged body is called
aan) —— - __ o ___ -
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Your Answers Should Be:

A31. The distance and the potential difference between
the two charged bodies.

A32. The area surrounding a charged body is called an
electrostatic field of force.

A33. Like charges repel, and unlike charges attraect.

ELECTRIC CURRENT

Electric current is the movement of electrical charges
from one location to another. This is normally considered
as the flow of current (electrons) through a conductor. It
can also be the movement of charged particles through a
battery or any other electrical component.

Even lightning is the result of the movement of charges
from one location to another. It is ion movement, primarily,
with positive ions moving in one direction at the same time
negative ions are moving in the opposite direction. The
movement is very fast and involves a tremendous number
of ions. This results in a very intense light which is the
result of a high concentration of forces discharging from
one cloud to another, or from a cloud to the earth, and
causing a large number of ions to flow.

CONCENTRATION Lightning CONCENTRATION
OF CHARGES \ OF CHARGES
/ : 1ON MOVEMENT / 3 \
) O,

POSITIVE NEGATIVE POSITIVE NEGATIVE

Moving Charges

Charges in motion, then, are actually the movements of
either free electrons or ions from one location to another.
This constitutes current flow, or electric current. Some peo-
ple describe the electrical flow of charges in terms of the
electron theory and others describe electrical flow in terms
of ions. Those that propose current to be a flow of elec-
trons employ the electron-current theory. When current is
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considered to be positive ions, the theory explaining its flow
is called conventional current flow.

Current is defined as the movement of electrons through
a conductor. Current is also the movement of ions through
a material. The most important factor you must remember
from discussions on the subject is the application of elec-
tron and conventional current theories.

Electron Current Theory

Electron current is said to flow through a circuit when
electrons are repelled by the negative terminal of a voltage
source and are attracted by the positive terminal. Inside
the source, electrons travel from positive to negative.

¢ N
ibcrron curkent FLov IS 35S
. J

|+

|

Conventional Current Theory

When current is explained as leaving the positive terminal
of a source and flowing through a circuit to the negative
terminal, the conventional current-flow theory is being used.

CONVENTIONAL L S
CURRENT FLOW e ',C .

Q34. Why can’t electron current be the only theory
employed?

Q35. Will the movement of negative ions produce the
same electrical effect as the movement of electrons?

()36. Can electrons be in motion from atom to atom
in the opposite direction to the motion of positive
ions?

Q37. Can both negative and positive ions be in motion
when current is said to flow?
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Your Answers Should Be:

A34. Because the movement of electrons can create ions
which will also move.

A35. Yes. The negative ions will be caused to move by
the same force that moves the electrons.

A36. Yes. The same force which causes positive ion
motion in one direction has exactly the opposite
effect on the electron.

A37. Yes. This will be clearly demonstrated later in
this chapter.

Current Units and Symbols

Just as there are measurement units for height, weight,
time, force, etc., there is also a measurement unit for cur-
rent. If this were not true, you could not measure current,
determine current from other known factors, or describe a
quantity of current to others. The unit of measurement for
current is called an ampere.

An ampere is the effect of 6,250,000,000,000,000,000 elec-
trons passing any point in an electrical circuit in 1 second.
It is easy to remember this number as 6.25 million, million,
million electrons, which can be written as 6.25 MMMe. It is
difficult to use such a figure continuously, so the term cou-
lomb is used in its place. That is, a coulomb is 6.25 million,
million, million electrons.

To measure electric current in a circuit, you must measure
how many charged particles pass any point in the circuit
per unit of time. The shorthand symbol assigned to repre-
sent current is I.

CURRENT-METER SYMBOLS

I IS EQUAL TO A NUMBER OF AMPERES
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An ampere is the standard unit of measure for current
(I) in a circuit. However, there are methods for describing
very small or very large currents.

Magnitude or Strength of Current

Feet and inches are smaller units than yards, a measure-
ment of length, The measurement unit for current, an
ampere, can likewise be subdivided. A milliampere, for
example, is 1/1000 (one thousandth) of an ampere. A
microampere is 1,/1,000,000 (one millionth) of an ampere.
Amp, milliamp, and microamp are accepted abbreviations of
ampere, milliampere, and microampere.

An ammeter often employs the smaller units of current
measurement. Meters must be capable of measuring differ-
ent values of current and, in some cases, revealing the direc-
tion of current flow.

An ammeter is a device having scales calibrated in
amperes, milliamperes, or microamperes, used for measuring
the total current flow in a circuit.

RED LAMP LIGHTS
WHEN NOT CHARGING

AMPLRE
INDICATORS

Q38. The unit of measure for current is the - —— —— —.
Q39. A(an) — —————— is 6.25 MMM electrons.

Q40. The shorthand symbol for current is
Q41. How can you measure the current in a circuit?
Q42. What is an ammeter?

Q43. How should an ammeter be connected to a circuit?

AMMETER
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Your Answers Should Be:

A38. The unit of measure for current is the ampere.
A39. A coulomb is 6.25 MMM electrons.

A40. The shorthand symbol for current is I.

A41. You can measure the current in a circuit with an
ammeter.

A42. An ammeter is an electrical device, having scales
calibrated in amperes or portions of an ampere,
placed in an electrical circuit in such a manner as
to indicate how much current is flowing.

A43. It must be placed in the circuit so as to monitor
all of the current in the circuit.

Current Measurement

An ammeter in an automobile indicates both minus and
plus charges (amperes). If the meter indicates minus, the
auto is using electrical power from the battery. If the meter

AMMETER
IN A
CIRCUIT

indicates plus, the auto is getting electrical power from the
generator and, at the same time, the battery is being
charged. Therefore, a minus meter reading indicates the
battery is being used, and a positive meter reading indicates
the battery is being charged. Before the days of long trips
and dependable voltage regulators on the automobile, the
operator had to watch the ammeter very closely.

The reason for the close observation was not only to
insure a well-charged battery for starting purposes, but also
to prevent an overcharge of the battery. Overcharge could
damage the battery, and undercharge could require manual
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cranking or a push to start the engine. Even close observa-
tion was not entirely satisfactory because it was a hit-and-
miss arrangement, and did not give the accuracy required
for long life and good dependability. Thus, the voltage reg-
ulator was developed, and man did not have to know quite
so much to operate his “horseless carriage.” The automo-
bile mechanic, however, had to know more and more about
electricity.

The requirement for electrical knowledge by a mechanic
is even greater today. Electrical devices in the automobile
are becoming more complex. This means a mechanic must
be better qualified in the use of electrical tools, electrical
systems, and the fundamental knowledge of electricity so
that he can identify maladjustments, failures, and any num-
ber of other problems which need his attention if the auto-
mobile is to perform properly. The use of an ammeter is
important to many others, for the automobile is only one
application of electrical devices.

Ampere symbols and their meanings are shown below.

Current Designation Meaning

1 symbol for current
1 ampere (amp) 1 coulomb per second

1 milliampere (ma)

1,0100 ampere = 0.001 amp

1

1 mi —
microampere (na) 1,000,000

ampere — 0,000001 amp

Q44. How much current is indicated on the following
meters?
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Your Answers Should Be:
A14. (a) +4 amps (b) —15 ma (c) 470 pa

VOLTAGE

Electrical pressure required to move current through a
circuit is called voltage. It is the accumulation of negative
electrical particles on one terminal with respect to positive
electrical particles on the other terminal of a voltage source.
It is the force that causes the movement of electrical par-
ticles through a circuit. Voltage, as a pressure, is often
called electromotive force.

Electromotive Force

The abbreviation for electromotive force is emf. This is
the force which causes electricity to flow when there is a
difference in electrical charge between two terminals.
Potential

Potential is another term associated with electrical pres-
sure, emf, and voltage. All of these terms are used inter-
changeably. The term potential generally denotes, however,
that voltage (emf or pressure) is available but not neces-
sarily being used to cause current flow. Voltage may be
described as a potential drop, potential difference, or voltage
potential.

F—1 VOLT —
O~ 0-0—

1 AMP eo—( VOLTAGE POTENTIAL

p:l VOLTﬂ?H-S—l VOLT ::‘

©— O~ O~10~ 0~ O~ +
O~ O~ O~ 10—~ O~ O~

1 AMP m————>

You can see that current will be the same through a con-
ductor (with a specific voltage applied) as it is through a
similar conductor twice as long but with twice the voltage
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applied. In each case, you could describe the voltage applied
as a potential difference between the two ends of the con-
ductor. What happens if the conductor is twice as long and
the same potential difference is applied?

As in the previous illustration, the conductors are of the
same material and cross-sectional area. The second con-
ductor is twice the length of the first and thus offers twice
as much material for current to flow through. Twice the
length of material means that current will encounter twice
as much opposition.

pe—————1 VOLT———

1 AMP

)

VOLTAGE DIVISION

e 1 VOLT >
- S i
1/2 AMP
—p

Voltage Definition

Voltage is electrical pressure. It is the force which causes
current to flow. Voltage can be described as the potential
difference between any two points.

Voltage Units and Symbols

The standard unit of measurement for electrical pressure
is the volt. The volt may also be described in smaller or
larger units. These other units are used for convenience of
expression in the same manner that milliamps and micro-
amps are used to define small quantities of current.

E is the letter symbol for voltage, and is used to represent
pressure in volts when working with electrical circuits.

Q45. Electrical pressure is called - — — — — —_.
()46. The unit of measure for electromotive force (emf)

Q47. What is voltage?

Q48. When 1 volt is applied across a 1-inch conductor, 1
amp of current is produced. How much current
will flow if 1 volt is applied across a 2-inch con-
ductor of the same material?
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Your Answers Should Be:
A15. Electrical pressure is called voltage.

A16. The unit of measure for electromotive force (emf)
is the volt.

A47. Voltage is the force that causes current to flow.
A48, Only 0.5 amp of current will flow.

Comparison of Voltage and Current

There are many values of voltage and current. For exam-
ple, voltages in a flashlight range from 1.5 to 9 volts or
higher; corresponding current in flashlights varies from a
few ma to 2 amps. Voltage in an automobile may be 6 or
12 volts; current varies from a few ma for small lamps to
several hundred amps for the starter. Voltages in a home
vary from 16 to 440 volts, depending on where you live and
what electrical devices are installed; and currents range
from a few ma to 20 amps or more.
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CHEMICAL VOLTAGE SOURCES

There are many ways to produce electricity, but there are
only six fundamental methods used to change another form
of energy into electrical energy. Five of them are shown

below.
VOLTAGE SOURCES

CHEMICAL MAGNETISM HEAT
(BATTERY CELL) AND MOTION (THERMOCOUPLE)

PLATES

MOVING WIRES THROUGH
A MAGNETIC FIELD

LIGHT

2P M CRYSTAL)

R (SOLAR CELL)
T - ELECTRICAL OUTPUT
7/ N
©
=~ ©
©
TRANSLUCENT VARIABLE PRESSURE

MATER | AL
SELENIUM ALLOY

HI-FI CARTRIDGE

action is used to develop a voltage potential. The cell is
the basic unit. A battery consists of two or more cells
placed together, end to end. For practical, uniform applica-
tion, a dry cell is considered to be a 1.5-volt source. A
lead-acid cell is a 2-volt source.

Q49. What is the method of producing electricity not
shown above? What is it called?
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Your Answer Should Be:

A49. The other method is friction. It is called electro-
static electricity.

The Dry Cell

The most common form of a cell is the flashlight cell. The
most common form of a battery is the automobile battery.

The cell is made with an outside protective covering which
is an electrical insulator and, at the same time, is a mechani-
cal support for all the other elements. Within this outer
shell there are two electrodes separated and surrounded by
an electrolyte. An electrolyte is any substance which, in
solution, breaks down chemically into ions, thus allowing
electric current to flow through it.

SULPHURIC ACID AND WATER
ELECTROLYTE

A SIMPLE CELL

The electrodes are generally made of two unlike metals.
Ionization of the electrolyte causes current to pass between
the two plates, or electrodes, in such a manner as to charge
one positively and the other negatively.

CURRENT FLOW
IN THE CELL
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The dry cell is the most common type of DC-voltage
source. It is eonstructed with an outside shell of zinec, a
center rod of carbon, and a paste form of electrolyte which
is a solution of ammonium chloride.

Cutaway View of a Dry Cell

METAL CAP — T = SEAL (TAR)
PAPSR
SATURATED
WITH _ :
AMMONIUM [ 41 InsuLaTinG
CHLORIDE N} 1] covers
|41 carBON ROD
—(POSITIVE POST)
4 FiLer-crANULATED
ZINC CASE : 1 CARBON AND
(NEGATIVE SIDE) BT ] MANGANESE DIOXIDE

The zinc and the electrolvte are gradually “used up” as
the dry cell supplies electricity. A dry cell is called a pri-
mary cell for this reason. The consumption of material in
the cell is a result of chemical action between the zinc and
the electrolyte. When the zinc case and the electrolyte
have been used for some time, the chemical action which
created the ion movement will decrease to a point where
the cell is considered run-down (discharged).

250. How does a cell produce voltage and current?

Q51. How would a dry celi be affected if the center rod
were made of zine and the outer shell of carbon?

Q52. How would a battery of 9 volts be constructed
using dry cells?

(53. What advantage is there to connecting the termi-
nals of two cells in parallel (positive to positive,
negative to negative)?

54. Why is a simple cell considered a primary cell?

(55. How many lead-acid cells are in a 12-volt car
battery?

Q56. If it takes the same amount of power (I X E) for
the starter to turn the engine in an automobile, in
which system (6-volt or 12-volt) would more cur-
rent have to be furnished to the starter motor?
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A55.
A56.

Your Answers Should Be:
A50.
A51.

By chemical action.

The cell would use the zine more rapidly than in
a normal cell.

. A 9-volt battery consists of six 1.5-volt dry cells

in series.

. Two cells in parallel provide the same voltage but

supply twice as much current as a single cell.

- A simple cell is a primary cell because it is used

up over a period of time or arrives at a condition
where there will be no more chemical action
between the zine and the electrolyte.

A 12-volt car battery contains six lead-acid cells.

A 6-volt system would have to furnish more
current.

When a dry cell is discharged, it must be replaced. There
are some discharge conditions in which a cell can be re-

charged, but these are very unreliable.

AIR VENT VENT PLUG

A
LEAD-ACID
CELL

POSITIVE SEDIMENT WOOD  NEGAT{VE
PLATES SPACE  SEPARATOR PLATES

The Lead-Acid Cell

The

lead-acid cell is the type used in an automobile bat-
tery and has a normal output of approximately 2 volts.
Since it can be recharged, a lead-acid cell is called a second-

ary cell.

56




A lead-acid battery must be constructed of a material that
will not be eaten away by the highly corrosive electrolyte.
For this reason, rubber or glass is normally used for the
case that contains the cells and solution.

Maintenance Precautions

The maintenance of lead-acid cells requires the observance
of certain safety and maintenance precautions to prevent
injury and damage. Reasons for such care include: (1)
the presence of dangerous sulphuric-acid electrolyte that will
eat through clothing and skin, (2) generation of explosive
fumes while battery is charging, (3) build-up of corrosion
on connections and vent caps.

The level of the electrolyte must be checked regularly to
insure maximum effectiveness of the cell. This is a very

NON-CONDLCTOR CONDUCTOR

An
ELECTROLYTE

AMMONIUM CHLOR| DE

WATER ADDED _ardie————
70 POWDER S0

POWDER
important monthly check for the automobile battery. If the
electrolyte is permitted to get too low, the battery may
become permanently damaged. The following is a list of
items to be used when taking care of this type of battery:

1. A recording ledger listing each cell, the charge condi-
tion and date, electrolyte added, and the visual con-
dition. Used as a maintenance history and to indicate
changes in cell condition. )

2. A cleaning brush, cleaning cloth, baking soda, and
water. To remove corrosion on terminals and case.

3. White petroleum jelly to cover the terminals after they
are cleaned and reconnected. Used to retard corrosion.

4. Charging equipment consisting of a battery charger,
charge-rate meter, hydrometer, and an area separated
from normally occupied areas so that a No SMOKING
rule may be observed.

Q57. What is the difference between a cell and a
battery?
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Your Answer Should Be:

A57. A battery is a combination of cells connected in
series to form a voltage source.

The care of the lead-acid cell when it is in use or when
it is being recharged requires special precautions.

1. Clean the battery or cell to remove corrosion. Coat the
terminals with petroleum jelly to insure continued good
connections.

2. Be careful when handling the battery to prevent spill-
ing the electrolyte and to prevent internal damage to
the plates. Remember that acid will cause serious burns
and will develop a highly explosive atmosphere in a
closed room.

A storage battery must be checked occasionally to see if
it is charged properly, has sufficient electrolyte, is free of
corrosion, and has clean tight connections. A hydrometer is
a device commonly used to check the condition (specific
gravity) of the electrolyte. In this way the condition of
charge can be determined.

A HYDROMETER
HOLLOW RUBBER BULB

1.000 1.200 1. 300
1.050 |1.250

HARD RUBBER

FLOAT WEIGHTED RUBBER HOSE
GLASS CASE  aND CALIBRATED

If the hydrometer reading is 1.210 to 1.220, the cell has
a full charge. If the reading is 1.180 or less, the battery
needs to be charged. If the reading is as low as 1.060, the
battery is completely dead. A battery will rarely have the
same reading for all cells. When using the hydrometer to
check the battery, always keep the small tube or tip over
the cell being checked so the electrolyte will drip back into
the cell. After using the hydrometer, rinse it with water to
remove any acid.
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A dry cell should be purchased with a degree of caution.
Even in storage, a dry cell will run down because of the
chemical action of its components.

A quick method for checking an automobile battery is to
try the horn. If the battery is weak, the sound of the horn
will be weak. If a battery is being run down, recharged, run
down, recharged again and again, its electrolyte level must
be checked often. If a starter motor seems overly sluggish
on cold mornings and the battery is known to be charged
and in good condition, then all connections and cables should
be checked. Many cars have been towed into a filling station
or garage only to have a mechanic tighten a loose bat-
tery cable. When removing an auto battery, always remove
the ground cable first. This will permit the use of metal
tools. If the ground cable is removed first, the battery will
be disconnected from the electrical circuit. Second, remove
the “hot” side. This side will have no way of discharging
to ground through a metal wrench if the ground post has
had all connections removed first. When replacing the bat-
tery, attach the hot side first, then the ground cable. Making
the ground connection last prevents arcing to the metal
chassis of the auto during connection of the hot side.

REMOVING AND INSTALLING A CAR BATTERY

REMOVE GROUND THEN REMOVE REPLACE "HOT"
BRAID FIRST "HOT" CABLE CABLE FIRST

THEN REPLACE
GROUND BRAID

Q58. What action takes place that causes a dry cell to
run down on the shelf?

59



Your Answer Should Be:

A58, Chemical action takes place within the cell even
without a load.

MAGNETIC VOLTAGE SOURCES

Electricity can also be generated by moving wires through
a magnetic field. Also, electricity may be produced by mov-
ing the magnetic field through a number of wires.
MAGNETISM AND CURRENT
DIRECTION OF MAGNET{C FIELD

+() e=1 | ] )—

VARV

THE DIRECTION OF THE MAGNETIC FIELD IS DETERMINED BY
USING THE LEFT HAND RULE

INDICATES DIRECTION
OF MAGNETIC FIELD

POINTS IN
DIRECTION

OF CURRENT —___*

OR FOR A COIL
v LT T s

(L THUMB POINTS IN N
D DIRECTION OF . S
MAGNETIC FIELD

FINGERS POINT IN DIRECTION OF ELECTRON FLOW THROUGH WIRE.

To determine which way current will flow as a result of
motion between a magnetic field and a wire, apply the left-
hand rule. This rule will determine direction of current flow
according to the electron theory. If the conventional cur-
rent-flow theory is followed, use your right hand instead.
Lines of force leave the north magnetic pole and enter the
south pole.
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The amount of current which can be generated by using
magnetism and mechanical motion depends on several fac-
tors. One factor is the number of magnetic lines of force
being cut. The greater this number, the greater the current

DIRECTION OF CURRENT FLOW
DIRECTION OF
ELECTRON FLOW

DIRECTION OF %ﬁéﬁg?g r

MOTION OF {,/ Force
CONDUCTOR A

s [
DIRECTION OF
MOTION OF CONDUCTOR
THROUGH MAGNETIC FIELD
will be. Another factor is the speed at which the lines of
force are cut by the wires. The faster the relative motion
between the two, the greater the force generating electron
flow will be. Finally, the greater the number of wires cut-
ting through the magnetic field, the greater will be the
number of electrons that flow,
Q59. In which direction will the electrons flow in the
following diagram?

SOUTH POLE CONDUCTORS
ROTATING DISK

CONNECTING
CORE

OUTPUT

Q60. Will an automobile generator produce more elec-
tricity when the car is traveling at 60 mph or at
20 mph?
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Your Answers Should Be:

A59. Left to right. (The effective direction of motion
of the conductor is opposite to the direction of
motion of the magnetic field.)

A60. The generator produces more electricity at 60
mph than at 20 mph.

HEAT-GENERATED VOLTAGES

Heat can be used to produce electricity by joining two
different metals, heating the junction, and taking the out-
put at the cooler end. Such a device is called a thermocouple
generator.

COPPER
CHROMEL METAL WIRE

A THERMOCOUPLE

COPPER

\M
JUNCTION
@ ALUMEL METAL WIRE

The thermocouple has many low-power applications. One
such example is the radio-frequency current meter in the
antenna circuit of a transmitter.

AN RF METER

WIRE HEATED BY
ANTENNA CURRENT

I <7

TO THE ANTENNA
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A thermocouple produces an amount of voltage which is
determined by the temperature difference between the two
ends. The higher the difference, the greater the voltage.

THERMOCOUPLE APPLICATIONS

COAL MINER'S
LAMP

Other applications for a thermocouple are in low-power
devices such as small transistor radios and carbide lamps
used by miners and hunters. A mixture of carbide and
water produces a gas that will burn. The flame from a car-
bide burner heats the junctions of several thermocouples.
The cooler ends are connected in series and produce a voltage
which is then used to light an electric lamp.

A THERMOCOUPLE
GENERATOR

How can you make a thermocouple? One way is to twist
the ends of an iron and a copper wire together. Heat the
twisted junction over a flame. If the free ends are connected
to a milliameter, a small current reading may be observed.

Q61. Recalling the effect heat had on freeing the elec-
trons in atoms, will the selection of thermocouple
metals determine how much current will flow?

Q62. If electrons flow from one type of metal to the
other in a thermocouple, is the current DC or AC?
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Your Answers Should Be:
A61. Yes. A62. DC.

LIGHT-GENERATED VOLTAGES

A solar cell uses light to produce electricity. This device
produces only very small amounts of voltage and current.
Light striking certain materials causes electrons to move
and develops a voltage at the terminals of the material. A
photoelectric cell develops a voltage in a similar manner.

PRODUCING ELECTRICITY WITH LIGHT

SELENIUM ALLOY COLLECTOR
IRON / /LENS OPENING IN

/// 1T -—— COATING
/ FOR LIGHT
4 | ucHr
7/ -

Z RAYS

-— SELENIUM

ALLOY

-+
-+
SOLAR CELL PHOTOELECTRIC CELL

The photoelectric cell is often called a PE cell. A PE cell
has many uses where a light beam can be broken, such as
the automatic foul-line indicator on a bowling alley. Another
application is an automatic lamp control. Here the PE cell is
mounted so light from the sun will cause it to conduect and
energize a relay. The energized relay turns the lamp off.

AUTOMATIC LAMP CONTROL

CHICKEN FEEDER HOUSE )—PE CELL
N ! e
@9,,\
L 2
110V g
O

RELAY PULLS SWITCH
DOWN DURING DAYLIGHT,

il
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Selenium, used in solar and photoelectric cells, contains
atoms that give up free electrons when struck by light. If
iron is used as backing, the selenium will emit electrons into
the iron. This will cause the iron to take on a negative
charge, and the selenium to take on a positive charge. Wires
connected to the two metals form the electrical source
terminals.

In the solar cell, electrons travel from the selenium to the
iron through their common bond. In the photoelectric cell,
electrons move from the selenium through an evacuated
area within the bulb to a center post.

Bonding, as used in a solar cell, is a common procedure
employed in the electronics field. The bond is an electrical
union similar to an electric weld. In fact, it is a bond created
by a high current which causes the iron and the selenium
to ionize and fuse together. When metals ionize they become
very hot, just as in electric welding. Ionizing, as you recall,
is the production of ions.

The vacuum bulb of the PE cell is the same type of evac-
uated bulb as that used for the electric light or the electron
tube. The purpose of the vacuum is to allow electrons to
travel from one location to another with a minimum of oppo-
sition from particles within the device. Air, for example,
contains many millions of tiny particles which would hinder
the flow of electrons.

The output of photoelectric and solar cells is very small.
Therefore, the device which they control must require only
a small amount of current. If they are to control larger
objects, some form of electrical amplification must be used.
The amount of voltage (or current) developed by these cells
depends on the amount of light striking the selenium.

63. Electricity is generated in the PE cell through the

electron-releasing action of — — ——————.

Q64. When — ———— strikes selenium, selenium gives
Off - e —.

065, A(an) — ————— allows electrons to travel with a

minimum of opposition.
Q66. The output of a PE cell is very (small, large).
Q67. The voltage output of a solar cell is — —————
with more light and — — — _ with less light.
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Your Answers Should Be:

A63. Electricity is generated in the PE cell through
the electron-releasing action of selenium.

A64. When light strikes selenium, selenium gives off
electrons.

A65. A vacuum allows electrons to travel with a mini-
mum of opposition.

A66. The output of a PE cell is very small.

A67. The voltage output of a solar cell is greater with
more light and less with less light.

PRESSURE-GENERATED VOLTAGES

Crystals of certain kinds produce electricity when pressure
is applied to them. A crystal phonograph pickup is of this
nature. It consists of two metal plates separated by a crys-
tal, and a needle which is vibrated by the wavy variations
in the groove of the record. These vibrations cause the
crystal to be alternately squeezed and released, developing a
small voltage across the terminals.

METAL PLATE
Phonograph
NEEDLE fCAUSES CRYSTAL TO VIBRATE

(CHANGE SHAPE) AND
PRODUCE ELECTRICITY

The crystal most commonly employed for this form of
electrical generator is Rochelle salt.

METAL

A Crystal Microphone

FLEX|BLE DIAPI':RAGM METAL PLATES

o

OuTPUT

SCREEN- WIRE 1]
PROTECTOR CRYSTAL
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The ability of these crystals to produce a voltage when
subjected to mechanical stress is called the piezoelectric
effect. Conversely, when a voltage is applied to such crys-
tals, a mechanical stress is produced.

QQ68. How does the amount of electricity produced by
a crystal compare with the amount of pressure
applied?

)69. How does sound produce electricity in a sound-
powered phone system?
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Your Answers Should Be:

A68. The greater the pressure is, the greater the
voltage.

A69. The pickup element (mouthpiece) transfers the
sound-generated vibrations to a crystal. Thus,
electricity is produced. The resulting current is
carried by conductors to the earpiece. The ear-
piece changes the electricity back into sound.

RESISTANCE

The amount of current flow in a circuit is determined by
how much voltage is applied and how difficult it is for cur-
rent to flow. Resistance is the term used to describe the
opposition offered to the flow of current.

How easily current will flow in a conductor depends on the
number of free electrons available in a given area of the
material. The longer the wire, the more resistance it has.

Longer —1VOLT~ 1VOLT

Conductor— m m

]g ore —?t [ )
esistance 1 UNIT OF RESISTANCE 2 UNITS OF RESISTANCE

At the same time, the larger the diameter, the less resistance
a wire has.
More Area—Less Resistance
1 VOLT

1 UNIT OF RESISTANCE

1voLr

:

:

=

1/2 UNIT OF RESISTANCE

;
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Computing Resistance of a Wire
The resistance of a wire can be determined as follows:

length

area (cross-section).
A wire 1,000 feet long will have twice the resistance of a
500-foot length having the same cross-sectional area. If
both are the same length, a two-inch diameter wire will
offer one-fourth as much resistance as a wire with a one-inch
diameter.

Since the specific resistance of metals used as conductors
can be determined, the preceding statement can be rewritten
as a formula:

Wire resistance is proportional to

R=p

|

where,

R is the resistance in ohms,

p (Greek letter rho) is the specific resistance of the mate-
rial per circular mil-foot,

L is the length in feet,

A is the cross-sectional area in circular mils.

RO O R TP R S A T SR I T Pt RO A I T RS o s TN e LR

AT

AREA IN I..———— LENGTH IN FEET—1

CIRCULAR MILS

AARENOIK

B B

R R A R R AT S S AP0 Ty W AR TN P

A circular mil is used as a unit instead of square inches to
measure cross-sectional area of a wire. Circular mils can be
determined by squaring the diameter (in mils) of a wire.
A mil is 0.001 of an inch.

If the above wire had a diameter of 0.06 inch, the area
(A) would be (60 mils)2, or 3,600 circular mils. If the diam-
eter was 0.6 inch, A would equal (600 mils)2, or 360,000
circular mils. If the two wires were of equal length, the
second wire would be able to conduct 100 times more cur-
rent, or offer 100 times less resistance, than the first wire.
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Specific Resistance

The value of rho (), the specific resistance of a conduct-
ing material, is expressed in ohms per circular mil-foot. The
table below provides the specific resistance for several con-
ducting materials. The ohmic values are given at 68°F.
Values will be slightly higher at higher temperatures.

SPECIFIC RESISTANCE (;)

. hm
Material circ(l?lar fnl;f-l;'oot
Silver 9.796 ohms
Copper 10.370 ohms
Aluminum 16.060 ohms
Tungsten 33.220 ohms
Nichrome 660.000 ohms

Using this information, what is the resistance of 1,000
feet of copper wire having a diameter of 0.1 inch? This
diameter is approximately the size of #10 electrical wire
used for some applications in home wiring.

L
R—e, =~
P A
p = 10.370 (from table)
L — 1,000 feet

A = 10,000 circular mils (100 mils squared)

1,000 1
— 10. ) — 10. 1.
R 0370)(10,000 10370)(10 1.037 ohms

Unless the diameter of a wire is extremely small, its
length very long, or its specific resistance high, the resist-
ance of a conductor in a circuit is usually not considered.
Therefore, unless stated otherwise, conductors will not be
considered as part of the circuit resistance in problems given
in this text.

However, care should be exercised in selecting the size of
a wire in circuits where current may be high. For example,
#12 (electrical gauge size) copper wire normally used in the
home has a safe current-carrying capacity of only 20 amps.
Higher current will cause it to develop too much heat.
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Valve Analogy

A valve used in the water system of a home is an example
of resistance. When the valve is closed, water does not flow.
If it is slightly open, a very small amount of water flows.
The valve presents opposition (resistance) to the flow of the
water. Even when the valve is completely open, less water
will flow than if the valve were replaced with a pipe.

Will a large water pipe let more water flow than one of
smaller diameter if the same amount of water pressure is
applied? The answer is yes. By the same reasoning, a large
wire will let more current flow than a small wire.

Will the length of the water pipe have any effect on the
amount of water that flows out of the end? Yes. The longer
the garden (lawn) hose you connect to the outside water
valve, the less water pressure there will be at the end of
the hose. Why is this? It is because the inside wall of the
hose offers resistance to the flow of water.

As water travels through the hose, the water molecules
rub against the side of the hose. The water molecules have
motion but the hose does not, so the movement of the mole-
cules is retarded. Slowing down the outer molecules also
causes adjacent water molecules to decrease their speed. If
the hose is of greater diameter, the center system of water
molecules is less affected by the stationary outer wall.

Size of a wire has a similar effect on electron flow. A
conductor of large diameter provides an easier (roomier)
path for current than a conductor with a smaller diameter.

Factors Affecting Resistance

The length and the cross-sectional area of a conductor
determine how much resistance is in the circuit. Other
things, such as the kind of material, temperature, and kind
of electricity (AC or DC), also determine the resistance.

Q70. Given a wire with a cross-sectional area of 2 cir-
cular mils and a length of 4 feet, and another wire
with a cross-sectional area of 1 circular mil and a
length of 2 feet, which wire will have the lesser
opposition to current flow?

Q71. What is the difference between the resistance of a
conductor and the resistance of an insulator?
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Your Answers Should Be:
A70. They will have the same opposition to current.

1
- zi—l l{',

1

a

N

f— 4

A71. The conductor has a very low resistance to cur-
rent flow, and the insulator has a very high
resistance to current flow.

Resistance Units and Symbols

The standard unit of measurement for resistance is the
ohm. One ohm of resistance in a circuit limits current to 1
ampere when 1 volt of electrical pressure is applied.

=-—1VoLT — 1VOLT

The symbol for the ohm is the Greek letter, omega. The
uppercase omega () is used to represent ohm. The amount
of resistance in a circuit is designated by a number of ohms.

The letter R is the letter symbol for resistance. It is used
to identify resistance in electrical diagrams and as a math-
ematical symbol in electrical equations.

Resistance units have several values which are similar to
those for voltage and current.

Resistance Designation Meaning
1 ohm (QA) unit of resistance
1 kilohm 1 Ko = 1,000 @
1 megohm 1Mo = 1,000,000 ©
1 milliohm 1 ma = 0.001
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Resistors and Resistive Components

Resistance is not limited to conductors alone. Electronic
components, called resistors, are manufactured to have a
specific amount of resistance. Many resistors of several
values are used in radios and TV sets. Also, there are
many applications for resistors in commercial and military
equipments.

What is the purpose of resistors in these circuits? They
are used to limit current flow and to develop voltages of
lesser potential than the source. Resistors are manufactured
in many different forms and many different values. They
may also be of a fixed or variable value.

RESISTORS s
i

<

FIXED RESISTGR VARIABLE RESISTOR TAPPED RESISTOR
(POTENTIOMETER)

Q72. The unit of measurement for resistance is the

[

Q73. The is the symbol for resistance value.
Q74. What are resistors used for?

Q75. As an exercise, write the following resistance
values in the shortest possible form.

(a) 37,500 @ (b) 375,000 @
(c) 1,030,000 @ (d) 103 o

(e) 99,000 o (f) 146,210 @
(g) 4,900 (h) 57,200 o
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Your Answers Should Be:

A72. The unit of measurement for resistance is the
ohm.

A73. The Q is the symbol for resistance value.

A74. To limit current flow and to develop voltages
smaller than the source voltage.

A75. (a) 37.5Kq (b) 375Kq
(c) 1.03Mq (d) 103
(e) 99K (f) 146.21Kq
(g) 4.9Kq (h) 57.2Ka

Resistor Values

The material from which resistors are made is of such
a nature as to produce the desired values. Most resistors are
manufactured from wire or from a mixture of materials.

CARBON INSULATED CARBON AND
MIXTURE COATING WIREWOUND RESISTORS

{

D)

CARBON-COMPOSITION
RESISTOR WIREWOUND COMPOSITION

TUBULAR FORM

Reading and Measuring Resistors

Resistors are color coded to permit determination of their
resistance value. You will find three or four colored bands
around the resistor. The bands will be nearer one end than
the other. The first band is nearest the end of the resistor.

1ST BAND = 1ST NUMBER
~y.— 2ND BAND = 2ND NUMBER
3RD BAND = NUMBER OF

I i) ZEROS RESISTOR COLOR BANDS
4TH BAND = TOLERANCE

(MAY OR MAY NOT BE USED)
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Ten colors are used to represent each of the digits in the
decimal system. These colors are black, brown, red, orange,
yellow, green, blue, violet, gray, and white. They represent
the digits 0 through 9, in that order.

The first two colors on the resistor (the two nearest the
end) represent the first two numbers of the resistance value.
The third color band represents the number of zeros that
follow the first two numbers. The fourth band (if there is
one) determines how much the actual resistance can vary
from the indicated value of the resistor. The difference
between the indicated value (by color bands) and the actual
value is called the resistor tolerance.

The fourth band will be either gold or silver. If it is gold,
the tolerance of the resistor is plus or minus 5% ; if it is
silver, the tolerance is plus or minus 10% . The absence of
a fourth color band indicates the resistor tolerance is plus
or minus 207 . For example, the actual value of a 68,000-
ohm resistor having only three color bands is between
54,400 ohms and 81,600 ohms. (20% of 68,000 ohms is
13,600. The tolerance limits are therefore 68,000 + 13,600
— 81,600 ohms, and 68,000 — 13,600 — 54,400 ohms.)

)76. What are the digits for the following colors? (a)
Blue. (b) Gray. (c¢) Orange. (d) Black.

Q77. What are the values of the following resistors?

ORANGE
BLUE
BROWN BLACK
F BROWN
BLACK WHITE
A 1
YELLOW
BLACK

B /

C

Q78. What is the resistance range of a 68,000-ohm
resistor if its fourth band is gold?

Q79. What is the resistance range of a 68,000-ohm
resistor if its fourth band is silver?
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Your Answers Should Be:
A76. (a) Blueis 6. (b) Gray is 8. (c) Orange is 3. (d)

77. (a) 360 ohms. (b) 1 ohm. (c¢) 94 ohms.
78. 64,600 to 71,400 ohms (68,000 plus or minus 3,400

79. The resistor would read somewhere between 61,-

Black is 0.

ohms).

200 ohms and 74,800 ohms.

10.

11.

12.

13.
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WHAT YOU HAVE LEARNED

. All matter is made up of molecules.
. A molecule is the smallest possible particle that still

retains the same physical and chemical characteristics
of a substance.

. Molecules are made up of atoms.
. An atom is the smallest portion of an element which

exhibits all the properties of that element.

. An atom is made up of even smaller particles called

protons, electrons, and neutrons.

. Electrons have a negative charge and are the smallest

of the three particles. Electrons revolve around the
center cluster in orbit zones.

. The center cluster of an atom is called the nucleus and

consists of protons and neutrons bonded together.

. A proton is the next largest particle and has a positive

charge.

. A neutron is the largest particle and has a positive and

negative charge to make it neutral.

Different elements have different numbers of electrons
and protons.

The electrons orbit around the nucleus in zones which
may or may not be filled.

The first two orbit zones are filled when they have 2
and 8 electrons, respectively. Subsequent zones are
filled with 8, 18, or 32 electrons.

If an atom has a different number of electrons than



14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

protons, it has an electrical charge (either positive or
negative).

A charged atom is called an ion. It is a negative ion
if it has an excess of electrons. It is a positive ion if it
has a deficiency of electrons.

An element whose atom does not have completely filled
outer-orbit zones is called a free-electron type element.
A free-electron type element requires less energy from
a voltage source to cause transfer of electrons from one
atom to another than does an element whose orbit zones
are filled.

To have electrical movement, energy must be applied
to an atom.

To be of value, the energy must be applied so as to
direct electrical movement.

Voltage (electrical pressure) is the most common form
of control.

Voltage is a difference of electrical charge between two
points.

The difference in electrical charge between two points
establishes a force.

The amount of force is determined by the amount of
charge at each point and the distance between them.
The production of electricity is the result of controlled
movement of ions or electrons. This movement is called
current.

Electricity, once produced, can be transferred from one
location to another.

Electrically, materials may be classified as conductors
or insulators.

Conductors can serve as a path for the transfer of
electricity.

Insulators present a very difficult path for the transfer
of electricity.

The human body is a conductor of electricity.

NOTE: For this reason, any person near electricity

should take every precaution possible in order
not to become a part of the electric circuit!



29.
30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,
43.
44.
45.
46.

47.
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Electricity may be produced by friction.
When electricity is produced as a result of one object
rubbing against another, it is called static electricity.
Lightning is an example of static electricity.
The production of electricity is the result of a collection
of more positive charges at one point than at another,
or a collection of more negative charges at one point
than at another.
An accumulation of an electrical charge (voltage) can
be measured with a voltmeter.
The amount of current flowing through a circuit when
voltage is applied can be measured with an ammeter.
The amount of force between two charged bodies can
be calculated by using the expression:

F_QXQ

d

Graphical representation of electric force and electro-
static fields is used to indicate the direction an electron
will move when acted on by charged bodies.
Electric current is the flow of either ions or electrons.
There are two major current theories employed in the
electrical and electronic fields.
One is electron-theory current flow and the other is
conventional current flow.
Electron-theory current flows from the negative termi-
nal of a voltage source through the circuit, and back to
the positive terminal of the source.
Conventional current (ions) flows from the positive
terminal, through the circuit, and back to the negative
terminal of the source.
The standard unit for current is the ampere.
“a” is used to indicate ampere.
“I” is used to indicate the current flowing in a circuit.
Voltage is electrical pressure.
Voltage may be called potential difference, electromo-
tive force (emf), or voltage potential.
The standard unit for voltage is the volt.



48.
49.
. Electricity can be produced by means of chemical

51.

52,
53.

54.

55.

56.

57.
58.
59.

“V” is used to indicate volt.
“E” is used to represent voltage in a circuit.

action, heat, light, magnetism, pressure, or friction.

A battery is a device which uses chemical action to
produce electricity.

A thermocouple employs heat to produce electricity.
An automobile generator uses magnetism to produce
electricity.

A crystal pick-up of a record player converts pressure
into electricity.

The amount of current flow in a circuit is determined
by how much voltage is applied and the amount of
resistance in the circuit.

The standard unit of measurement for resistance is the
ohm.

The Greek letter omega (2) is used to represent ohm.
“R” is used to represent resistance in a circuit.
Colored bands around a resistor indicate the value of
resistance in ohms.
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2

The Simple
Electrical Circuit

You are now going to

What You learn about basic circuits.
. You will be shown the ap-
Will Learn plication of Ohm’s law and

the electrical power relation-
ships which exist between voltage, current, and resist-
ance. From this information you will be able to identify
basic circuits; visualize and describe voltage, current,
and resistance relationships; determine power relation-
ships; and construct a basic circuit.

BASIC CIRCUITS

A circuit consists of a closed path through which an elec-
tric current flows. It is the route followed by current as it

[ simpLe "' — -10v [ compLex I

—=i|r
SOURCE // EXAMPLES Qi =
-~ CONDUCTORS t LOAD 2 mfd
o OFF <

[ WHEN SWITCH 1S CLOSED (ON) =

travels from the voltage source through the conductors and
the load and returns to the source. This includes the path
from terminal to terminal through the source.
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Connecting a Source to a Load

A circuit must form a complete (unbroken) loop for cur-
rent to flow. Current flows through a circuit in somewhat
the same manner as a bicycle chain makes a complete loop
between the driving gear (source) and the wheel (load).

PULL CONDUCTOR
J_ S \///4
SOURCE = WIRE (J)Z Load
current 3 7N

)

/!
SOURCE I PULL CONDUCTOR

/!

FORCE [\’:; S
E\.@@i' A

An electrical/electronic circuit must form a complete loop
from the voltage source to the load and back to the source.

O+ O+

A

| o¢
= EEM m@© VOLTAGE

T SOURCES

O— o

Symbols used for DC voltage sources in schematic dia-
grams are normally those of a battery or a DC generator.
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The current-carrying paths between the terminals of a
load and its voltage source are called conductors. A con-
ductor can be a wire (usually copper), or the heavy metal
that forms part of the equipment or device can serve as
one of the paths between the load and voltage source.

SWITCHES

Switches have been developed so that a circuit may be
opened and closed with little effort or danger to the oper-
ator. Some switches are normally closed. When these
switches are actuated, they open, or break, the circuit. Other
types of switches are normally open. When actuated, they
close (make) a circuit. Such switches are maintained in their
normal positions by springs.

SWITCH OPERATION INSULATOR PUSH TO CLOSE

SPRING RETURN

CONTACT\ OFF = OPEN CONDUCTOR T0 OPEN
o— W\
| — ? C C%D
PUSH TO OPEN DASHED LINE MEANS THE TWO

SPRING RETURN SWITCHES ARE ACTUATED TOGETHER

OFF

TO CLOSE
[ dr \S%/ | C%)
= I — - = i
. N L il
ON

Q1. If a lamp is mounted on an insulator in an auto-
mobile., how many wires must be connected to the
lamp socket?

Q2. There are no wires in a flashlight. How is the cir-
cuit completed?

(3. A tail lamp on an automobile is mounted on a very
rusty body. If the lamp lights only part of the time,
what is the possible cause of the trouble?

Q4. A completed circuit containing a voltage source will
always have — - - ——— ——————— through it.

Q5. A circuit is open if current (does, does not) flow.
Q6. A lamp circuit is — ——— — — if the lamp lights.
Q. c e —— are used to open and close circuits.
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Your Answers Should Be:

Al. There must be two wires connected to the lamp
socket. One is connected to a “hot” terminal and
the other to the chassis.

A2. The flashlight shell (case) forms one conductor
from the lamp to the batteries. A battery terminal
in direct contact with the lamp forms the other
conductor.

A3. The probable cause is a poor or open conductor (the
rusty body).

A4. A complete circuit containing a voltage source will
always have current flowing through it.

A5. A circuit is open if current does not flow.

A6. A lamp circuit is closed if the lamp lights.

A7. Switches are used to open and close circuits.

The knife switch was probably the first switch used to
any great extent. A basic requirement for the knife switch
is the alignment of the two ends. This is required to permit
a movable blade to make positive connection with stationary
contacts. The switch is usually mounted on insulators or on
an insulated board.

THE COMMON TOGGLE SWITCH
HOUSEHOLD TOGGLE

BAT HANDLE TOGGLE

A toggle switch is an improved knife switch. It uses a
spring-loaded mechanism to open and close the contacts.
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THE WAFER SWITCH

CENTER DRIVE SHAFT
| SWITCH WAFER

KNOB

CONTROL WAFER
DETEND POSITION
A wafer switch is a rather recent development resulting
from the many advances in electronic and electromechanical
devices. Electromechanical devices include equipment that
converts electrical energy to mechanical energy or mechani-
cal energy to electrical energy. One advantage of the wafer
switch is its ability to be rotated from one position to an-
other, providing a multiple switching action. Wafer switches
are made to rotate either a full 360°, or part of a turn.
Another advantage is that more than one wafer may be
actuated with a single shaft.

THE PUSH-BUTTON SWITCH

PUSH BUTTON

T SPRING LOCKS PUSH TO OPEN
g LOADED OPEN OR SPRING LOADED

s g RETURN mmm  CLOSED RETURN
\7‘ﬂ .—J ‘—( O—‘ A——O

X A B A HH B
AP ts PUSH 10 CLOSE

A push-button switch uses a button which must be pushed
to form a closed (or open) condition. One type remains
closed (or open) until the next push. Another kind is the
momentary push button. It stays closed (or open) as long
as the button is depressed.

Regardless of the style, a switch is used to fulfill only one
purpose—to open or close a circuit.

Q8. What is the purpose of a switch in an electrical
circuit?

Q9. What unique feature does the wafer switch have
over other switches discussed in this chapter?
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Your Answers Should Be:
A8. A switch is used to open and close circuits.

A9. A wafer switch is the only one that employs rotary
motion for positioning.

OHM’S LAW

Ohm’s law expresses the precise relationship that exists
between voltage, current, and resistance. Relationships con-
cerning this law for DC circuits will be used for evaluation
of all other electrical circuits. You should therefore study
the next few pages carefully.

Basic Relationships
Which circuit below will have the greater current flow ?

LAMPS ARE THE SAME

V2
LOW VOLTAGE

1 =

The circuit with the lower voltage will not have as much
current flow as the other. The current will therefore be
greater in the circuit on the right.

In which of the following circuits will current be greater?
The two voltages are equal.

E E
—ii —ij

VOLTAGE CONSTANT
R R RESISTANCE VARIED

LOW RES|ISTANCE HIGH RESISTANCE

Current cannot flow as easily through a high resistance
as it can through a low resistance. Thus, the circuit on the
left will have the greater current flow. The circuit with the
higher resistance will require a higher voltage source to
cause an equal amount of current to flow.
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Explanation of Ohm’s Law

Current will decrease if voltage is decreased or resistance
is increased. The reverse is also true. Current will increase
if voltage is raised or resistance is reduced. Therefore,
Ohm’s law can be stated as an equation, with current (I)
being made equal to a ratio between voltage (E) and
resistance (R).

volts
ohms

E
I ==, or amperes —
R p

This statement (equation) is true for the current-voltage-
resistance relationship in any DC circuit. If R (in ohms)
remains the same, and E (in volts) is increased by a factor
of two, five, ten, or any other number, then I (amperes) will
be increased by the same factor. A decrease in the number
of volts will result in a proportional decrease in amperes. In
other words, to determine I, E is divided by R.

I— E (10 volts) __ 10 5
R (2 ohms) g — oamps

The same reasoning holds true for changes in resistance.
For a given voltage, current will be twice as large if resist-
ance is decreased to one-half its former value. If the re-
sistance is increased four times, current will become one
fourth as large.

Q10-15. Find I in each of the six circuits below.

E E
=& . = o
10, o, Il
I [t
= R 1 R
Tm 20 =l 6
@12, | |
:[ 3 J:E
L R R
= 100 200 =6 )
e | 0 |
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Your Answers Should Be:
Al0. 2 amps.

6 volts

3 ohms 2 amps

E
|
R

All. 4 amps. Note the amount of increase in current
when the voltage was doubled.

Al12. 0.5 amp

A13. 2 amps. Note how much current increased when
the resistance was reduced by one fourth.

Al4. 5 amps

Al5. 1amp

Application of Ohm’s Law

Ohm’s law can be used to find either current, voltage, or
resistance in a circuit if the other two factors are known.

Solving for Current—You have already seen how current
in a circuit can be determined by dividing the circuit voltage
by the load resistance. I is equal to E divided by R.

Solving for Voltage—In the chapters which follow, you
will see the need for determining voltage when current and
resistance are known. For example, how much voltage is
required to force a current of 2 amperes through a load
resistance of 50 ohms? The Ohm’s-law equation would be:

1= %, or 2 amps == 5—::) tf(())]]ttss ; E =100 volts

Arithmetic reasoning tells you that voltage units must be
twice the number of resistance units to permit 2 amperes
to flow. Or, you multiply the number of ohms by the num-
ber of amperes to obtain the number of volts. E is equal to
I multiplied by R. By using a mathematical rule, you mul-
tiply both sides of the basic equation by R to obtain the
same equation for voltage.

(R) ><1=E><_R(R),or1R=E

The R’s on the right side of the equation cancel, leaving
E equal to IR (I multiplied by R). If 0.5 amp is flowing
through 20 ohms, E applied (IR) is 10 volts.
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Solving for Resistance—If the voltage and current in a
circuit are known, its resistance can be determined by similar
reasoning. What is the resistance of a coil that permits 2
amperes of current to flow when connected to a 6-volt
battery ?

E 6 volts
=, or2 s = _—": R
R e ? ohms

To obtain 2 amperes, 6 volts must be divided by 3 ohms.
In other words, resistance can be determined by dividing
voltage by current. Mathematically, the equation for resist-
ance is obtained in the following manner:

1= = 3 ohms

| % (transpose I and R) : R =%

Q16-23. Solve for the quantity indicated in the circuits
below.

'!-LMV 16Q =-
I © y 19

w ©

AN
2.2
i

é 100ma 4ma
1




Your Answers Should Be:

E 64

Al6. | ===~
6.1 R 16
Al17. E = IR = (0.5) (400) = 200 volts

A18. R —E _ 200 _ 100 ohms

= 4 amps

I~ 2
E 200
Al19. I — =2 =2 0.1
R~ 2,000 =)

A20. E — IR — (220) (2.2) — 484 volts
A2, R—E_12 1 .62 0hm

A22. R — E_ 1000 _ 44400, or 10K ohms
E

0.1
A23. (0.004) (20,000) = 80 volts

VOLTAGE DROP

Voltage drop is a term which can be misleading. The word
“drop” may lead you to believe that an amount of voltage
is lost. This is not true, however; voltage never disappears.
Voltage drop merely refers to the manner in which the
source voltage is distributed (dropped) throughout the
circuit.

VOLTAGE DROP IN A CIRCUIT

0 |
.F‘o-.s vour T j

—— —_— —— — y
10 ' J
—oesvour TS

All of the source voltage is distributed proportionally
across the resistance in a circuit. The voltage drop between
any two points in a circuit can be determined by the ratio
of the individual resistance to the total resistance of the
circuit. The diagram, for example, shows a 3-yard length
of wire connected to the terminals of a 1.5-volt cell. The
resistance of the wire is one ohm per yard, or a total of
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three ohms for the circuit. Current for the circuit (E/R)
will be 0.5 amp.

The total 1.5 volts will be dropped across the total length
of the wire. Since E — IR, the voltage distribution is often
called the IR drop. This version of Ohm’s law can be used
to determine the voltage drop across any portion of a circuit.

Since one yard of wire presents one ohm of resistance to
the current flowing through it, its IR drop (share of the
circuit voltage) is 0.5 amp > 1 ohm, or 0.5 volt. A yard of
wire represents one third of the total resistance and would
have one third (0.5 volt) of the total voltage across it. A
sensitive voltmeter would record this drop.

VOLTAGE DROP IN A LOAD
A B C D

Ry | Rz R3[

\»

69 0 30 | 050

m 6 VOLTS

=il

W

Normally, the relatively small voltage drop of conductors
is disregarded since the wire resistance is usually a very
small fraction of the total load resistance. The tapped resist-
ance in the diagram above has a total of 12 ohms with a
total of 6 volts (from the source) applied across it. A cur-
rent of 0.5 amp flows through each portion. The voltage
(IR) drop between terminals A and B will be 3 volts in
accordance with Ohm'’s law, resistance ratio, or a voltmeter
measurement.

Q24. What is the voltage drop across R3?

Q25. What is the IR drop between terminals A and C?

(226. How much voltage will be measured between ter-
minals B and D?

Q27. The sum of the total voltage drops in a circuit is
(equal to, less than, more than) source E.

Q28. R5 is 0.2 of the total circuit resistance. The circuit
voltage is 9 volts. What is the IR drop across R5?
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Your Answers Should Be:
A24. The voltage drop across R3 is 1.5 volts.

A25. 4.5 volts (0.5 amp X 9 ohms) is distributed be-
tween terminals A and C.

A26. Three volts between B and D.

A27. The sum of the total voltage drops in a circuit is
equal to source E.

A28. 1.8 volts (two tenths of nine volts.)

ELECTRIC POWER

When voltage forces current through a resistance, heat is
generated. Electrical energy is converted to heat energy.
The rate at which this conversion takes place is called
power, and its unit of measurement is the watt. Power is
determined by the product of current flowing through the
device and the voltage dropped across the device.

P (power in watts) — E (volts) X I (amps) = EI

Since P — EI, the wattage rating of a device reveals its
voltage or current if one of these values is known. For
example, an electric light bulb has its wattage and voltage
stamped on its surface. Why do you think this is done?

[ 0.52 4
A/

AL
POWER ‘/;/% S 120 YOLTS
DISSIPATION
IN A LAMP

Connected to 120 volts, the 60-watt lamp will draw 0.5
amp. If P = IE, I is equal to P divided by E. If the filament
has been properly constructed, the lamp will burn for many
hours with Y2 ampere flowing through it. What will hap-
pen if the lamp is connected across 240 volts? Since the
voltage is doubled, current will also double. The power (IE)
that the lamp must now dissipate is 1 ampere multiplied by
240 volts, which is equal to 240 watts. The filament, con-
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structed for 60 watts, will be rapidly consumed by the
increased heat. For this reason electrical devices should be
connected to proper voltages only.

Power can be determined by knowing only E and R, or
only I and R. The power equations can be developed by
substituting the appropriate Ohm’s law equations in P — IE.

If P IE, and E = IR, then (by substitution) :
P — (I) (IR) I*R.

q E E E:
Since I — R’ P = (ﬁ) (E) = '
By use of the appropriate expression, power can be deter-

mined if the voltage and current, the current and resistance,
or the voltage and resistance are known,

Since electrical energy is dissipated in the form of heat
in a resistance, the power developed in a resistance is con-
sidered to be a loss. If 1 ampere of current causes a voltage
drop of 120 volts, the power (IE) loss is 120 watts. If 2
amps flow through 10 ohms, the power loss (also called an
I*R loss) is 40 watts. A voltage drop of 10 volts across 20
ohms of resistance will dissipate 5 watts of power (E2/R).

POWER LOSSES

Q29. What is the total circuit current in the above
circuit?

Q30. How much current is flowing through R,?

Q31. What is the voltage drop between terminals A and
C?

Q32. How many volts will be measured across R, ?

Q33. What is the IR drop across R,?

Q34. What is the power loss in R,?

Q35. How much power is dissipated in the total load?

Q36. If the source voltage is decreased to 60 volts, how
many watts will be dissipated by R,?
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A30.

A3l.
A32.
A33.
A31.
A35.
A36.

Your Answers Should Be:
A29,

1 ampere. (Source voltage of 120 volts divided by
the total resistance of 120 ohms.)

1 ampere. (The same current flows through all
parts of this circuit.)

120 volts. (E — 1 amp % 120 ohms)
80 volts. (E = IR)

10 volts.

80 watts.

120 watts.

10 watts. This can be determined by several
methods based on the current now being 0.5 amp
(E 'R) and the new voltage drop of 20 volts across
Rg o

(a) P—=1E — (0.5) (20) 10 watts

(b) p=§’f=%= %=10watts

(c) P = IR = (0.5)* x (40)
= (0.25) (40) — 10 watts

(Note that decreasing the voltage to one half the
original value halved the amount of current flow-
ing and decreased the power consumption of the
circuit to one fourth.)

As in the Ohm’s law equations, all factors in the
power equations must be in equivalent units. E
must be in volts; I in amperes; R in ohms.

[VUR NI

WHAT YOU HAVE LEARNED

. Current will flow only in a complete circuit.
. A circuit consists of a source connected to a load.
. A basie circuit consists of a source, conductors, and

load.

[SL N

. Switches are used to open and close the current path.
. A toggle switch is the most common switch.

6. A knife switch was probably the first form of switch.
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7.

8.

10.

11.

12,

13.

14.

15.
16.

17,

18.

19.

Wafer Switches rotate and may have more than one get
of terminals,

flow in a closed cireuit,

Because of the Ohm’s Jaw re]ationship between I (cur-
rent), E (vo]tage), and R (resistance), the value of one
of these factors can be determined if the other two are

Current through a resistor is equal to the voltage ap-
plied divideq by the resistance:
E

R

The greater the resistance, the Smaller the current will
be for a given voltage,

the P — IE expression.

Power ig equal to E2/R, where E/R is substituted for 1
inthe P — IE expression.

Ohm’s law €xpressions:
E E
E~IR,I~§,R~T.

Power expressions:
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3

DC Series Circuits

This chapter contains

What Y()u a thorough description of
. the series circuit and its
Wlll Learn basic connections. It also

explains how total resist-
ance, total current, and voltage drops are determined in
such a circuit. You will learn how to reduce a voltage
to a desired level by the use of a dropping resistor, iden-
tify series connections in complex electronic circuits,
and determine total resistance and total current in a
series circuit.

WHAT IS A SERIES CIRCUIT?

A series circuit is an electrical circuit in which all the
components are connected end to end.

B T — —YN———— I ——
el Jooo oo L
o0 o O~ - o-| o- o

ONE UNIT LENGTH TWO UNIT LENGTHS

Do you recall the voltage distribution which occurs across
a resistance? If one volt is applied across one unit length
of wire, for example, what will happen to the voltage dis-
tribution across the same size wire that is twice as long?
One-half volt will appear across each unit length. One-half
the total voitage will be dropped across each of the two
units. Since the resistance is doubled, the current will be
one-half as much.
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VOLTAGE DISTRIBUTION

Voltage will be distributed across the unit length of resist-
ance in the manner shown in the diagram. Doubling the
voltage will cause twice the current to flow through the
CURRENT DEPENDS ON VOLTAGE

v N
= ©- - |+ | o - - o]+
(Cd (Cad - O— O— O
— YN —— N — —_— WV W
ONE UNIT LENGTH ONE UNIT LENGTH

resistance. One volt is distributed (dropped) across each
half of the resistance, increasing the current that flows
through its section.

An example of a series circuit is the manner in which
the vacuum-tube filaments of some radio and television sets
are connected. As you can see in the diagram below, each
filament requires 12 volts and a current of 0.15 ampere. This
identifies another characteristic of a series circuit—all com-
ponents in a series circuit have the same current flowing
through them.

NN NN N

12v 12v 12v 12v 12v

FILAMENTS = 80Q EACH

VACUUM-TUBE FILAMENTS IN SERIES [aunatt®y

1=0.15amp.

12v 1v 12v 12v 12v

Another application of the series circuit is the economical
series-string Christmas-tree lamps. The number of lamps
needed in a string or the amount of voltage to apply can be
determined by Ohm’s law. If the voltage drop required by
each lamp is 15 volts and the string is to be connected to a
120-volt outlet, then eight lamps are required in series.
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Symbol Designations

Care must be used when referring to voltage in a series
circuit. A voltage drop across one resistance among many
may be a different value from the IR drop across the others.
A voltage across R,, for example, should be identified as that
voltage. The source voltage should be designated as E.. (for
E total). Total resistance becomes R,. Since current is the
same in all parts of a series circuit, it remains as I.

Rg Ry
_:L_W' AAN
_-_El
R3§
IDENTIFY ALL PARTS
OF A CIRCUIT .
=2
I R) 5
AN\ M

Total Resistance in the Series Circuit

Current in a series circuit is determined by the values of
total resistance and total voltage. The total source voltage
is distributed proportionally across each of the series resist-
ances, depending on their ratios to the total resistance.

Total resistance in a series circuit is the sum of the resist-
ances between the terminals of the source. That is, R will
equal R, R. 4+ R; + ete.

R2 R

TOTAL RESISTANCE Ry &) 3 2

Ry=Ry+Ry+ R3———

P

The lamp shown above does have a resistance, even though
it is not a resistor. Therefore it is marked as R. for calcula-
tion purposes.

Q1. Can the circuit on the opposite page be called a
series eircuit?

Q2. The symbol for total voltage is .

Q3. If R, is 4.5 ohms, R, is 6 ohms, and R, is 6 ohms in
the diagram abhove, what is R, ?
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Your Answers Should Be:
Al. Yes. All elements are connected end to end.
A2. The symbol for total voltage is E..

A3. Ry — 16.5 ohms. (The total resistance in a series
circuit is the sum of all the resistance values across
the source.)

Total Voltage in a Series Circuit

In addition to determining the total resistance of a series
circuit, the total voltage must be calculated if there are two
or more voltage sources in series. Total voltage is found in
the same manner as the total resistance; that is, the sum of
the individual voltages equals the total voltage.

vV v vV

S p—=p—3

TOTAL VOLTAGE

There is a separate problem in the calculation of total volt-
age, however. Some of the voltage sources may be in oppo-
sition to others, in which case the total voltage will not be
the simple numerical sum of all the voltages. If the polarities
of all the voltage sources are in the same direction, the volt-
age values are added together. If the polarities are in oppo-
site directions, the values are subtracted, and the polarity
of E. is that of the larger voltage source.

A series circuit with more than one source and more than
one load can be redrawn to show a circuit with only one
source and one load.

SIMPLIFYING A SERIES CIRCUIT

Vi AR
Rl RZ ’
>

0= SR P ES %RT
£ E3
i
Er=E1 +E2+E3
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Qt. How must you treat the following series circuit to
find the total source voltage"

3] Ed
°'—'| h—-‘l P-—4 |'-——'| F—’i |'—°
2V 14V 10V
_ ~Ep= 9

Q5. What is E, for the circuit below?
Q6. What is R, for the circuit below?
Q7. What is I, for the circuit below?

£y £ £3 Eq
—=|Ij il— A=
13v v v 24V
Ry Ry R3 Ry
8Q 4Q 20 10
AN AAA- AN
Q8. In which direction will current flow in the circuit
above?

Q9. Could the total resistance be represented by a single
resistor?
Q10. What is the total resistance in each circuit (a, b
and ¢) below?

b

r, B & | I
P——-—-I }
49 20 15V
;:\} R Ve £ R
= 3 o
T N T 6Q = 1140
800 15V
Ry Rz R3 Ry
AAA- A
le} 16Q 31Q 180
'_El EZ R 3 2
T —=i|i[- A N
19v 31Q

Q11. What is the total voltage in each circuit?

Q12. Draw an equivalent circuit, containing only one
source and one load, for each of the circuits. Label
the value and polarity of the source and the value
of the resistance.
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Your Answers Should Be:

A4. You must first add all the voltages having a polar-
ity in one direction (negative to plus). Then add
all the other voltages having a polarity in the
other direction. Subtract the smaller from the
larger. This will determine the amount of the
overall voltage (E.) and its polarity.

Ep E3 Eg Er
Sl ot s
26V lav 1oV /

FIRST: Ey=E) + Ep+ Eq | SECOND: Ep=E3+ Es | FIND:

. V43V Ey= 50V - 10v
_528v+14+1o +3V=lov Eye 40V
A5. E+ =24 | 7— 13 — 3. That is, 31 — 16 — 15.
Therefore, E;. — 15 volts, negative to positive left
to right.

A6. Ry — R, + R. 4+ R; 4+ R,. Ry — 15 ohms.
A7. I, = E¢ Ry. Iy — 15715, or 1 amp.
A8, The current will flow away from the negative
terminal and into the positive terminal of E,.
A9. Yes. Once the total resistance has been found, it
may be represented by a single resistor.
Al10. (a) 104 ohms
(b) 120 ohms
(¢) 100 ohms
All. (a) 12 volts
(b) 60 volts
(c) 109 volts
Al2,

Pl o Epe o0y
=61V a1 =s e
n | s IR

J.E 109v
s=cull Ry = 1000
i '
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Examples of devices having several voltage sources in
series are flashlights, transistor radios, and automobile
batteries.

) g ( FLASHLIGHT
=+

VOLTAGE SOURCES IN SERIES
. TRANSI STOR RADIO 6V
j.— L5V

ae AT+
T 1.5v I 6V = 3 CELLS/BATTERY

1 ==

BATTERY TUBE +

AUTO BATTERY

Current in a Series Circuit

If a series circuit has an Ry of 170 ohms and an E; of
34 volts, what is the current in the circuit? The current
will be equal to E./Ry or 0.2 ampere (34 /170). If a series
circuit has three sources (all aiding one another) and two
resistances, current can be determined by:

_E, 4+ E: + Ey
R, + R.

Voltage Drop in a Series Circuit

The voltage drop across each resistance in a series circuit
is found in the same manner as the voltage across a resistor
if the resistance value and the current flowing through the
resistor are known. The Ohm’s law expression is E = IR.
Voltage acress a resistance is determined by multiplying
current by resistance.

The current is the same through each resistance in a
series circuic. After finding the current, the value of I is
used to determine the voltage drop across each resistance
in the circuit,

= —

QQ13. What is the total voltage of a source having eight
1.5-volt flashlight cells connected in series?

QQ14. What is the total voltage of a source having fifty-
five 2-volt lead-acid cells connected in series?
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Your Answers Should Be:

A13. Eight 1.5-volt dry cells connected in series will
develop 12 volts.

Al4. Fifty-five 2-volt lead-acid cells connected in series
will provide 110 volts.

Determining Voltage Drops

The sum of the voltage drops in a series circuit is always
equal to the total applied voltage.

%E.nw e 5.1 | VOLTAGE DROPS
EQUAL APPLIED

Ry =7Q
I7 -5 amos. S S VOLTAGE
VAVA- J

A

In the above circuit, 5 amps will cause a 35-volt drop
across the 7-ohm resistor and a 75-volt drop across the 15-
ohm resistor. E,;, + E;. — E,.

Polarity Across the Loads

Current leaves the negative terminal of a voltage source,
flows through the circuit, and returns to the positive termi-
nal. This direction of current flow occurs because of the
voltage polarity. One of the terminals of the source is nega-
tive (repels electrons) with respect to the other. The oppo-
site terminal is positive (attracts electrons). In the diagram,
for example, P, is 30 volts negative with respect to Pj.

POLARITY 73
W= ACROSS
LOADS Py

Voltage in a circuit exists only between two points—never
at one point only. Therefore, voltage is expressed as being
across two points in a circuit, or in terms of one point
with respect or in reference to another point. The point at
which current enters a resistance is negative with respect to
the point at which it leaves.
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A common ground is used as the reference point for ex-
pressing voltages unless otherwise specified. If a ground
symbol is shown (see the diagram below), it becomes the
common reference point for all voltage points in the circuit.

P1 Rz P2 R3 P3
) A ATA - AV <
140 200

Ry <160 =
L i

GROUND IS A REFERENCE POINT

Current will flow from P, to P. to P; through the source
to ground and from ground to P,. In this case, I is equal
to 1 amp. This means P, is 416 volts with respect to
ground. P. is +14 volts with respect to P, (thus 30 volts
positive to ground). P; to ground (in either direction) is
+50 volts (the source voltage or the drop across the three
resistors).

Q15. What is the value of E; in the circuit below?

Q16. What is I, in the following circuit? Which way
will current flow with respect to P, and P,?

L A\éw AAA- AN 1
4 R3 R2 E
=6V Py =53
2 _I:_é 1Q 1] 8Q =
E, =9V R12140
: T P P2
Q17. What is the total resistance of the following
circuit?
R} R2
AN AAA
180K 57K
A
= Rq R3- 3%
100K
—AAA-

Q18. What is the voltage, with reference to ground, for
all the points (P) on the following diagram?

Pre —AN———AN——— AW —9 Py
l 3! P2 Rz P3 R3
66V i 440Q 520Q 65K R4S 200
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Ale

Your Answers Should Be:
. 15 volts.
. I'l' == E'l' R']‘. E'l' = E;; — (E] + E_l) = 15V

Al7.

AlS.

Ry =R, + Ry + R; + R, = 30 ohms
Iy = 15V /30 — 0.5 amp
Since the 30-volt source is larger than the com-

bined 15 volts of the other two, the current will
flow from P, toward P,.

R, = 370K.
That is, R = R, + R. + R; 4+ R, — 370K
Ip — g_i — % = 0.001 amp, or 1 ma

P, — 466V, P, — 165.56V,
P, — 165.04V, P, — -0.04V

Voltage Division in a Series Circuit
Voltage reference is one of the most important concepts
to be learned in electricity or electronics. An understanding
of how much voltage exists between two points in a circuit
often reveals the purpose of the circuit and how it works.
As an example, a schematic of a vacuum-tube circuit is

shown

below. The figure on the right shows a vacuum tube

in series with a load resistance, R,. The figure on the left

shows

how the tube can be considered as a variable resist-

ance. The output of this circuit is taken at a point between
the tube and the load resistance.

[}

[}

]

I

out i
VARIABLE |
FROM i
ELECTRONICS 3K-17K i
CONTROL i
|

|

__________

In effect, the grid varies the resistance of the vacuum

tube.
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voltage (to ground); its value depends on tube resistance
at any particular instant. The tube resistance changes from
3,000 to 17,000 ohms. Since 300 volts is always across the
tube and load resistance, the output voltage at P, (with
respect to ground) is large when tube resistance is high
and small when tube resistance is low,

VOLTAGE DIVIDER

Current is the same through all elements in a series cir-
cuit. In the circuit on the opposite page the 300 volts can
also be used for other purposes and in other circuits. Yet,
300 volts is often too much voltage for some circuits. A
voltage divider is used to reduce the 300 volts to a level
acceptable for use in a lower-voltage circuit. To select the
correct resistors for use in a voltage divider, you must know
how much voltage is required by the lower-voltage circuit.
A voltage divider, therefore, is a series of resistances whose
values are such that the desired output voltages are obtained
at the various points with respect to the voltage reference
point. In some cases, a voltage dropping resistor is con-
nected in series with a load to obtain the desired voltage.

VOLTAGE DIVIDERS

+300V -l2v +110v
R(DROP) < 3 R(DROP)

L6V 10V

LOADS {2 Loaog {10V

a - ¢ I

Q19. What is I in the voltage divider of part A above?
Q20. How much voltage is available at P, in part A?

Q21. R (drop) in part B above is a(an) ——— ————
________ resistor.

Q22. Load voltage (part B) is— to ground.

Q23. — —— ampere(s) flow through R (drop) in part B.
Q24. R (drop), part C, is —— ohms,

Q25. The load in part C dissipates — —_ watt(s).




Your Answers Should Be:

A19. 0.001 amp, or 1 ma.

A20. 100 volts. E — I X R;. 0.001 amp multiplied by
100,000 ohms.

A21. R (drop) in part B is a voltage dropping resistor.

A22. Load voltage (part B) is —6V to ground.

A23. Two amps flow through R (drop) in part B. (Cur-
rent is the same throughout a series circuit.)

A24. R (drop), part C, is 2,000 (or 2K) ohms.
If the voltage across the load is 10 volts, R (drop)
must have 100 volts across it. 100 volts divided
by 0.05 amp (circuit current) is 2,000 ohms.

A25. The load in part C dissipates 0.5 watt.
P — IE. (Current through the load multiplied by
the voltage across the load.)

PRACTICAL APPLICATION OF THE SERIES CIRCUIT

In addition to what you have learned, there are many
other applications for a series circuit. They exist in almost
every electrical device used.

Reducing Output Voltage of a Battery

A voltage-dropping resistance can be used to lower the
output of a 12-volt car battery to operate a 6-volt device
(radio, meter, lamp, etc.). The dropping resistor (when in
series with the load) must have a value in ohms which will

REDUCING VOLTAGE WITH A RHEOSTAT

Il
T = I-» oV
12v
ADJUST | W=? -
RHEOSTAT /7\
:83065‘/5 6v | LOAD VTVM
(ROSS SRHEOSTAT |

00
(-] (-]
e s
- 12V RANGE
OR BETTER

permit the desired amount of current to flow through the
device. It must also have the proper wattage rating as
determined by its current and voltage drop. A rheostat

LYY
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(variable resistor) is quite often used as a dropping resistor
in this application.

The circuit on the opposite page requires many careful
adjustments and a common-sense application of Ohm’s law
and power equations. Solutions to the voltage-current-
resistance problems are no more difficult than those you
have already solved.

Steps in the Adjustments of the Rheostat

1.

RHEOSTAT AND SYMBOLS

1)
7 NNX %\.—_ ﬁ?
I3 1 /
¥ \ S 1 5

Determine the approximate current the load will draw.
The device should be marked with its voltage and cur-
rent requirements. The information can also be found
in the service manual for this particular component.
Be sure the multimeter is set on a voltage scale which
will read the source voltage (12 volts in this case).

Adjust the rheostat for 6 volts across the load.

NOTE: The rheostat must be of high enough wattage
to carry the load current.

. Be sure the device can be switched on and off.
. Put a fuse in the device. The fuse should be capable of

carrying the current requirements of the load, while
protecting it from an accidental overload.

RHEOSTAT

RHEQSTAT
SYMBOLS

Q26. If you do not know the current through the load

and the rheostat, and you do not have an ammeter
which will measure the current, how do you find
the power required for the rheostat?

Q27. How do you determine the size of the fuse?
Q28. Why should the multimeter be set to the range

which can read the voltage of the source?
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Your Answers Should Be:

A26. You know the voltage drop across the rheostat,
and you can measure the resistance of the rheo-
stat from the end of the wiper contact.

Power — E®

A27. The fuse must be able to carry the calculated cur-
rent and should be able to carry normal surges.
Normal surges are determined by the characteris-
tics of the device (load).

AZ28. The voltage range of the multimeter must always
be set to the scale that you know will not be
exceeded. Voltage greater than the range of the
meter can cause excess current through the meter
and, therefore, cause possible damage.

Speed Control for an Electric Motor

Motors, such as the one used in an automobile for the
defroster fan, are sometimes connected to a switch having
four positions (OFF-LO-MED-HI). The low and medium
positions are separated from the high position by fixed
resistors. Assume the motor turns at three speeds which
require 3V at 1 amp (LO), 4.5V at 1.5 amps (MED), and
6V at 2 amps (HI). This circuit is shown below.

SPEED CONTROL CIRCUIT

AAA I\I,QV\'
Ry 2 MOTOR
OFF J 0 10 v
+6V n -
HI T MED

In the LO position the series resistance equals 3 ohms,
which permits 1 ampere of current to flow. The 3 ohms is
not the only resistance in the circuit. The motor adds its
resistance in series with the circuit. In the MED position
of the switch, the series resistance is 1 ohm. Again, the
motor resistance is in series with it.
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)29. What is the resistance of the motor when the
switch is in the LO position?

L0 R}
+6V o———0—0 ANA-
pos)

()30. What is the resistance of the motor when the
switch is in the MED position?

6V

? >

o - ‘nﬂ

()31. What is the resistance of the motor when the
switch is in the HI position?

+6V

T

HI

()32. What is the power requirement for each of the
two resistors, R; and R.,?

()33. What type of switch would be the one most likely
used?

111




Your Answers Should Be:

A29. The voltage applied to the motor in the LO posi-
tion is 3V. The current is 1 amp. Therefore:

R=E=§=3ohms

I 1
A30. The voltage drop across the dropping resistor is
equal to 1 ohm times 1.5 amps. This 1.5V drop
across the 1-ohm resistor is subtracted from the
source (Eq).

Emotnr = ET - E](‘_’ e 4.5V

E
R-mo or = —motor
ts IT
4.5V
R— 1.5A

A31l. 3 ohms again. The full 6 volts is across the motor.

A32. 1t is determined by the largest amount of current
which will flow through the resistors.

Puz == I](g hed E]{z =15 X 1.5 — 2.25 watts

Pr = (Ep1 + Egs) X Iy. Epy = Ry X Ir,

and E]{g == Rz Dot IT.

E1{1=2X 1=2V,ER2=1 X 1=1V.

Ppy = 1 amp X 2V = 2 watts, P;, = 1 watt.
Therefore, R; must have a power rating no

smaller than 2 watts. The rating of R, must be

no smaller than 2.25 watts.

A33. The most probable selection for the switch would
be a rotary or wafer type.

— 3 ohms

WHAT YOU HAVE LEARNED

1. The basic electrical circuit is a series circuit.

2. A series circuit may have more than one source and

load.

3. Current in a series circuit is the same through all

components.
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10.

11.

12.

. Total resistance in a series circuit is computed by find-

ing the sum of all the resistances. That is, Ry = R, +
R. + R, plus whatever additional resistors may be in
series.

. Total source voltage in a series circuit is the sum of

the individual sources if their polarity direction is the
same, or is the difference of the sums of the opposing
potentials. The larger will become E; and will control
the direction of current.

. A series circuit may be represented with an equivalent

circuit.

. Total voltage drop in a series circuit is equal to the

source voltage, or E..

. To describe a voltage at any given point you must

identify its polarity with respect to a reference point.

. A voltage divider is a series circuit which employs a

dropping resistor to provide a desired voltage output.
When a dropping resistor is used to form a voltage
divider, it must have a safe power rating.

In all practical applications of a dropping resistor or
voltage divider, voltage, current, and power require-
ments must be calculated to determine the proper value
and rating of the required resistor.

Symbols are used to represent components in schematic
diagrams.
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COMPONENT
SYMBOLS
R AR
°——2¢*——° —ift—  o—=lif—o

L5V

| GROUND |

CONNECTION NO CONNECTION DC MOTOR

+ 1L o+ e

1 o OFF
VOLTMETER

o—@——oo—@—o
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4

DC Parallel Circuits

Contained here is a

What You thorough description of
. a DC parallel circuit. In-
Wlll L(’(l rn cluded are the basic paral-

lel connections, determina-
tion of total current and total resistance, the series
equivalent circuit, current and voltage relationships,
and typical applications of parallel circuits. You will
learn how to identify parallel circuit networks, deter-
mine total current and total resistance, and develop
series equivalent circuits.

WHAT IS A PARALLEL CIRCUIT?

A parallel circuit contains two or more basic circuits, each
of which is connected to common terminal points. Two or
more resistances, for example, may be connected together
across the same voltage source.

A PARALLEL CIRCUIT

—il;

J 4 2

A string of Christmas-tree lamps which will permit one
or more lamps in the circuit to be opened and still allow the
others to operate properly is one example of a parallel cir-
cuit. Each lamp has the same voltage applied.
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LAMPS IN PARALLEL

Another form of parallel circuit uses more than one volt-
age source in parallel to increase the availability of current.
The greater the amount of stored energy available, the
longer the source can produce a current at a given voltage.

MORE BATTERIES —MORE AVAILABLE CURRENT

Still another example of a parallel circuit is the filament
circuit for the vacuum tubes used in automobile radios. The
filaments are all connected in parallel, and either 6 or 12
volts is applied to each. The tubes have either 6- or 12-
volt filaments, depending on the type of battery in the
automobile.
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VACUUM-TUBE FILAMENTS IN PARALLEL

HEATERS A\ r\ A\ A (\ /\ A

In each case, you can see that all sources or all loads are
connected across the same two points. This produces a cir-
cuit which has one common voltage applied to all loads.

You have previously learned that in a series circuit all
loads and sources are connected end to end. The same cur-
rent flows through all components, and the source voltage
is divided among the separate loads. In a parallel circuit,
all loads and sources are connected across the same points,
Therefore, each load has the same voltage applied.

Q1. In a parallel circuit, each resistance can have the
same (voltage, current) but different (voltage,
current).

Q2. In a series circuit, each resistance can have the
same (voltage, current) but different (voltage,
current).
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Your Answers Should Be:

Al. In a parallel circuit, each resistance can have the
same voltage but different current. With the same
voltage across each load, current will equal the
voltage divided by the resistance.

A2, In a series circuit each resistance can have the
same current but different voltage.

AUTOMOBILE CIRCUITS

DOME
BRAKE LIGHT
D:j\gEEH — DOOR
ACTUATED
SWITCH
DIMMER (pf
SWITCH ~F

S22

HEAD
LIGHTS

—

AUTOMOBILE LIGHT CIRCUIT

The diagram above is an example of a schematic for a
lighting circuit in an automobile, and is also an example of
a parallel circuit. Notice that fuses are used in the separate
branches. This permits one circuit to short and blow its
fuse while the other circuits remain energized. Notice that
different switches are used for different jobs. The main
light switch might be a rotary type (wafer). The stop-light
switch is usually actuated by the same hydraulic fluid pres-
sure that applies the brakes. That is, the switch is a push-
button type that is spring-loaded to form a normally open
circuit. When the brakes are applied, pressure builds up
in the master brake cylinder, causing the stop-light switch
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to close. The head-light dimmer switch is located on the
floor of most ears. It is a push-button switch which remains
in one position until pressed again. The dome light is
switched on and off by either of two switches in parallel.
One is a push-button type that is spring-loaded to stay nor-
mally closed, and is actuated by opening and closing the car
door. When the door opens, the switch returns to its nor-
mally closed position; when the door is closed, it pushes the
switch open. In parallel with this switch is a slide switch,
sometimes a part of the dome-light fixture.

c
SLIDE SWITCH —l l 1’ =

CURRENT FLOW IN A PARALLEL CIRCUIT

Current in each branch of a parallel circuit must originate
from the same source. This means that each branch will
have a different current if the resistance of each branch is
different. The source must supply current for each branch,
so the total current is the sum of all the branch currents.

Total Current Is the Sum of the Branch Currents

3
F—

iy
=

|‘|

) RO RAFARE

Q3. What is common to all light circuits in a car?
Q4. What sort of a load does a car battery have?

Q5. The total current in a parallel circuit is the — — —
of all the branch currents.
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Your Answers Should Be:
A3. The voltage source.

A4. Since more than one circuit can be switched into
use, the battery can have many different loads. The
total load is the sum of the individual loads.

A5. The total current in a parallel circuit is the sum of
all the branch currents.

Calculating Current in a Parallel Circuit

To find the current in each branch of a parallel circuit you
must apply Ohm’s law ; that is, E/R equals I for each branch.
In the diagram on the preceding page, I, (branch 1) will
equal 72712, I. (branch 2) will equal 7236, and I; (branch
3) will equal 72/9. The current in branch 1, therefore, is 6
amps; in branch 2 there is 2 amps; and in branch 3 there is
8 amps. Total current supplied by the source is 16 amps.

CALCULATING TOTAL RESISTANCE

Since I in a parallel circuit is equal to the sum of all the
branch currents, R, is equal to E/I,. Also, I equals the
source voltage divided by R, and I (any branch) equals the
source voltage divided by the resistance of that branch.

Substituting for I, I, (branch 1), etc.

M) Ir=L+1.+1s

E E E E
® R R TR TR

E can be any value you choose for the solution of Ry. This
leads to two possible methods of solving for R..

First Process—R., can be found by assuming any value
for E that is easy to work with. Then, divide each resistance
into E to find I for each branch.

120



In the figure on the opposite page, select a value for E
hat permits an easy solution for all branches. In this case,
00 volts would be a likely selection. Therefore, E/R, — I,
\/Rs = I,, and E/Ry = I3. I, = 100/100 — 1 amp, 1. =
00/200 — 0.5 amp, and I3 — 100,/200 — 0.5 amp. Now, find
he sum of the branch currents to determine 1.

I. =1, + I, 4+ I3 — 1a 4+ 0.5a 4+ 0.5a = 2a

You now know I for a selected E. All that remains in
rder to find R is to divide the assumed voltage by the
mount of total current the parallel resistances allow to
ow.

The shorthand statement that describes all of the opera-
ions used in finding the total resistance (50 ohms) is:

Ry = =
Jince,
E E E
) = =
TR, TR TR
nd,
E — 100 volts
hen,
RT_¢ _5.2=500th

Second Process—Looking at the expression Ip = I, + I.
I3 and using its equivalent expression, E/Ry — E/R, +
i/R. + E/Rs, you can arrive at the same expression for Ry
S before.

E
R, R1+ +—

Vow, follow these steps closely.

E (Multiplying both
(RT >RT = ( TR, + R;) T gides by Ry.)

) F( RT) _ ( + = + >RT (Rr’s on left cancel.)
Ry R,
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a.Aq q 1D E 1
(Divide both sides ( + R + )

by I+ and cancel 3 E R, R; R
the }ike quantities < 3 E DR D) K E T
on right.) R7TR TR ®TR TR
4 E
e = Ry
E  E
R, 2ot R T R,

R, =100 2, R, = 200 2, Ry — 200 Q, and 100 volts was pre-
viously selected for E. Now, substitute and perform the
arithmetic to solve for Ry.

100V
100V . 100V 100V
1002 T 2000 T 2000

100V
1 amp + 0.5 amp + (1.5 amp

RT =

The two processes have led you to the common expression
used in the field for the total resistance of a parallel circuit.
(“1” is used as the common value for E.)

1

1 1
1{1+R2+R3+”'+R}.

I{T =

This is called a reciprocal expression because there are
operations in which a value is divided into one. You will find
this true for many different mathematical operations. To
improve your ability to apply them, examine such expres-
sions to determine the several arithmetic operations each
contains. The development of mathematical processes is not
often explained in technical literature. Difficult expressions,
such as the reciprocal formula above, contain simple
arithmetic steps that make the ‘“shorthand” expression
reasonable and meaningful. Find and analyze these steps.
Acceptance or memorization is of little value unless you
understand the reasoning behind each expression.
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You should now review the entire process (the solution
of Ry,) until all steps are clear and appear reasonable to
you. Evaluate each new step with questions, such as, “Why
perform this operation?” or “What arithmetic operations
are the symbols representing?” Remember that any opera-
tion you will ever follow is nothing more than arithmetic
applied with logical rules and sequences.

Many times you will be faced with a “new’” mathematical
expression (at least it will be strange to you). If you deter-
mine the answer to the two questions above, you will find
there is a simple hidden reason or step.

The question below asks you to find the solution for Ry,
using either process. If you do not use the reciprocal form,
E can have any value you choose to select. Your selection
should be one that permits simple number operations with
arithmetic. A hint for the selection of E—always select a
value for E equal to or larger than the largest resistance.
Another hint—try to select a value for E which results in
a whole number when divided by any value of R. Don’t for-
get the Ohm’s law relationship where R, = E/I;.

(6. What is the total resistance of the following
circuits?

O—

Ry R3
1200 400

RT'?
5
300

o : .
Ry
800
Ry=?
Ra
8Q
O _ :
o— o > ~
Ry
600
RT'?
R2
400
o— d

R3
16Q

ij
195K

— 20

8?—‘

=
—AAA

R3
1200
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Your Answers Should Be:
A6. (a) Select E of 120V

E 120V

R = 1 = 20v . 120v 120V
1200 302 400
120V 120V
Rr = laf 4a+ 32 8a — 1o0hms
(b) Select E of 80V
Rp = £_ 80V
T Ir T80V | 80V | 80V
80 8 16
80V 80V
R = e 10a £ 5a = 162 — 5 ohms
(c) Select an E of 390V
R.- B _ 390V
T I 390V | 390V | ¢ + 390V
130K ' 390K " 195K
R — 1390V _ 390V

3ma + 1ma + 2ma 6ma
(d) Select an E of 120V

R. - E _ 120V
T I 12OV 120V | 120V 12OV 120V
120
R: = 777120V LAY = 20 ohms

2a+3a+la 6a

Total R in a Two-Branch Circuit

Another method for finding the total resistance of a two-
branch parallel circuit is the product-over-the-sum process.
Given the values of two resistors in parallel, multiply one
times the other and divide by the sum of the two.

RT=R1 X Ry
R, + R,
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The total resistance of the parallel circuit below is 24
hms. This can be determined by using the product-over-
he-sum process.

e
. R R2
Ry=? o 600
o=
40 X 60 _ 2,400
= o= 2 -"'= 24 oh
Rr=40+60 = 100 onms
Roe B _ E _ERXR
"TE | E  Ep+Ea ER+R)

R, o R, R, X R.

To find the total resistance of a parallel circuit containing
-esistors of equal value in parallel, all that needs to be done
s to divide the value of one of the resistors by the number
»f resistors in parallel.

If a parallel circuit, for example, contains three 90-ohm
-esistors, Ry can be determined by dividing 90 by 3.

90
90 90 |, 90
90 B 90 B 90
90
1+1+1

(—);) = 30 ohms

Ry = (selecting an E of 90)

Q7. What is the total resistance of these circuits?

, Rl RZ R3 R4
RI=?  S160Q S1600 2160Q 21600




Your Answers Should Be:
A7. (a) R, — Bi X R __ 60 X 30 _ 1,800
R, + R, 60 4 30 90

320 % 480 153,600
b) Ry — _ 153,600 _ ;4
(b) Re = 250 T+ 480 800 ohms

= 20 ohms

(c) R, = 1—22 = 40 ochms

= 247.5 ohms

550 X 450 247,500
d) Ry — — ’
(d) R, 550 + 450 1,000

Equivalent Resistance

Just as in the series circuit, the resistances in a parallel
circuit can be represented by an equivalent. The equivalent
indicates the load (Ry) which the source must work into.
Since I is the easiest unknown to find (it is the sum of all
the currents), it becomes a simple task to divide I, into the
source voltage to find R,.

By the same reasoning, it is easy to find the power that
the source must supply.

P = IE
In this case:
P,—= (I, XE) + (I. X E) + (I; X E) = IL,E

TYPICAL APPLICATIONS

A parallel circuit is used where current is to be divided.
This is similar to the action of the series circuit, except that
voltage was divided.

Current Meter—An ammeter is used to indicate the
amount of current flowing in a circuit. Very often the meter
used will be one that has a full-scale deflection, indicating
an amount of current much less than the circuit current to
be measured. There is a method of bypassing the meter with
the excess current. This is called shunting the meter. With
a shunt, the meter reads a percentage of the total current.
This means normal current flows through the entire parallel
network (consisting of the meter and shunt), with only a
small portion flowing through the meter.
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METER

MOVEMENT

I-2

&

AN AMMETER
WITH A SHUNT

This meter has a movement with 2,000 ohms of resistance
and is shunted by a 10,000 micro-ohm (0.01 ohm) resistor.
This permits 10 xa of current to flow through the movement
and 2 amps (minus the 10 pa) of current to flow through the
shunt. These may not be the exact values for a particular
multimeter, but all multimeters employ similar ratios.

8. What is the total current in the following circuits?

——

>R2
TSQ

R3 Ry R3
220Q b 10 %Q
Ao =E=
1iov T v
Rz
R4 602
24.5Q
R1 R3 g
Le. L 3= 400
= 56

Q9. What is the power dissipated by each resistor and

the total power for each circuit above?
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Your Answers Should Be:

A8. (a) In =1 + I, + I 4+ I, = 110/22 4 110,110 +
110/220 4 110/24.5 = 5 amps 4+ 1 amp + 0.5
amp + 4.489 amps — 10.989 amps

(b) Ip — 12/72 + 12/60 + 12/25 — 0.167 amp +
0.2 amp + 0.48 amp — 0.847 amp

(¢) I, = 68/8.5 + 68'5 — 8 amps + 13.6 amps —
21.6 amps

(d) I, =6/12 + 6/30 4+ 6/40 — 0.85 amp

A9. (a) P; =5 X 110 = 550 watts; P, — 1 X 110 —
110 watts; P; — 0.5 X 110 = 55 watts; P,
= 4.489 X 110 — 493.79 watts; P, — 10.989
X 110 = 1,208.79 watts

(b) P, = 0.167 x 12 — 2.004 watts; P, — 0.2 X
12 — 2.4 watts; P; — 0.48 X 12 — 5.76 watts;
P, — 0.847 X 12 = 10.164 watts

(c) P, = 8 X 68 — 544 watts; P, — 13.6 X 68 —
924.8 watts; P, — 216 X 68 — 1,468.8 watts

(d) P, =05 X 6 = 3 watts; P, = 0.2 X 6 — 1.2
watts; P; — 0.15 X 6 — 0.9 watt; P, — 0.085
X 6 = 5.1 watts.

Switches in Parallel—Switches are connected in series in
some cases and in parallel in others.

As can be seen in the figure above, the switches can form
a closed-circuit condition from P, to P, if either one or the
other or both are closed. To obtain an open circuit from P,
to P., both switches must be open. Another form of the
parallel switch is the type which has two or more poles
actuated by the same mechanical element.
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P [ 4442/€;7 oPZ

GROUP ACTUATED
SWITCHES IN PARALLEL , , '

oPyq

O—
DPDT

The dashed line indicates that the two poles of the switch
are actuated at the same time.

The rotary action available in the application of the wafer
switch permits many parallel operations. In the illustration

WAFER SWITCH
PARALLEL OPERATION

above, the switch has three wafers (A, B, and C). Again,
the dashed line represents mechanical connection whereby
all wafers are actuated at the same time. In this case the
switch is said to be a three- (triple) pole, quadruple-throw
(four position), or TPQT (triple-pole, quadruple-throw).

Batteries in Parallel—For heavy-duty operation, batteries
of equal voltage are constructed with plates in parallel or
connected with many cells in parallel. This mears they
require more charging current to become fully charged. Yet,
in another sense, more current must be drawn to cause the
batteries to be discharged.

BATTERIES IN PARALLEL

o j
I | l ADDITIONAL
b .L _L i ADDITIONAL |, |, |~ "BATTERIES

4t2v CELLSFOR = = =6V FQR MORE

- T - MORE POWER T - 5 POWER
i 5 [ I _I_ —

Q10. What precautions must you take before connecting
batteries in parallel?

Q11. Could you use a lamp bulb for a shunt, or parallel,
resistance in a circuit? How would you determine
the resistance of the lamp?
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Your Answers Should Be:

A10. You must make sure all batteries to be connected
in parallel have the same voltage.

All. Yes, you could use a lamp for a shunt in a circuit.
The wattage and voltage ratings permit you to

calculate the resistance. That is , I = g and then
E

WHAT YOU HAVE LEARNED

1. A parallel circuit is a combination of two or more basic
circuits connected to a common voltage source.

2. Batteries may be connected in parallel to produce power
for a longer time.

3. Switches may be connected in parallel to form parallel
turn-on operations; yet they all have to be turned off
to open the circuit.

4. Filaments in vacuum tubes may be connected across a
common voltage source.

5. Each branch of a parallel circuit may have a different
current flowing through it. All branches will have the
same voltage applied.

6. To find the total current in a parallel circuit, you deter-
mine the sum of all the branch currents.

Iy =1, + L4 I, 4. ..
7 To find the total resistance of a parallel circuit, divide
the applied voltage by the total current in the circuit.
E
R, — =
T I
8. If the resistance is the only factor known, you may use
any value for E that permits simple arithmetic opera-
tions for determining the current in each branch. After
the total current has been computed, the same value for
E must be used to determine total resistance.
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S5

Combined Series and
Parallel Circuits

This chapter contains

What You applications of the series
. and parallel fundamentals
Wlll Learn you learned in preceding

chapters. You will now learn
how to determine the direction of current flow in series-
parallel circuits. When you complete this chapter, you
will be able to reduce combinations of series and parallel
circuits to a series equivalent. Also you will be able to
determine and compute currents and voltages in each
part of the circuit, and to apply Kirchhoff’s law properly
when needed. A good understanding of the material in
this chapter prepares you for complex electrical and
electronic circuit examination, using a simple step-by-
step logical process.

IDENTIFYING INDIVIDUAL CIRCUITS

A basic electrical circuit consists of a source, a load, and
conductors that connect the source to the load. The basic
circuit was discussed in preceding chapters as if it were a
loop. An applied voltage will cause a current to flow through
a resistive element in a complete round-trip path. There are
two ways to explain the direction of current flow—conven-
tional and eleetron. If you employ the conventional theory
for current flow, you describe all electrical flow in terms of
positive ions in motion. Electron flow (the concept used in
this text) states that current is the movement of electrons.
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According to this theory, electrons leave the negative termi-
nal of a source, move through the circuit, and return to the
positive terminal.

I

§ LLECTRON CURRENT Flow

il

1
U

SERIES CIRCUITS

A series circuit is a basic circuit with all electrical com-
ponents connected end to end. The key for determining the
total voltage when there are two or more sources having
different voltages and polarities is to find the potential dif-
ference between them. Next, assign the polarity of the
larger voltage to the output terminals.

In a series circuit the total resistance is calculated by
finding the sum of the individual resistances. Current in a
series circuit is found by dividing the source voltage by the
total resistance.

Since the total current (Iy) is flowing through all resist-
ances, the voltage drop across a series resistance can be
found by multiplying the current by the individual value of
resistance. In other words, E = IR. The voltage drop across
any resistance is equal to the current through the resistance
multiplied by the value of the resistance.

m——

m
Ll
"
AN
o
A

Rt =Ri+R:+Rs+ Ri+Rs + Ry
E

T Re

I
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A series circuit can have more than one source connecte
in such a manner as to aid or to oppose one another

:
1 10v

A
14V l
| =
‘ oV

m

Ql. In which direction does current flow inside the
source when the conventional current-flow theory is
being employed?

Q2. Draw a basic circuit and indicate the direction of
current flow. (Use the electron theory.)

Q3. Can a basic circuit be considered a series circuit?

Q4. What is the total voltage at the terminals of the
following sources?

*l‘l*__l

51

l
|
|
12v =8V

4 =6V

E FSJ

5

Er E.T

|||——|||

—
2

'I'—'I'}—i |

L?TB g__T $_T

Q5. How does I, compare with the value of current
through any one of the resistances in the following

circuit?

AN
R3

200 e

oA R
100V = 2 3 L

I1-1a Ry
— 500
AN




Your Answers Should Be:

Al. When conventional current theory is being em-
ployed, current will flow from the negative terminal
to the positive terminal within the source.

A2,

.}1—;
r

A3. A basic circuit is a fundamental series circuit.
A4. A. Negative to positive, bottom to top, 5 volts.
B. Negative to positive, top to bottom, 2 volts.
C. Negative to positive, top to bottom, 6 volts.

A5. I; has the same value as the current through any
of the resistances.

Voltage Division

When current flows through a resistance, a voltage can
be measured across it. The voltage across each resistor in a
series circuit is equal to the total current times the value

l4v
> A= o Py
0

1—

= 64V 16V S 80

—|
I

It =2,
!\
AAY o Py
17Q

of its resistance. That is, the 17-ohm resistor in the above
circuit will have 34V (2 amps times 17 Q) developed across
it. The other voltages are determined similarly. Thus the
voltage between P, and P, is 16V.
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IR Drop

What is another way of expressing voltage drop across a
resistor? Since voltage equals IR, it may be called IR drop.
This is the same as saying the voltage developed across R,
R., etc. The resistor voltage drops would be IR,, IR., etc.

AAN— AA
|+ ?
300 V. B
4., 1 SEpy- IRy
E 5
ILpy———  — == —0.1am
! R, + R. s 90 P

The voltage across R, equals IR, or 0.1 X 8 — 0.8V. The
voltage across R. equals IR, — 0.1 X 12 — 1.2V. The volt-
age across R. equals IR; — 0.1 X 30 — 3V. The total IR
drop is equal to the source voltage.

0.8V 4 1.2V + 3.0V — 5V

(6. What is the voltage drop across the R, resistors in

the following circuits?
R2

46K
Q7. What is the IR drop across each resistor in the
following circuits?

3V =

Q8. How does the voltage drop across the 36-ohm re-
sistor affect the amount of voltage drop across the
26-ohm resistor in (a) above?
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Your Answers Should Be:

A6. (a) 12 volts — 1 amp times 12 Q.
(b) 46 volts — 1 ma times 46K.

A7. (a) IR, = 13V, and IR, — 18V (It = 0.5 amp)

(b) IR; = 40V, IR, — 114V, and IR; — 56V (I, —
2 ma)

(¢) IR, =100V, IR, — 175V, and IR; —= 85V (I, —
0.5 ma)

A8. The voltage across the 26-ohm resistor will be
decreased from the source voltage by an amount
equal to the voltage drop across the 36-ohm
resistor.

PARALLEL CIRCUITS

A parallel circuit has two or more loads (resistances) con-
nected across a source. The current flow through each
resistance depends on the amount of that resistance. The
total load (Ry;) can be determined by dividing the source
voltage by the total current. The total current equals the
sum of the separate branch currents. I+ = I, (branch 1)
+ I (branch 2) + etc.

How does this compare to the series circuit? In a series
circuit, the same current flows through all resistances, and
thus a portion of the source voltage is dropped (proportional
to the value of resistance) across each resistance.

—ip—

A parallel circuit has a common supply voltage, and
thus a possible different current through each resistance
(branch), depending on the value of the resistance.
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These two factors must be remembered in all operations
-oncerned with calculations in both series and parallel cir-
uits—to work problems in series circuits, employ the com-
non current as the working component of Ohm’s law along
vith the different resistances; to work problems in parallel
ircuits, employ the common voltage as the working com-
sonent of Ohm’s law. Let a parallel circuit with two resistors
serve as an example.

E E
A N
R R,
This can also be stated as:
Ry X R,
(2} Re = R, + R,

[f all resistors are equal:

R (value of one resistor)

@) Re= the number of resistors in parallel
k. R, S
1s0v = RI Q1500 Ry 3 1500 33 150
Using (1) :
. 130V 150V
TS0V 150V | 150V da 4 la + la
150 150 150
R+ = 150V = 50 ohms
3a
However, using (3):
Ry = 120 = 50 ohms

Q9. When working problems from a schematic, what
value of resistance do the conductors have?
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Your Answer Should Be:

A9. The conductors are considered to have a zero resist-
ance, unless otherwise stated, when working prob-
lems from a schematic.

:__(_mﬁz

- t 0 J <
I =0.166 NEE——

SERIES AND PARALLEL COMBINATIONS

From the basic series and parallel circuits there are many
combinations possible which will contain both series and
parallel characteristics. The diagram below demonstrates
the two in combination.

L R2 S Ras sk
£

64V T I I 1 1 I
T 1 2
I ~ Rjs X R3S 11K

The first parallel branch consists of two resistors in series
(R, and R.). The second parallel branch contains two more
resistors in series (R; and R,). Many solutions can be
derived from the problems which may stem from such
arrangements. For instance, the first branch resistance is
determined by finding R, for the series circuit. The second
branch resistance is determined by the same process. The
total resistance can be determined by employing the R, —
E 1, expression, In this case, I, would be the result of the
sum of I, in branch 1 plus I, in branch 2. This is the parallel
circuit process.

The possible routes of solution for the circuit above may
be evaluated using many processes. The best approach is
always the direct application of Ohm’s law expressions. In
this case, Ry = E/I;. E is known but I, must be deter-
mined. Iy = I; 4+ I.. I, = E/Rq for branch 1, and I, =
E/Ry for branch 2. Since they are series branches, Ry is
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the sum of the resistances. That is, Ry, — R, 4+ R. for
branch 1, and R4+, = Rs; + Ry for branch 2.

The total resistance of each branch can be used to find
the branch currents, the branch currents to find the total
circuit current, and the total circuit current to find the
total circuit resistance (Ry). Other combination circuits
may take on almost any form. The forms are limited only
by the designer’s need to construct a circuit which will
perform a specific function.

Another example of a combination circuit is shown below:

R3%100K
300vf—TL +
- R1 S 150¢ R2< 300K
I I

It

To find the effective load for the 300V source, R, must
be calculated. One approach for finding R, is to first find
the total resistance for the parallel branch (R, and R.);
then the sum of the total parallel resistance plus R; should
be found. After the total resistance has been determined,
the total current can be calculated.

The total resistance for the parallel combination of R,
and R. may be found by employing the product-over-the-sum
process. That is:

R X R, 150K X 300K .

R+ Re 150K + 300K ~ 100K

for the parallel branch. The final series-circuit resistance
becomes Ry = 100K + 100K — 200K. The total current for
the entire combination is 300V /200K, or 1.5 ma.

Q10. What is the total resistance in the circuit on the
opposite page?

Q11. What is the total current in the circuit on the
opposite page?

Q12. What is the voltage drop across R,?

Q13. Draw the equivalent circuit.

Rn
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Your Answers Should Be:

A10. Rq; = R, plus R; for branch 1. Ry, = R; plus R,
for branch 2.

Rri = 9K + 7K = 16K for branch 1.

Rr: = 11K + 5K = 16K for branch 2.
Total resistance equals 16K/2 — SK.
All. I, = E/R; — 64V/8K = 8 ma.
A12. The voltage drop across Ry equals IR, — 4 ma X
5K — 20V.
Al3.

r— +
LY = EQUIVALENT § 64V

LOAD <_Rp=&

. I1-8ma

The voltage drop across R; (diagram on preceding page)
is equal to IR;. IR; — 1.5 ma X 100K — 150 volts. The
voltage common to both R, and R; is the source voltage
minus the voltage drop across R;. This results in a voltage
of 150 volts across the two resistors in parallel. R, will have
1 ma of current flowing through it. R, will have 0.5 ma of
current flowing through it. The total current of the branches
(and the circuit) will equal 1.5 ma. The equivalent circuit
would consist of a 300-volt source connected to a 200-ohm
load.

The illustration on the next page, under Question 14,
shows another example of a combination series-parallel cir-
cuit. Included in this illustration is a method recommended
for converting this type of circuit to an equivalent series
circuit. This conversion simplifies the calculations.
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Q14. If a 100-volt source is applied to the circuit below,
what will be the voltage drop across R;? What will
be the current flow through R,?

R1
160
0X 60
" ComDe
RT-';
40 X 60
R, RgSan RsJemn % R12* a0s g0 - 2
400 R‘|’=R1+R11¢R12+R6
=160 +20Q +24Q +40Q
= 1002

Q15. What is the voltage drop across each resistor in
the following circuits?

L 2oy
=
R4
00
Rp 00 R7£
800
— o~ ~ T
z z z z V=
of o of I~ J
[+=] [=-] o ==}
! R5S 1500
R: & 321100 R¢
12 g0 700
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Your Answers Should Be:

A14. The total current will be 1 ampere. The current
through R, will be 0.6 amp. So, E,, = 24V.

A1l5. (a) To find the voltage drop across each resistor,
you must find the current through each
branch. In this case, total current is of no
concern.

300V 300V
Ry + Re 1500
= 2 amps
IR, = 2a X 60Q = 120V
IR: = 2a X 902 = 180V
BRANCH 2: [0, 2 — 300V _ 300V
Ry + Ry 150Q
= 2 amps
IR; = 2a X 100Q = 200V
IR, = 2a X 402 = 80V

BRANCH 1: 0,1 =

BRANCH 3:
IR, will equal the supply voltage (300V).

300 300V
Re + Ry 1500
= 2 amps
IR = 2a X 702 = 140V
IR; = 2a X 8092 = 160V
(b) To find the voltage drop across each resistor,
proceed as follows:

Ro croon 1) — R X R; _ 3 X2
Ri+R 342
Ry X Ry 4X6
Roroon 2y = R, + Ry = 146 = 2.4Q
Rt = Rydoon 1y + Rz 4+ R1croop 2)
Ry = 1.20 4+ 2.4Q 4+ 2.4Q = 69
D) 6V
I+ =

Ry ~ o~ lAmp
IR (loop 1y = 1a X 1.2Q 1.2V
IR tloop 2) = 1a X 2.4Q = 2.4V
IR; = 1a X 2.4Q = 2.4V
IRy = 1.2V 4+ 24V 4 24V = 6V

BRANCH 4: 0,2 =

= 1.2Q
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KIRCHHOFF'S LAW

Kirchhoff’s law defines the distribution of currents and
voltages within an electrical circuit. This law is used as a
method of checking to see if you have assigned the proper
direction for current flow and to see if your arithmetic is
correct. It consists of two parts—one for voltages and one
for currents. You will find this law a very useful tool when
the direction of current is in question and ‘or when the total
voltage or current is to be determined.

Primarily, Kirchhoff’s law is a complete circuit application
of Ohm’s law. It makes use of Ohm’s law many times in
some circuits. Because of this application and the unique
methods employed in handling points in the circuit—one
with respect to another—you should master every process.

Voltage Applications

Upon determining voltage and polarity for each source
and across each resistance, choose a point in the circuit and
assign a direction of current flow. Find the algebraic sum
of all the IR drops plus the source, from the chosen point,
around the entire circuit and return. It should be zero.

_ KIRCHHWOFFS
i YOLTAGE LAW
J ASSUMED DIRECTION OF I
E —; 21V
Rl RZ E
+ _W.+ — W\ " ] f—
R, é 130 Py 13Q 14 27V
I-1a -
U IR +IRp+E=?
(=13V)+(-14V)+(+27V)=?
-21V+21V=0
Pl

The sum of voltages in the loop from point 1 back to point
1is zero. The current was assumed to be in the correct direc-
tion, and I, and the IR drops were calculated properly.
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Another look at the same circuit, with an opposite direc-
tion of current assignment, is as follows.

ASSUMED DIRECTION OF 1

E Ry Ry
. = + = o
p |} IAA VWA
1 v 140 130
E+IR2+IR1-?

(-21V)+(-14V)+(-13V)=-54V

The sum of the voltages in the loop from point 1 back to
point 1 equals —54V. Therefore the current was assumed to
be going in the wrong direction.

AN —ifi= AAA
0 £} 14Q
j_ = >
= h-6v R3 S &0
R4 E3
N Il
p AN 1=
1 '
6Q v

) E7 - +E3-E 4 E) o (+40V)+(-35V)+(+65V)=+TOV
@ RT-60+80+140 + 70 « 350

4 (-IR4)+(+E3)+'(-IR3)+(-IR2)+(-E2)+(-IRl)+(+El)-?

Calculating the IR drop across each resistor: IR; — 12V,
IR; = 16V, IR, = 28V, and IR, 14V. Kirchhoff’s applica-
tion (4) above: —12V 4 40V — 16V — 28V — 35V —
14V 4 65V = ? 105V — 105V = 0V.
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Current Application

Finding the sum of the voltages around the circuit for the
series network is one basic application of Kirchhoff’s law.
Finding the sum of the currents is another application and
is the process employed in a parallel circuit. Kirchhoff’s
current law states that the current flow away from a given
point in a circuit must equal the current flow to that point.

Q1e6.
QI17.
Q18.
Q19.

Q20.

Q21.

What is the E; for the following circuit ?
What is the R, for the following circuijt?
What is the I for the following circuit?

Write the complete Kirchhoff expression for the
following circuit, starting at P,,

Rs Ry £3
AN AAA —=|i
62 0 16V
Bl = aav I 1 R
T 3 250Q
R, "mmm) 4 R,
P L——wv —if— A
2Q 3V 122

Write Kirchhoff’s current expression for the fol-
lowing circuit,

P
E= »6v R1 31280 R2 S sa0 R3S120

IT- Ilt 3 —13.,

What is the voltage at point 1 and the current
through R (dropping resistance) for the following
circuits?
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Your Answers Should Be:

Al6.
Al7.

AlS.
Al9,

A20.

A21.

E; — 64V — 32V 4+ 16V — 48V

Rt =R, +R. + Ry + R, + Rs; = 210 + 120 +
500 + 72 + 60 — 960

I —=E¢/ Ry = 48V/96Q — 0.5 amp

—IR, —E, — IR, — IR; + E, — IR, — IR, +

E, — —105V — 32V — 6V — 25V 4+ 16V —
3.5V — 3V + 64V — 0V
=1, + L + I,

E/R: — E/R, + E/R, 4 E/R,
256V /32Q = 256V /1280 + 256V /640 + 256V /1280
8amps — 2 amps + 4 amps + 2 amps

I+ = 300V,/R,

- BXE g,

R, — 28.6K for (A) ; R, — 29.8K for (B)

I, — 10.49 ma for (A); I, — 10.06 ma for (B)
Voltage at P, — 300 — (15K X 10.49 ma) — 300
— 157.35 — 142.65 volts for (A)

Voltage at P, — 300 — (15K X 10.06 ma) — 300
— 150.9 — 149.1 volts for (B)

Some circuits have their components connected in series,
others have a parallel-circuit form. Still others are different
combinations of series and parallel circuits, Combination-
type circuits are the most widely used arrangements. These
arrangements often are a result of switching action or of
variable resistance. When such applications need to be con-
structed or examined, you need a good command of Ohm’s
and Kirchhoff’s laws. One example is shown below.

APPLICATION

THE

POTENTIOMETER




The output voltage (across R,.) equals 3V — ItR., I, =
3V/R1, and Ry = Ri X Ruw + R.. Another method or ap-

Rl + Rout . .
proach would be to find IR, ... This would require calculating I.
Il = iy — Iy

The following diagram is an example of resistor voltage
division. The goal in this case is to control the current
through the two paths.

VOLTAGE " W
- T W 8Q
DIVIDER I 80 oW
=

If the wiper of the potentiometer is centered, the resist-
ance from either side to ground will be equal.

The following circuit is another example of a variable
voltage output, presenting to the source a constant or near-
constant resistance. With the wiper centered on both rheo-
stats, the output voltage is approximately 2.5 volts.

e 5QXT00Q
Ry =32+ S50+7000

" =350+33, 30 <68. 30

2 555 volts. This leaves 2.445 volts for the output. Dividing
2.445 volts by R, equals approximately 3.49 ma.

Q22. Solve for the current through the output resistor
in the potentiometer circuit on the opposite page,
with the wiper arm first at the top of the 500K
potentiometer and then in the center (as shown).

()23. What would be the total current in the potentiom-
eter circuit at the top of this page? (Assume the
wiper is in the center of the potentiometer.)

Q24. What will be the total resistance in the same cir-
cuit if the wiper is all the way to the left?
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A23.

A24,

Your Answers Should Be:
A22,

If the wiper is all the way to the top, the output
voltage will be 3 volts. Therefore the current will
be equal to the 3 volts divided by 1 megohm of
resistance. This results in 3 ua of current flow.
The total resistance across the source at this time
will be 333K. If the wiper were in the center posi-
tion, the total resistance would be 450K. This
results in 6.66 na of current flow. The current flow
through R, (250K) causes 1.68 volts to be dropped
across R,. The resulting output will be 3V —
1.68V, or 1.32V.

The total current for the circuit would be 2 volts
divided by the total resistance. I, — 2V/R;
(Rt = 8 ohms plus 8 ohms divided by 2).

8Q 8Q

Ry=8Q

I

The total current will equal: 2V/8q — 0.25 amp
If the arm is all the way to the left, the total
resistance will equal: 8 X (16 + 8) _ 6Q. I

8 + (16 + 8)
for this setting is 2V/6Q — 0.33 amps.

WHAT YOU HAVE LEARNED

1. The basic circuit is a series circuit.

2. The series circuit has the same current through all

components.

3. The parallel circuit has the same voltage across all

branches.

4. IR drop is determined by multiplying the value of a
resistance (in ohms) by the value of the current (in

amps) flowing through it.

148




10.

11.

12.

13.

In a series circuit the total IR drop across the resist-
ances is equal to the effective total source voltage.

The sum of the branch currents in a parallel circuit is
equal to the total current of the circuit.

. Both series and parallel solutions may be employed

when solving for current, voltage, or resistance in com-
bination circuits.

. Kirchhoff’s law is an application of Ohm'’s law.
. Kirchhoff’s law for series circuits states that the sum

of all voltages around a circuit, from one point through
the circuit and back to the point, will be equal to zero.
In addition, the sum of all the voltage drops will equal
the effective voltage of the source.

Kirchhoff’s law for parallel circuits states that the
amount of current leaving a junction must be equal to
the amount of current entering the junction.

The total voltage of the source will be the product of
R, times I.

In a series circuit, the Kirchhoff’s law application
results in zero if the direction of current is assumed
correctly.

If the current is assumed to be going in the wrong
direction, the result is equal to twice the effective
voltage of the source.
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6

Electromagnetism

This chapter explains

What You the principles of magnet-
. ism for DC applications.
Wlll Learn It includes a description

of magnetism, natural mag-
nets, electromagnets, magnetic properties and relation-
ships, magnetic measurements and associated terms, and
DC applications of electromagnetic principles. The DC
applications include the effects of magnetic fields on cur-
rent flow and electrical reactions associated with relays,
motors, ete.

The fundamental characteristics and typical applica-
tions of DC electromagnetism are employed in electrical
machinery, radio equipment, laboratory and test equip-
ment, automotive devices, television, radar equipment,
computer systems, and many others.

When you complete this chapter you will be able to
visualize and describe magnetic principles for both per-
manent magnets and electromagnets, perform experi-
ments and describe the actions and reactions observed,
and relate the operating principles of relays, motors,
solenoids, and meters to electromagnet fundamentals.

HISTORY OF MAGNETISM

During the ancient period in the world’s history, in a dis-
trict in Asia Minor known as Magnesia, the Greeks noticed
that a lead-colored stone had an attraction for small par-
ticles of iron ore.
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In later years the Chinese made use of this stone in their
desert travels. They suspended the stone or floated it on
water and called it loadstone, meaning “leading stone.”
Loadstone (also spelled lodestone) is a natural magnet,
because it possesses magnetic properties when found in its
natural state. At the present time the most common method
of producing electricity is through the use of the magnetic
properties of certain materials.

A LOADSTONE

T—HXOZ
I—cCOoOWwm

WHAT IS MAGNETISM?

The dictionary defines magnetism as “a peculiar property
possessed by certain materials by which they can naturally
repel or attract one another according to determined laws.”

In order to provide a better understanding of magnetism
it will be necessary to look further into this definition and
study the properties, circumstances, and laws referred to.

Magnetism is actually a force which cannot be seen,
although you can witness the effects of magnetism on other
materials.

THE MAGNET

We have already discussed one magnet, the loadstone, as
being a natural magnet found in the earth. Magnets manu-
factured today are much stronger than the loadstone.

Iron, cobalt, and nickel are used in the manufacture of
artificial magnets. Iron is easy to magnetize, but loses its
magnetic properties almost immediately after the magnet-
izing force is removed. Steel is harder to magnetize, but it
holds its magnetism over a greater period of time after the
magnetizing force is removed.

The Chinese learned that when the loadstone was sus-
pended or it was floated on a liquid, one end of the stone
always pointed in a given direction. Today we know that
any magnetic or magnetized material, when suspended or
floated, aligns itself with the earth’s magnetic field. The
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end of the magnet or magnetized material that points toward
the north pole of the earth is called the “north-seeking” pole
or “north pole”; the opposite end is called the “south-seek-
ing” pole or “south pole.”

LOADSTONE TUB OF WATER

Since magnetism is more pronounced in iron and its alloys
than in most other materials, we will take a close look at
an atom of iron.

AN ATOM OF IRON

Notice that the majority of electrons in orbit around the
nucleus appear to be traveling in the same direction. This
is the first clue as to why certain materials are easy to
magnetize while other materials are almost impossible to
magnetize. If you could take a close look at the atoms in
a material that cannot be magnetized, you would see that
the electrons in orbit appear to be traveling in different
directions ; they will cancel out each other’s magnetic effects,
thus preventing any external magnetic field.

You have learned that any magnet or magnetized material
has a north-seeking and a south-seeking pole. One impor-
tant characteristic possessed by magnets is that if the north
poles of two magnets are brought near each other, they
repel one another. This also occurs if two south poles are
brought near each other.

Ql. Write the definition of a molecule.
Q2. How do like charges affect each other?
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Your Answers Should Be:

Al. A molecule is the smallest particle of any substance
that still retains the physical characteristics of
that substance.

A2. Like charges are repelled by each other.

Magnetic Molecular Alignment

If you were able to view the molecules inside a block of
unmagnetized iron, you would see the total disarrangement
of the molecules.

@S> @S> W 2 > >
MOLECULES IN MOLECULES IN

ALIGNMENT DISARRANGEMENT

Each molecule within a bar of iron has its own north-
seeking and south-seeking poles. Although the magnetic
strength of a single molecule is very weak, there are many
millions of molecules in a very small piece of metal. When
magnetically aligned in the same direction, they can develop
a strong magnetic field. This is known as the molecular
theory of magnetism.

To magnetize a bar of iron, stroke the bar with a material
known to be a magnet. Let us assume you choose to apply
the north pole of the magnet to the iron. In the illustration
below, stroke the iron bar from left to right.

S MAGNET
MOTION

l MAGNETIZING AN IRON BAR
| N .

[N BAR s|

Note that in stroking the iron bar, the same pole of the
magnet is always applied to the iron bar and the stroking
action is always in the same direction. Make sure the mag-
net is lifted free of the bar at the end of each stroke.
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An alternate method of magnetizing an iron bar is to
apply the magnet at the center of the bar and stroke in
one direction. After half of the bar is magnetized, reverse
the magnet and, again starting at the center, stroke the iron
bar in the opposite direction.

N
: MOTION MOTION
‘/ — ﬁ (——‘b \]
N S5 —~———| S
[N BAR s] [w BAR s |

A steel bar can be magnetized in exactly the same way.
Steel requires a greater force to align its molecules and
therefore takes longer to magnetize. However, steel retains
its magnetic properties for a much longer time than iron.

Because steel retains its magnetic properties, it is con-
sidered to have a high retentivity (the property of any
material to remain magnetized).

Other Methods of Magnetizing Metal
Whenever a piece of iron or steel is placed in a magnetic
field, it assumes the properties of the magnetic field.

. —

N

4
MAGNETIC/ Y N .

FIELD ) S
~_ A \
- - 3 / . :
l;@}'

You probably know the danger to your watch if you wear
it when working near magnets. Many watches made today
are said to be nonmagnetic. This doesn’t mean that you can
lay your watch on a strong magnet with safety, but it does
mean that the watch is shielded from ordinary magnetic
fields (lines of force surrounding a magnet).

Q3. What is the retentivity of iron as compared with
steel?

Q4. What is meant by a magnetic field?
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Your Answers Should Be:
A3. The retentivity of iron is very low.

A4. A magnetic field is the pattern of lines of force
that surround a magnet.

Magnetic Lines of Force

All magnets have invisible force lines surrounding them.
These lines leave the north pole of a magnet, form a loop,
and enter the south pole of the magnet, completing the loop
inside. These loops run parallel to each other inside the
magnet and never cross or unite,

-
——— ]
=3
ARROWS |LLUSTRATE THE PATHS T
OF MAGNETIC LINES OF FORCE \‘ \\:_f//

The lines formed by the magnetic loops are called mag-
netic lines of force. The area occupied by these lines is
called the magnetic field. The magnetic field is the induced
energy surrounding the magnet or the space through which
the influence of these magnetic lines of force can be meas-
ured. The strength of the magnetic field is measured by
determining the number of magnetic lines of force per unit
area surrounding the magnet.

These lines are invisible; therefore, you may wonder how
their total number can be determined or what pattern they
form. A simple experiment that you may wish to perform
will answer these questions and enable you to see these
lines for yourself.

Magnetic Field Pattern Demonstration
You will need:
1. A bar or horseshoe magnet.
2. A piece of glass or clear plastic about 12 inches square.
3. A small can of iron filings.
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Place the glass or plastic sheet over the magnet and
sprinkle a small amount of iron filings (about a thimble
full) over the magnet area on the surface of the sheet. Tap
the sheet and notice how the iron filings form a definite
pattern similar to that shown in the figure below.

IRON FILINGS

MrdE

IRON FILINGS

It was stated previously the lines of force were invisible
but that you could see their effects. Notice the heavy con-
centration of iron filings near the poles of the magnet.

It is possible to magnetize an iron or steel bar by stroking
it with a magnet. A steel bar or rod can also be magnetized
by placing it parallel to the earth’s magnetic field and
striking it several sharp blows with a hammer. The force
from these blows causes the molecules in the bar or rod to
change positions and to align themselves with the earth’s
magnetic field. If a screwdriver becomes magnetized, strike
it on a hard surface a few times. Providing its original
magnetic properties were rather weak, this striking will
rearrange the molecules and demagnetize the screwdriver.
Be sure the screwdriver isn’t held parallel to the earth’s
magnetic field as it strikes the hard surface.

Heating, as well as jarring, reduces the magnetism of any
material. When iron is heated above 770°C, it can no longer
be magnetized or hold any magnetism. Heating a material
accelerates the movement of the molecules, and this action
causes the molecules to rearrange their alignment.

Q5. How is the strength of the magnetic field around a
magnet determined?

Q6. What part of a magnet has the greatest magnetic
attraction for a steel bar?
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Your Answers Should Be:
A5. The number of lines of force per unit area around
a magnet indicates its magnetic field strength.

A6. The area around either pole has the greatest influ-
ence on a steel bar.

Magnetic Poles

The path of magnetic lines of force can be controlled. The
lines of force concentrated at the poles of the magnet are
much closer together than those surrounding the magnet.
This is true because magnetic lines of force always take the
path of least opposition. Iron or steel offers less opposition
to these lines of force than air or other nonmagnetic mate-
rial. This principle can be used to advantage. If an iron
or steel ring is placed around a watch, the magnetic lines
will follow a path through the ring and will not pass through
the watch. This method of diverting magnetic lines of force
is called magnetic shielding.

METAL (STEEL) RING MAGNETIC SHIELDING

The minimum number of poles a magnet can have is two—
a north-seeking pole and a south-seeking pole. It is possible,
however, for a magnet to possess more than two poles.

158



The poles between the ends of a magnet are called conse-
quent poles. Notice there are magnetic fields existing be-
tween the consequent poles and the end poles. These fields
are the same as the field that exists between the end poles.
The magnetic lines of force leave a north-seeking pole and
enter a south-seeking pole.

TYPES OF MAGNETS

Basically, there are two types of magnets—permanent and
temporary. As their names imply, one magnet retains its
magnetism for a long period of time (years in some cases),
and the other loses its magnetism almost as soon as the
magnetizing force is removed. Manufactured magnets are
called artificial magnets since the only natural magnet is
the loadstone. Incidentally, a loadstone is very weak com-
pared to a manufactured magnet ; therefore, a loadstone has
very few applications.

Applications

The types of magnets which have been discussed are
widely used in speakers, meter movements, and magnetic
compasses. You may wonder about the third use since a
magnet deflects the needle of a compass. A compass installed
on most boats, cars, or airplanes is usually surrounded by
metal. This metal is affected by the earth’s magnetic field.
Small bar magnets, called compensating magnets, are placed
around the compass to counteract the effects of the earth’s
magnetic field on the surrounding metal. This makes it pos-
sible to use the compass in such places.

Q7. Magnetic lines of force always take the path of

_____ opposition.

Q8. Diverting magnetic lines of force is one method of
magnetic — — — _ _ _ _ _ _,

Q9. What is the minimum number of poles a magnet
can have?

Q10. The poles between the ends of a magnet are called
__________ poles.

Q11. Magnetic lines of force leave the — — _ _ _ pole and
enter the — — — _ _ pole.




Your Answers Should Be:

A7. Magnetic lines of force always take the path of
least opposition.
AS8. Diverting magnetic lines of force is one method
of magnetic shielding.
A9. Two.
A10. The poles between the ends of a magnet are called
consequent poles.

A1l1l. Magnetic lines of force leave the north pole and
enter the south pole.

Horseshoe Magnets

The magnets used in meters are shaped like a horseshoe.
By bringing the two poles close together, the lines of force
are concentrated and thus provide a much stronger mag-
netic field.

\\\
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Care of Magnets

Magnets that are not properly cared for lose their mag-
netic properties over a period of time. How much magnetism
is lost depends on many variables—how the magnet was
originally magnetized, how it is used, where it is used, etc.
When a horseshoe magnet is not in use, a soft iron bar
should be placed across the poles. This bar will provide a
path for the magnetic lines of force, and the magnet will
retain its magnetic properties for a much longer period.
The iron bar used for this purpose is called a keeper. Bar
magnets should be stored parallel to each other with unlike
poles together.
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In some cases, it is important for the magnet to maintain
a specific magnetic force over a long period of time. When
this function is necessary, magnets are put through a
process of aging during their manufacture. This is done by
placing the magnet in an oven and subjecting it to controlled
temperature changes and to vibrations. This process causes
the strength of the magnet to remain nearly constant for a
long period of time.

Reluctance

Some materials offer less opposition to magnetic lines of
force than do others. In magnetic circuits this opposition is
called reluctance.

In the study of electrical circuits, you learned that electro-
motive force causes current to flow in a circuit and the flow
of that current is limited by resistance. There is also a mag-
netic circuit in which the magnetic lines of force form closed
loops, called flux loops. The force that produces these flux
loops is called the magnetomotive force (mmf). The oppo-
sition to the flux loops is called reluctance. Notice the sim-
ilarity to the electrical circuit. In a magnetic circuit the
magnetic lines of force always take the path of least reluc-
tance. This is why the magnetic lines followed the steel ring
around the watch discussed previously. The steel ring offered
less reluctance than the air and the nonmagnetic metal of
the watch in the center of the ring.

Q12. The opposition that some materials offer to mag-
netic lines of force is called - — — - _ _ _ _ __,
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Your Answer Should Be:

A12. The opposition that some materials offer to mag-
netic lines of force is called reluctance.

Magnetic Flux

An expression for determining the amount of flux present
in a magnetic circuit is:
magnetomotive force

reluctance

Flux varies directly with the magnetomotive force and
inversely with the reluctance. This is the Ohm’s law expres-
sion for magnetic circuits. Compare the two formulas.

flux =

electromotive force
resistance

Magnetic flux is the total number of magnetic lines exist-
ing in a magnetic circuit or extending through a specific
region. The symbol for magnetic flux is the Greek letter
¢ (phi). One magnetic line of force is equal to 1 maxwell.

The concentration of these magnetic lines determines the
flux density. The symbol for flux density is B, and the unit
of measurement is the gauss. One gauss is a flux density of
one line of force per square centimeter.

The degree of flux density between the poles of a horse-
shoe magnet is directly proportional to the area of the air
gap between the poles. The force of attraction or repulsion
between the poles varies directly with the strength of the
poles and inversely with the square of the distance separat-
ing them. This force can be determined as follows.

Current =

where,

F is the force between poles in dynes (unit of force),

P, and P, are the strengths of the two poles,

d is the distance in centimeters between the poles,

w is a constant that depends on the medium between the
poles. It is 1 for air and greater than 1 for other
mediums.
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To find the total number of flux lines, multiply the flux
density (in gausses) by the area (in square centimeters).

Certain materials have more opposition (reluctance) to
magnetic lines of force than others. It is therefore true that
some materials allow magnetic lines of force to pass more
easily than others. The ease with which magnetic lines of
force pass through a material is known as permeance, the
1

— ). Any
reluctance
substance that allows the magnetic flux to pass with little

or no opposition is said to have a high permeability. Iron,
for example, has a high permeability. High-permeability
materials can be easily magnetized, but they will not retain
their magnetism. Permeability varies with the intensity of
the magnetic field in which the material is located.

It is also possible to determine the flux in any material by
multiplying the magnetomotive force by the permeance.

flux — mmf X} permeance

Not all materials can be magnetized. Actually, materials
can be broken down into three classifications—diamagnetic,
paramagnetic, and ferromagnetic. Diamagnetic materials
are those that normally cannot be magnetized. Paramag-
netic materials are those that are difficult to magnetize. Fer-
romagnetic materials are those that are relatively easy to
magnetize. Some ferromagnetic materials are iron, cobalt,
nickel, silicon steel, and cast steel.

A diamagnetic material is extremely difficult to magnetize
and has a permeability of less than 1. A paramagnetic mate-
rial is also difficult to magnetize, but has a permeability of
slightly greater than 1. A ferromagnetic material is easily
magnetized, and its permeability is quite high.

reciprocal of reluctance (permeance -

Q13. If there are 3,000 magnetic lines of force passing
through a magnet, what is the magnetic flux?

Q14. If there are 2,700 maxwells in a cross-sectional
area of 9 square centimeters and the lines are
evenly spaced, how many maxwells are there in 1
square centimeter?

Q15. In an area of 5 square centimeters the flux density
is 6,000 gausses. How many flux lines pass through
the area?
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Your Answers Should Be:

A13. The magnetic flux is 3,000 maxwells.
A14. There are 300 maxwells in 1 sq. cm.
A15. 30,000 flux lines pass through the area.

ELECTROMAGNETS

There is another type of magnet that has a wide range of
applications in electricity. This is the electromagnet. The
dictionary defines an electromagnet as “a bar of soft iron
that will become a temporary magnet if an electrical current
is caused to pass through a wire coiled around it.”

Electromagnetism was first discovered by Hans C. Oersted,
a Danish scientist, in 1820. Oersted found that a needle
placed near a wire would deflect when current passed
through the wire. Further experiments led to the discovery
that current flowing through a conductor creates a magnetic
field about the conductor. This magnetic field is composed
of lines of flux (magnetic lines) that encircle the conductor
at right angles to the flow of current. The flux lines are uni-
formly spaced along the length of the conductor.

UNIFORM SPACE
—
N\

CONDUCTOR b
l yaN

AN

MAGNETIC LINES OF FORCE

This is another method of creating a magnet. The mag-
netic field around a straight conductor is not very strong,
but it exhibits the same properties as the bar or horseshoe
magnet discussed previously. If a compass is placed near
the conductor, the compass needle is deflected at right angles
to the current-carrying conductor. The compass also indi-
cates that the magnetic field around the current-carrying
conductor is polarized. If the current is reversed through
the coil, the position of the compass needle also reverses.

The magnetic field around a conductor diminishes with an
increase in distance from the conductor.
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FIELD IS STRONGEST NEAR THE CONDUCTOR

CONDUCTOR - -
JRON-FILING \
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— SHOWING HEAVY

CONCENTRATION Ld
OF IRON FILINGS
l\J] NEAR THE CONDUCTOR.
Left-Hand Rule
To determine the direction of the magnetic field around
a current-carrying conductor, grasp the conductor in your
left hand, with your thumb pointing in the direction of cur-
rent flow. The direction that your fingers curl around the
wire indicates the direction of the magnetic field.

DIRECTION OF THE
/MAGNETIC FIELD

LEFT-HAND
RULE

Do not attempt such an experiment on a bare wire. In-
stead, place your left hand in a position away from the
wire with your thumb pointing in the direction of current
flow. Your curled fingers will indicate the direction of the
magnetic field. It isn’t necessary to grasp the conductor.

G rReNT

A16. In what plane do the magnetic lines around a cur-
rent-carrying conductor lie?
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Your Answer Should Be:

A16. The magnetic lines around a current-carrying
conductor lie in a plane at right angles to the
conductor.

/2 A

FIELD AT RIGHT ANGLES
TO WIRE

Magnetic Field Strength

Magnetomotive force is the force that tends to drive the
flux through a magnetic circuit. The unit of magnetomotive
force is the gilbert.

The unit of measurement used to express field intensity
is the oersted. The strength of the magnetic field can be
found by using the following expression:

I
H =5

where,

H is the field intensity at a point nearest the wire in
oersteds,

I is the current through the wire in amperes,

d is the distance of this point from the axis of the wire
in centimeters (1 inch — 2.54 centimeters).

Constructing an Electromagnet

The magnetic field developed around a straight wire or
conductor is seldom strong enough to be useful. However,
if the wire is formed into a coil, the magnetic field becomes
quite strong.

The figure on the next page shows the action that takes
place when current flows through a coil. All of the magnetic
lines of force enter the coil at one end and emerge at the
opposite end.

The strength of the magnetic field is directly proportional
to the number of turns in the coil and the current passing
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CURRENT

through them. A coil with a large number of turns has a
magnetic field of greater strength than one with a small
number of turns. The magnetic field is greater when a larger
current flows through the coil.

Since all magnetic lines of force form a loop, poles similar
to those of a permanent magnet are established on the coil.
The poles form at each end of the coil and their polarities
depend on the direction of current flow.

The left-hand rule is employed to determine the magnetic
polarity. Grasp the coil in your left hand with your fingers
pointing in the direction of current flow. Your thumb points
in the direction of the north-seeking pole of the coil.

CURRENT

It was stated previously that the flux density is much
greater in a block of iron than it is in air. Therefore, if an
iron core is added to the current-carrying coil, the magnetic
loops will concentrate through the core, increasing the flux
density and strength of the electromagnet. The magnetic
lines around the coil are called induction lines. Soft iron
cores are used in electromagnets because of the high per-
meability of iron.

Q17. What is the field intensity at a distance of 5 inches
from the center of a wire carrying 100 amps?

Q18. Why is the magnetic field around a coil stronger
than the magnetic field around a straight wire?
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Your Answers Should Be:
Al7. The field intensity is 1.57 oersteds.

H I 100 _ 100 1.57 oersteds

T 5d 5 x 127 cm 635

Al18. When a straight wire is formed into a coil, the
magnetic lines around each turn are reinforced.

CURRENT

The strength of an electromagnet can be determined by
connecting a coil across a battery and placing an iron rod,
suspended by a small hand scale, near the coil. When the
circuit is energized, current flows through the coil and the
magnetic field that is developed attracts the iron rod. The
amount of pull can be read directly on the hand scale after
subtracting the weight of the rod.

If the overall length of a coil is less than its diameter,
the strength of the field can be calculated by the following
expression.
2xN1I
10r

H =

where,

H is the field intensity in oersteds,

N is the number of turns in the coil,

I is the current through the coil in amperes,
r is the radius of the coil in centimeters,

= is a constant equal to 3.14.
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The two main factors that determine the strength of an
electromagnet are the current and the number of turns in
the coil. The magnetic field can be varied by altering either
factor. The combination of these two factors (I and N) is
called ampere turns. An electromagnet with 200 turns of
wire through which 1 amp is flowing has a field strength
equal to an electromagnet with a 10-turn coil through which
20 amps is flowing. In both cases the number of ampere
turns is 200.

— S EE—

MAGNETIC STRENGTH
DEPENDS ON CURRENT
AND
NUMBER OF COIL TURNS

|

Q19. What can be added to a coil of wire to make it a
stronger electromagnet?

Q20. What is meant by permeable material?

Q21. Calculate the field strength of the coil shown in
the figure on this page.

Q22. What determines the field strength of an electro-
magnet?

Q23. What is the field strength of a coil having 10 amps
of current flowing through it, if the coil has a
radius of 2 inches and contains 26 turns?

Q24. Find the current flowing in a coil having a field
strength of 25 oersteds, 15 turns, and a radius of
2 cm,
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Your Answers Should Be:

A19. Adding an iron core to a coil increases the
strength of an electromagnet.

A20. Permeable material is any material that can be
easily magnetized.

A21,

1 - 27N _ 6.28 X 4 X 50 _ 1,256

T = 06 60 20.93 oersteds

A22, The current and the number of turns in the coil.

A23.
1 — 27NI _ 6.28 X 26 X 10
T lor T 10 X 2 X 2.54
A24, _ 2zNI

H 10r

2xNI = H X 10r

I=HX1()r

= 32.14 oersteds

_ 25X 10X2
2xN 6.28 X 15
= 5.30 amps

Magnetomotive Force

Magnetomotive force is defined as the force that produces
a magnetic field, and is measured in gilberts. In the design
of an electromagnet for a particular application, it is often
desirable to determine just how much magnetomotive force
is required to create a magnet with a specific field strength.

A convenient method of determining the magnetomotive
force in a current-carrying air-core coil is to use the fol-
lowing expression.

mmf = 1257 X I X N
where,
mmf is the magnetomotive force in gilberts,

I is the coil current in amps,
N is the number of coil turns.

The reluctance of air is 1.257 (this number will be differ-
ent for an iron-core coil). As can be seen, magnetomotive
force is directly proportional to the ampere turns.
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Residual Magnetism

When an electromagnet is de-energized, the magnetic field
collapses, but a slight amount of magnetism remains in the
core material. This is called residual magnetism.

When the magnetic lines of force surrounding the coil
concentrate inside the center of the coil, the force magnet-
ically aligns the molecules in the core material. This is
similar to the process of magnetizing a metal bar. If the
core material is a bar of steel, the results will be different
from those for a bar of iron. Once the molecules are aligned
in the steel bar, they tend to remain aligned. The core will
then retain considerable residual magnetism after the cur-
rent has ceased to tflow through the coil.

Hysteresis

If the current is reversed in an electromagnet (perhaps
many times a second), the magnetic field and the direction
of polarization will also reverse. If the core material pos-
sesses any residual magnetism, the polarity change in the
magnetic field will be somewhat delayed beyond the time
when the current is reversed. It is necessary to overcome
the residual magnetism before the core can be magnetized
in the reverse direction.

=

CURRENT

FIELDS OPPOSING

When current flows through the coil in the direction
shown, the north pole of the magnet is on the left, and the
south pole is on the right (left-hand rule for a coil). The
magnetic polarity of the core material is identical to the
polarity of the coil. When the circuit is de-energized, the
magnetic field collapses. Any residual magnetism remaining
in the circuit retains its original polarity.

Q25. What is the magnetomotive force if 2 amperes

flows through an 8-turn air-core coil?

Q26. What makes the best core material for an elec-
tromagnet?
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Your Answers Should Be:
A25. The magnetomotive force is 20.112 gilberts.
mmf =1.257T X [ X N=1.257T X 2 X 8 =
20.112 gilberts
A26. Soft iron makes the best core material because

its molecules tend to rearrange themselves easily
after the magnetizing force is removed.

If the current through a coil is reversed, the magnetic field
also reverses. Before the reverse magnetic field can build up,
however, it must first overcome the residual magnetism in
the core material of the coil. The residual magnetism opposes
the new field, so it is first necessary to reduce the residual
magnetism to zero before the new field can be developed.
Instead of the magnetic field being developed immediately
as the current increases, there is a slight delay. The mag-
netic field lags the current slightly. This lag is called
hysteresis.

Energy is required to align the molecules in the core mate-
rial. If the current through the coil is reversed frequently,
considerable energy is required to realign the molecules first
in one direction and then in the other. This energy is lost
in the form of heat and is called hysteresis loss.

The hysteresis lag becomes quite evident when a curve of
magnetizing force (H) is plotted against flux density (B).

- CURVE

The figure above is referred to as the B-H curve. When
current flows through a coil, the magnetic field around the
coil builds up, as indicated by line A-B. When the current
reaches its maximum level, the magnetic field also reaches
maximum intensity, as indicated by point B. When the cur-
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rent ceases to flow, the magnetic field collapses along line
B-C. When the current reaches zero, the amount of residual
magnetism remaining in the circuit is indicated by line A-C.
If the current is reversed in the circuit, the residual mag-
netism must first be overcome. It falls to zero, as indicated by
line C-D. The magnetic field then builds up in the opposite
direction along line D-E, reaching maximum concentration
at point E. When the current stops flowing in the reverse
direction and falls to zero, the magnetic field collapses along
line E-F. The distance between points A and F indicates the
amount of residual magnetism remaining in the core at that
time. If the current were to flow in its original direction,
the magnetic field would collapse to zero, as shown by line
F-G, and build up to its maximum level along line G-B.

Saturation

The magnetic field develops gradually as the current
increases. There is a point, however, where the core mate-
rial cannot accommodate additional lines of fluix. When this
point is reached, the core is said to be saturated. Any addi-
tional lines of force will have to flow through the air sur-
rounding the core material. Since the reluctance of air is
quite high compared to the reluctance of iron, it is difficult
to increase the flux density beyond core saturation.

MAGNETIC SATURATION

CORE MATER!AL SATURATED

Q27. Will residual magnetism have any effect on the
temperature of the core?

Q28. What would the effects be if the core material
were removed?
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Your Answers Should Be:

A27. Yes, the temperature will definitely be affected.
When the molecular action increases, the material
becomes hot, and energy is expended in the form
of heat.

A28. If there were no core material the B-H curve
would increase and decrease in a linear fashion
and there would be no residual magnetism.

f

B B

Al

Magnetic Permeability

Compare the B-H curve on the preceding page with the
curve above. Notice that the first curve does not vary in a
linear fashion along line A-B or A’-B’. This is true because
there is a slight variation in the process of core magnetiza-
tion. Theoretically, the magnetic field gradually builds up
by a definite quantity whenever the magnetizing force is
varied by a specific amount.

For example, if the magnetizing force increases by 3
oersteds, the magnetic flux increases by 10,000 maxwells.
This is true anywhere along the theoretical curve. In actual
practice, however, there is a slight variation. At certain
points along the curve an increase of 3 oersteds in the mag-
netizing force may increase the magnetic flux by only 9,800
maxwells. At other points on the curve, such an increase in
the magnetizing force may increase the magnetic flux by
10,300 maxwells. This variation accounts for the nonlin-
earity of line A-B on the B-H curve.

The following graph compares magnetizing force and flux
density when a steel bar is magnetized.
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THOUSANDS OF GAUSSES)

FLUX DENSITY (B)

FIELD INTENSITY (H} (OERSTEDS}

The flux density increases rapidly with only a slight
increase in the magnetizing force when the core material is
at a point of low field intensity (only a few thousand mag-
netic lines of force). At a point of high field intensity, a
large change in the magnetizing force is required to cause
a small change in flux density. Point X indicates the point
of saturation.

Permeability can be determined by the following expres-
sion.

B
I
|

where,

u is the permeability (has no unit of measure),

B is the flux density in gausses,

H is the magnetizing force in oersteds.

When the permeability of a material is low, the reluctance
is high, requiring a large magnetizing force to increase the
flux density. This can be seen from the following expression
for determining flux.

where,

¢ is the flux lines in maxwells,
mmf is the magnetomotive force in gilberts,
R is the reluctance.

Q29. Referring to the graph above, would the permea-
bility at the point of saturation be high or low?
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Your Answer Should Be:

A29. The permeability of the core material at satura-
tion would be very low.

Solenoids

A coil wound in the shape of a cylinder or tube is called
a solenoid. A solenoid is often provided with a movable iron
core, or plunger. In this arrangement, the iron core is pulled
into the coil when current flows through the turns. Thus,
the core can be used to mechanically move some device.

Solenoids are commonly used in relays or circuit breakers.
The magnetic field built up in the center of the coil pulls
the core into the solenoid, thereby breaking or making the
relay contact(s).

A SOLENOID

Toroids

Another type of coil that is used in some applications is
the toroid, which has a ring-shaped core on which the turns
of wire are wound to form a complete circle. This design
concentrates all the lines of force inside the ring. With all
the flux inside the ring, the toroid has no external polarity.

°DIRECTION OF FIELD
IS COUNTERCLOCKWISE

A TOROID



Polarized Electromagnets

A polarized electromagnet has a permanent magnet as its
core, as shown in the figure below.

CURRENT REINFORCE CANCEL CURRENT

When current flows in the coil, the electromagnet will
either add to, neutralize (cancel out), or subtract from the
magnetic field of the permanent magnet. Polarized electro-
magnets are used in telephone and telegraph circuits. The
figure below shows a diagram of a telephone-bell circuit.

N6

i CLAPPER ARM
A POLARIZED l[ R \\1
ELECTROMAGNET 1= woners
PERMANENT MAGNET

The clapper arm, which extends down through the center
of the electromagnet, is attached to a permanent magnet.
The permanent magnet holds the clapper arm in a neutral
position between the bells and provides the clapper with a
specific polarity. Assume this position holds the clapper arm
to the south-seeking pole of the permanent magnet. When
current flows through the series-connected coils, the electro-
magnetic field thus developed adds to the field of the per-
manent magnet. This combined field pulls the clapper arm
to the right, causing the clapper to strike the right-hand
bell. When the current is reversed, the magnetizing force
of the electromagnet subtracts from the force of the per-
manent magnet, and the clapper strikes the left-hand bell.

Q30. How would you determine which is the north-seek-
ing pole of a solenoid?

Q31. In what position will the clapper arm be when
current is not flowing through the electromagnet?
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Your Answers Should Be:

A30. The magnetic field around a solenoid is similar to
that around any coil. The left-hand rule used to
find the polarity of a coil may also be used to
determine the polarity of a solenoid.

A31. The permanent magnet returns the clapper arm
to the center position when the current stops
flowing.

USES FOR MAGNETS

You may ask why the permanent magnet does not become
demagnetized when the electromagnetic field opposes it.
Once a permanent magnet becomes magnetized, a strong
force is required to disarrange its molecules. The electro-
magnetic field might be strong enough to do this if it
remained for a very long period of time. However, the cur-
rent through the coil in a specific direction lasts for only a
brief period and does not noticeably change the permanent
magnetic field.

When current passes through parallel wires, the magnetic
fields around these wires interact. If the currents flow in
the same direction, the fields repel each other; if the cur-
rents flow in opposite directions, the fields attract each other.

PARALLEL WIRES CARRYING CURRENT

Electric Motors

The principle of attraction and repulsion just shown is
used in electric motors and generators. Electric motors are
used to provide a mechanical power output from an elec-
trical input. Generators provide an electrical output from a
mechanical input.
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The force exerted on an electron in a magnetic field is at
right angles to the magnetic field. When the electron is
placed in both an electric and a magnetic field, the force
exerted on the electron is perpendicular to both fields. A
right-hand rule is used to determine the direction of force
on electron flow in a magnetic and electric field.

FORCE EXERTED ON A
CURRENT-CARRYING CONDUCTOR
IN A MAGNETIC FIELD

FORCE

The magnetic field around the conductor in the above fig-
ure is clockwise. The current appears to be coming out of
the page. The direction of the magnetic field of the perma-
nent magnet is from the north-seeking pole to the south-
seeking pole, or from left to right in the figure above. Notice
that the lines above the conductor and the lines around the
conductor are going in the same direction, reinforcing the
field above the electron path. Below the conductor the fields
are opposing each other.

Q32. In the figure above, the field around the conductor
and the magnetic field of the permanent magnet
are opposing each other at a point below the elec-
tron path. What effect does this have on electron
flow?
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Your Answer Should Be:

A32. This weakens the fields and electron flow is forced
in a downward direction.

Right-Hand Rule

Arrange the thumb, index finger, and middle finger of
vour right hand as shown in the figure below. Point the
index finger in the direction of magnetic flux and the middle
finger in the direction of electron flow. The thumb indicates
the direction of magnetic force on the electron (direction
that the wire is repelled).

FORCE

RIGHT-HAND

FLUX ¢ RULE

ELECTRON ’ y -
FLOW S
If a loop of wire is positioned in a permanent magnetic
field, a force acts on the wire each time current passes
through it. This force causes the loop of wire to rotate, if
it is free to turn, as shown in the figure below.

S

The simple motor shown in the figure above is not very
practical. The coil cannot rotate very far because the cur-
rent always moves through the wire in the same direction.
When opposing poles appear opposite each other, the loop
stops. Furthermore, any permanent connections to the
loop of wire will not allow it to rotate very far.
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To overcome these objections, the loop is terminated in
two contacts that rotate with the loop. These contacts form
the commutator of the motor. Electrical connections are
made by carbon brushes pressing against the commutator.

o

S N
) s
s

/

2
,‘// COMMUTATOR
//BRUSH . n
Motor Commutation
-+

When current flows through the wire loop, a magnetic
field is set up so that the north-seeking pole appears above
the loop and the south-seeking pole below. (Check this by
employing the left-hand rule for a coil.) The magnetic poles
thus created around the loop are attracted by the opposite
poles of the permanent magnet ; this causes the loop to rotate
in a counterclockwise direction. (According to the right-hand
rule, the force is downward on the left side of the loop and
upward on the right side.)

The loop and commutator rotate together. When the loop
has reached a position such that the opposing poles of the
electromagnet are adjacent, the commutator will have
rotated to a position where the applied voltage is reversed.
The current through the loop will now reverse directions,
reversing the magnetic field around the loop so that the
north-seeking pole of the permanent magnet and the two
south-seeking poles will be opposite. The like poles will
oppose each other, and the loop will continue to rotate in a
counterclockwise direction.

Q33. If a current-carryving conductor is placed in a mag-
netic field so that the current appears to be flowing
into the page and the polarity of the permanent
magnet is such that the north-seeking pole is on
your right, what will be the direction of force on
the electron stream?
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Your Answer Should Be:

A33. The direction of force on the electron flow would
be downward.

DC Motors and Generators

In electric motors many loops of wire are wound around
a core. This assembly is called an armature. Each loop is
connected to a commutator segment that makes contact with
the carbon brushes as the armature rotates. The use of
many loops provides smoother operation and considerably
more power than a single loop. An end view of an armature
is shown in the figure below.

Large electric motors use electromagnets in place of per-
manent magnets. It is possible to obtain a stronger magnet
for the same physical size by using the electromagnet.

If current flowing through a wire creates a magnetic field,
it seems only reasonable that a wire moving through a mag-
netic field causes a current flow. The DC generator operates
by use of this principle. An armature (similar to one in an
electric motor) is rotated in a magnetic field. The turns of
wire cut the lines of force, and a current is caused to flow
in the wire loops of the armature. Connections to the com-
mutator provide an electric current output.

Another left-hand rule is used to determine the direction
of the induced electromotive force in a generator. Place the
thumb, index finger, and middle finger of your left hand so
that they are perpendicular and at right angles to each
other. Point the thumb in the direction of motion (rota-
tion) of the conductor (armature) and point the index finger
in the direction of the magnetic flux. The middle finger will
then indicate the direction of the induced current (electron
flow).
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This procedure is shown in the figure below.

DIRECTION
OF MOTION

1
LEFT-HAND RULE ._ -
FOR GENERATORS
2N

DIRECTION
OF EMF

Meters

Both permanent magnets and electromagnets are used in
meter movements. Their operation is similar to that of the
electric motor previously described. In the meter movement
the electromagnet does not rotate through 360° as it did in
the motor; instead, it rotates through an arc of approxi-
mately 150°.

The electromagnet is positioned between the poles of a
permanent horseshoe magnet, as shown in the figure below.

N S

METER
PRINCIPLE

QQ34. How long will a single-loop motor rotate?

(35. If the magnets in a generator are placed so that
the north-seeking pole is on the right and the
motion of the conductor is downward, what will
be the direction of the induced current flow?
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Your Answers Should Be:

A34. A single-loop motor will rotate as long as current
flows through the loop.

A35. The direction of the induced current flow is out
of the page (left-hand rule for generators).

When no current is flowing through the coil, a spring
holds the coil in the position shown. When current does flow,
a magnetic field is developed around the coil with the north-
seeking pole on the left and the south-seeking pole on the
right in the figure above (left-hand rule for coils). Thus,
the two north-seeking poles and the two south-seeking poles
are opposite each other. The like poles repel and the coil
rotates. How far the coil rotates depends on the strength
of the electromagnet and its ability to overcome the tension
applied by the spring. A pointer connected to the moving
coil moves across a calibrated scale, making it possible to
use the meter as a measuring device.

WHAT YOU HAVE LEARNED

1. Magnetism is a property of certain materials to attract
and repel each other.

2. Magnetized materials have north (north-seeking) and
south (south-seeking) poles. Magnetic force lines flow
from south to north inside the material and north to
south outside.

3. Some materials may be magnetized by stroking them
with a magnet or by passing current through a coil
wrapped around them.

4. A permanent magnet has a high retentivity (retains its
magnetism). A temporary magnet has low retentivity.

5. Permanent magnets should be stored in a manner which
permits the external field to be concentrated in a path
of low flux opposition. Bar magnets are stored with N
and S poles adjacent. A keeper is placed across the
poles of a horseshoe magnet.

6. Reluctance is the opposition offered to the flow of mag-
netic flux lines. Air has a higher reluctance than iron.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

. Number of flux lines (maxwells) is directly propor-

tional to the magnetomotive force exerted and indirectly
proportional to the reluctance of the material through
which the flux lines pass.

. Permeability of a material is a measure of its ability

to be magnetized. Low reluctance indicates high per-
meability.

. An electromagnet is a device that has been or is being

magnetized electrically.

Current through a conductor generates a magnetic
field. If the thumb of the left hand points in the direc-
tion of electron flow, the fingers curl in the direction
taken by the flux lines.

A coil of wire develops a stronger magnetic field than a
single conductor. Field strength is directly proportional
to ampere-turns (number of coil turns and the amount
of current flowing). Field strength is indirectly propor-
tional to the diameter of the coil.

Magnetomotive force of a coil can be determined by
multiplying ampere-turns by a reluctance constant.
Reluctance for air is 1.257.

Residual magnetism is the amount of magnetism re-
maining in an electromagnet after current flow has
ceased.

Hysteresis (difficulty in realigning magnetic direction
of molecules) causes changes in the magnetic field to
lag changes in the current.

Each magnetic material has a limit to which it can be
magnetized. The limit of magnetic strength is called
saturation, and is the point at which a maximum num-
ber of molecules have been aligned in the same magnetic
direction.

Solenoids are electromagnets with movable iron cores.
Electromagnets are used in motors, generators, meters,
and other devices that make use of the electrical effects
of a magnetic field.

The right-hand rule for motors states: With thumb,
index finger, and middle finger of the right hand at
right angles to each other, the index finger pointing in
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19.

186

the direction of magnetic flux, and the middle finger
pointing in the direction to current flow, the thumb will
indicate the direction in which the conductor will move.

The left-hand rule for generators uses the same prin-
ciple: If the left thumb points in the direction of the
conductor movement, and the index finger points in the
direction of the magnetic flux, the middle finger will
indicate the direction of current flow in the conductor.



7

What Is
Alternating Current?

When you have finished

What You this chapter you will be
. able to explain what alter-
Wlll Learn nating current is. You will

not only know how AC cur-
rents are generated, but you will be able to recognize
AC and pulse forms. In addition, you will be able to
describe the different types of AC waveforms.
Alternating current (AC) differs from direct current
(DC). The electrons in a direct current always flow in
the same direction. Electrons in an alternating current
reverse directions at periodic intervals.
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ALTERNATING CURRENT SOURCES

Alternating current is the most common type of electricity
used. Because its electron flow reverses direction rapidly,
the value of an alternating voltage is easily increased or
decreased by passing it through a transformer. For example,
when it is necessary to transmit electricity over great dis-
tances (from the power plant to a city miles away), the
power-plant voltage is increased by a transformer to a very
high value (such as 69,000 volts) and sent through a rela-
tively small-diameter transmission line. If the AC electricity
were sent at the power-plant voltage (such as 4,160 volts),
the diameter of the transmission line would have to be much
larger. This is because a lower voltage makes a higher cur-
rent flow necessary. Thus, a larger-diameter line from the
power plant to the user would be required. At the city end
of the transmission lines the voltage is reduced by trans-
formers, and then still further reduced to 240 and 120 volts
by another transformer at the utility pole outside the user’s
house. It is far more difficult and costly to change DC volt-
ages than to change AC voltages.

ALTERNATING CURRENT CAN BE TRANSMITTED
LONG DISTANCES AT LOW COST

STEP-DOWN
 TRANSFORMER
B
POWER ——
PLANT  — STEP-DOWN
L) sp-up HIGH-VOLTAGE 12 ANSFORMER

TRANSFORMER LINE

Alternating currents are generated in very large quanti-
ties in power plants. The electricity used in your home
comes from a power plant. The total current capacity of a
power plant can reach several thousand amperes at 4,160
volts.
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Another source of AC, usually for specialized purposes,
is the oscillator. The current output of an oscillator is quite
small, usually in the milliampere range. Oscillators are used
primarily as signal sources in electronic equipment.

ALTERNATING-CURRENT APPLICATIONS

Large amounts of alternating current are used in homes
for illumination, heating, cooking, and the operation of appli-
ances. In industry, alternating current is used to operate
motors and for many other applications.

Most of the alternating current used in homes and indus-
try is produced by generators in large power plants. In most
cases these generators are driven by turbines powered by
either steam or falling water.

AC IS USED TO POWER MANY FAMILIAR DEVICES

ELECTRIC
LIGHT
i
7 = Of
B = i
i
: - w0 [EEEAL
g - - =~-‘
EATER TRANSMITTING TELEVISION
MOTOR ANTENNA

Q1. The electricity usually used in homes is not DC cur-
rent but — — current.

Q2. The electricity used in homes is produced by gen-
erators in power plants. PPower plants are one im-

portant — — —_ _ _ of AC.
Q3. Name the most common kind of current used for
lighting.

Q4. It is difficult and expensive to transmit DC current
over long distances, or to raise or lower DC voltage.
State two advantages of alternating current.

Q5. Alternating current is used in many applications in
homes and in industry. Two sources of power used
to generate this AC are — — — _ _ and



Your Answers Should Be:

A1l. The electricity usually used in homes is not DC
current but AC current.

A2, The electricity used in homes is produced by gen-
erators in power plants. Power plants are one im-
portant source of AC.

A3. The most common kind of current used for lighting
is AC.

Ad4. Two advantages of alternating current are: It is
less expensive and easier to transmit over long dis-
tances, and it is easier to obtain and keep a con-
stant voltage level.

A5. Alternating current is used in many applications
in homes and industry. Two sources of power used
to generate this AC are steam and falling water.

WAVEFORMS

Waveforms are pictures showing how currents and volt-
ages change over a period of time. The value of voltage or
current is usually represented in the vertical direction, while
time is represented in the horizontal direction. For example,
the illustration below shows that most DC waveforms are
straight lines.

DC WAVEFORMS ARE USUALLY STRAIGHT LINES
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Pulsating DC voltages may have various shapes, but the
two most common types are shown here.

PULSATING DC VOLTAGE SAWTOOTH DC VOLTAGE

By far the most common AC waveform is the sine wave.
In fact, the sine wave is so widely used that when we think
of AC, we automatically think of sine waves.

HOUSEHOLD AC
IS A SINE WAVE

()6. A waveform is a picture of how currents or voltages
change over a period of time. DC waveforms usually
look like which of the following?

o ‘ C]

{\/\ AAME__

. AC currents and voltages usually change regularly
in a smoothly curved form. Which of the following
is the usual AC waveform?

I3 s\ wave ’ Bl sAWT00TH WavVE ) [l sQuARE WAvE

AL

Q8. The most common DC waveformisa — — ———_ _ _
______ The most common AC waveformisa — — — _
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Your Answers Should Be:
A6. The usual DC waveform is (c), a straight line.
A7. The usual AC waveform is (a), a sine wave.

A8. The most comnion DC waveform is a straight line.
The most common AC waveform is a sine wave.

GENERATION OF A SINE WAVE

A sine wave is the most common AC waveform. It is also
the simplest. You can visualize the way it is generated by
looking at this illustration.
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A ROTATING COIL CAN CREATE A SINE WAVE

As the coil cuts the lines of force between the magnetic
poles, a voltage is produced that will cause current to flow
if the coil is connected to a complete circuit. As the coil
rotates at a constant speed, it cuts more and more lines of
force in the magnetic field, and the voltage increases. At
90" it is moving at right angles to the lines of force, so it
cuts the maximum number of lines per second. Therefore
voltage is maximum.

At 180° (and at 0") the coil is moving parallel to the lines
of force and, therefore, cutting none. Thus, the voltage gen-
erated is zero. Beyond 180° the coil is cutting lines of force
in the opposite direction, so the generated voltage has the
opposite polarity—negative in this case. The output wave-
form of the generator is a sine wave like the one shown.

Imagine a line like the hand of a clock. This line is called
a voltage vector. A voltage vector rotates counterclockwise
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through the full 360° of a circle. The distance measured
from the end of the voltage vector to the base line at any
time during the rotation of the vector represents the exact
value of voltage at that instant. As you can see, the value
of voltage is zero at 0° and 180°. At 90° the value of voltage
is maximum positive, and at 270° it is maximum negative.

VOLTAGE
90 VECTOR

‘;:::SSTATION

THE ROTATING VOLTAGE (

VECTOR CREATES A
SINE W AVE

—m
=
|o

2700

One complete cycle of a sine wave (from zero to a positive
peak, down to a negative peak, and back to zero) simply
represents one complete rotation of the voltage vector.

The simple sine wave is the building block from which all
AC waveforms are constructed. Even sawtooth and square
waves are really just complicated combinations of simple
sine waves.

A SQUARE PULSE IS A COMBINATION OF
MANY SINE WAVES

AW NAVA
AT TAVAVA
) & () =

QY. A sine wave represents the rotation of a line called
a voltage — — - — .

33

Q10. With the right mixtures of sine waves, can saw-
tooth and square waves bhe made?
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Your Answers Should Be:

A9. A sine wave represents the rotation of a line called
a voltage vector.

A10. Any kind of AC waveform can be made with the
right mixture of sine waves.

SINE-WAVE MEASUREMENT

In a previous chapter you learned that DC voltage has
only one value. This value is measured in volts. In AC, how-
ever, the voltage is constantly changing, so no one voltage
value exists for more than an instant. Looking at a sine
wave you can see that it reaches a certain peak. That value
is known as maximum voltage, or peak voltage (E,..).
Notice that the waveform has the same shape and value
both above and below the zero line.

A SINE.-WAVE VOLTAGE
REACHES A CERTAIN
PEAK VALUE

A more practical value of AC voltage and current is the
rms value (rms stands for root-mean-square). The rms
value is the actual “working value” of a voltage or current,

RMS VOLTAGE IS THE
WORKING VOLTAGE

The current and voltage value most often used is rms. In
fact, the standard household voltage of 120 volts is the rms
value. An rms voltage of 120 volts corresponds to a peak
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voltage of 170 volts. In all sine waves the rms value is
equal to 0.707 of the peak value. Conversely, the peak value
is equal to 1.41 times the rms value.

You have seen how AC voltage first increases in value to
a peak value, then decreases to zero, increases to a negative
peak value, and then returns to zero. This sequence is known
as a cycle. The cycle is normally repeated many times each
second and is identical in waveform with the one before
it and the one following it.

ALL SINE-WAVE CYCLES ARE NORMALLY IDENTICAL

Q11.
Q12.
Q13.

Q14.
Q15.

Q16.
Q17.

Q18.

Q19.

Rms is the working value of voltage. Which is
less, rms or peak voltage?

Maximum voltage is also called — — — —

Working voltage is called - —— ———————.
The symbol for maximum voltage is E,... The
symbol for rms voltage is — —— —.

Rms voltage is 0.707 times peak voltage. If peak
voltage is 100, rms voltage is

Peak voltage is 1.41 times rms voltage. That is, if
rms voltage is 100, peak voltage is

To change rms voltage to peak voltage (which is
larger), multiply by . To change peak volt-
age to rms voltage, multiply by

To give a complete picture of how an AC voltage
(or current) changes, a waveform diagram must
show at least — — — complete cycle(s).
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Al2.

Al3.
Al4.
Al5.

AlS6.

Al7.

AlS8.

Al9.

Your Answers Should Be:
All.

Another name for peak voltage is maximum
voltage.

Rms is the working value of voltage. Rms is less
than peak voltage.

Maximum voltage is also called peak voltage.
Working voltage is called rms voltage.

The symbol for maximum voltage is E,... The
symbol for rms voltage is E,,,...

Rms voltage is 0.707 times peak voltage. If peak
voltage is 100, rms voltage is 70.7.

Peak voltage is 1.41 times rms voltage. That is,
if rms voltage is 100, peak voltage is 141.

To change rms voltage to peak voltage (which is
larger), multiply by 1.41. To change peak voltage
to rms voltage, multiply by 0.707.

To give a complete picture of how an AC voltage
(or current) changes, a waveform diagram must
show at least one complete cycle.

Frequency

It is sometimes necessary to know how many times a cycle
is repeated each second. The number of cycles completed

each second by a given AC voltage is called the frequency.

FREQUENCY IS THE NUMBER OF CYCLES PER SECOND
e —— 1 SECOND—— — r—*l
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Frequency is measured in cycles per second (cps). The
symbol for frequency is f. The most common type of cur-
rent (household current) has a frequency of 60 cps in most
localities.

The time required for one cycle is called a period. A period
is measured in seconds, milliseconds, or microseconds. A
millisecond is 1/1,000 of a second, and a microsecond is
1/1,000,000 of a second. Since household electricity has a
frequency of 60 cps, its period is 1/60 of a second, or 0.0167
second. This time can also be expressed as 16.7 milliseconds.

The period of a sine wave represents the time needed for
the voltage vector to make one complete rotation. The fre-
quency of a sine wave depends on how rapidly the voltage
vector rotates.

[= 1000 CYCLES 1IN ONE SECOND {

ONE CYCLE { PERIOD }

=1/ 1000 SEC

(1 MILLISEC)
Q020. The - - — ———— of household current is 60 cps.
Q21. Frequency is usually measured in — ———_ per

second.

Q22. If the frequency of a voltage is 60 cps, how would
you find its period?

()23. How many milliseconds are there in a second?
How many microseconds are there in a millisecond?

Q24. If the frequency of an AC voltage is 1 million
cycles per second, state its period in the most con-
venient unit.

Q25. In a certain sine wave the rms voltage is 20 volts.
What is the peak voltage?

)26. A sine wave has a peak value of 70.7 volts. What
is the effective (rms) voltage?

Q27. If a current has a frequency of 100 cps, what is the
period of one cycle? Give two answers—one in sec-
onds and one in milliseconds.
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Your Answers Should Be:
A20. The frequency of household current is 60 cps.

A21. Frequency is usually measured in cycles per
second.

A22. Divide 1 second by 60 cycles. Thus the period of
a 60-cps current is 1/60 of a second, or 0.0167
second.

A23. There are 1,000 milliseconds in a second, and 1,000
microseconds in a millisecond.

A24. 1 microsecond.

A25. 20V, X 1.41 = 28.2V,,..
A26. 70.7V,,, X 0.707 = 50V,
A27. 0.01 second, or 10 milliseconds.

PULSES

You have been introduced to the definition and methods
of pulse generation in DC electricity. In modern electronics,
considerable use is made of these pulses. In the following
paragraphs you will see two practical applications. Later,
you will learn more about pulse behavior in electrical circuits.

RADAR BOUNCES PULSES OF N

A radar set sends a pulse of energy into space. This pulse
travels at the speed of light. The pulse hits an object (an
airplane, for instance) and is reflected back to the set. By
measuring the time it takes for this signal to travel to the
object and return, the distance between the set and the ob-
ject can be calculated.
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Digital computers are often used in calculating difficult
problems. They are the so-called electronic brains. A very
simple digital principle is an assembly line; for example, a
series of cans moving on a conveyor belt. A light beam to
a photoelectric cell is cut every time a can goes by, and the
resulting signal is then counted. Computers employ various
operations with pulses at very high speeds.

(28. Look at the sine wave in the figure below and write
down the values for:

E..— Period in seconds — ——— ———
E. . = Frequency — _——
Period — — e ——

VOLTAGE

Q29. Which of the following waveforms would you
especially expect to find in a digital computer?

s

Q30. The signal from a radar set looks like this:

What type of signal does a radar set send out?

Q31. Name one characteristic that a radar set and a
digital computer have in common.
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Your Answers Should Be:

A28. E... — 84.4V Period = 0.008 sec
E,.x« = 120V  Frequency = 125 cps

Period — 8 milliseconds

A29. (c) is a pulse waveform which would be found in
a digital computer. The other two might be found
in the operation of some of its circuits.

A30. A pulse signal is the type of signal a radar set
sends out.

A31. One characteristic that a radar set and a digital
computer have in common is that both use pulse
waveforms.

SAWTOOTH VOLTAGE

Most of the pulses described in the last section are of the
regular square-wave type. Another very important type of
pulse is the sawtooth waveform.

Sawtooth waves are primarily used in accurately timing
the rate of sending square-wave pulses. In other words,
sawtooth waveforms are used when time measurement is
required, and they act as triggering devices.

Some of the most important uses of sawtooth pulses are in
television sets and oscilloscopes, and for timing radar pulses.

PULSE MEASUREMENT

Pulses are usually described in terms of four parts—base
line, leading edge, peak, and trailing edge. It is easiest to
understand these parts by looking at them.

THE PARTS OF A PULSE WAVEFORM

PEAK

LEADING
EDGE
TRAILING

LEADING
EDGE
EDGE

PEAK TRAILING
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It is often necessary to know how long it takes a pulse to
rise from the base line to its peak (rise time) or to go from
its peak value back to the base line (decay time). These
times are measured between 10/ and 90 % of peak value.

Rise Time and
Decay Time
Are Measured
Between
10% of Peak
and 90% of Peak

9%
OF PEAK

10% |
OF PEAK

I RISETIME——I —DECAY

TIME

Like AC sine waves, pulses have an rms value. Unfor-
tunately, there is no simple formula to find the rms value
of a pulse. The rms value of a pulse is its working value.

When pulses are repeated at a regular rate, the number
of pulses per second is called the repetition rate.

Q32. Radar, television, and oscilloscopes use special
pulses that look like the teeth of a saw. This kind

of pulse is called a
Radar uses both ordinary pulses and — — — — — — _ _

Q33.

—— e = = ———

— ——— voltage.

Q34.

Q35.

Q36.

Q37.
Q38.

Name three types of equipment which use saw-
tooth voltages.

Rise time is the time during which the pulse goes
from 109, of peak to of peak. During decay
the pulse decreases from of peak to .
The time required for a pulse to go from 109, to
909, of peak is called — — — — time. The same time
along the trailing edge is called — — — — — time.

What is the working value of a pulse called?

The number of times a pulse is repeated per second
is called its — —— — ———— —_
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Your Answers Should Be:
A32. Radar, television, and oscilloscopes use special

A33. Radar uses both ordinary pulses and sawtooth
A34. Three types of equipment which use sawtooth

A35. Rise time is the time during which the pulse goes

A36. The time required for a pulse to go from 10% of

A37. The working value of a pulse is its rms value.
A38. The number of times a pulse is repeated per sec-

pulses that look like the teeth of a saw. This kind
of pulse is called a sawtooth voltage.

voltages.
voltages are television, radar, and oscilloscopes.

from 10 %« of peak to 909, of peak. During decay
the pulse decreases from 909, of peak to 10%.

peak to 90 7 of peak is called rise time. The same
time along the trailing edge is called decay time.

ond is called its repetition rate.
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WHAT YOU HAVE LEARNED

. AC current changes direction regularly.
. Most household appliances and electronic devices use

AC electricity.

. AC waveforms are usually sine waves.
. AC is created by generators and oscillators.
. The working voltage of a sine wave AC is the rms

voltage, which is 0.707 times the peak voltage.

. A cycle is one complete change from zero to the posi-

tive peak value, back through zero to the negative peak,
and back to zero. This represents the rotation of a
voltage vector around the 360° of a circle.

. Frequency is the number of cycles generated in a sec-

ond, and a period is the time it takes to complete one
cycle.

. The four main parts of a pulse waveform are the lead-

ing edge, the peak, the trailing edge, and the base line.
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Calculating
Resistance
In this chapter you will
What You learn how to draw the
. schematic of a basic AC
Wlll Lea rn circuit. You will determine

when and how Ohm’s law
and the power formulas can be used in AC circuits. You
will learn how to simplify combinations of resistances
in an AC circuit to find the equivalent resistance. You
will be able to tell when voltage and current are in phase.
You will learn about skin effect and where and when it
is found.

BASIC AC CIRCUIT

The basic AC circuit is very similar to the basic DC cir-
cuit. The only difference is that an AC generator is used
as a voltage source instead of a battery.

AC-GENERATOR SYMBOL A BASIC AC CIRCUIT
oo
s

L
@mv 6o 3R

60 cps

In any AC circuit the voltage shown at the generator is
the rms voltage. The frequency shown is in cps (cycles per
second), and the resistance is in ohms.
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OHM'S LAW

Ohm’s law, as you learned it for DC, can also be used when
AC is supplied to a resistive circuit. As stated previously,
the rms voltage is the working voltage of AC electricity. In
a basic AC circuit, all calculations will be made with rms
voltage and current values, unless other values are specified.
Ohm’s law also applies to peak values, but peak values are
not generally very useful.

Let us look at a basic AC circuit and see what happens as
the switch is closed.

A
S

S o
THE VALUES YOU CALCULATE

ARE WORKING VALUES

From Ohm’s law we find that the current in the above

circuit will be I = % — 24 amperes. But, since this is

an AC circuit, we also know that both the 120 volts and
the 24 amperes are rms values; that is, they are the work-
ing values. Since AC voltage and currents appear as sine
waves, the voltage actually varies. The current also varies,
but its numerical value is always five times smaller than
that of the voltage.
180
160
1404
1204
1004
80.

VOLTAGE AND CURRENT
IN A BASIC AC CIRCUIT
WAVEFORM

VOLTAGE
WAVEFORM



PHASE

When both the voltage and the current rise and fall
together in exactly the same fashion, they are said to be
in phase. When they do not, they are out of phase.

When an AC circuit contains only pure resistance, the

voltages and currents will always be in phase. When volt-

ages and currents in an AC circuit are in phase, Ohm’s law

can be applied in the same manner as in DC circuits, pro-

vided you use the same kind of values (rms, etc.) for the
voltages and currents.

Q1.

Q2.

Q3.

Q8.

A basic AC circuit consists of a — — — - ———_ ,
__________ y m—————, and ————

Draw a basic AC circuit in which the generator
has an rms voltage of 12 volts, a frequency of 60
cps, and the load is 10 ohms. Check your circuit
against the correct one on the next page.

Find the current in this AC circuit, using Ohm’s
law.
S
OO

. Ohm’s law applies to any AC circuit that contains

only — - .

. When using Ohm’s law with AC circuits, you will

usually use the working value of voltage, which is

. When current and voltage are zero at the same

time, maximum at the same time, and vary in the
same fashion, they are - - ———___.

. When voltage and current are in phase, they (have

the same maximum value, reach zero at the same
time).

Voltage and current are always in phase in AC cir-
cuits containing only — — ——— .
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Your Answers Should Be:

Al. A basic AC circuit consists of a generator, con-
ductors, switch, and load (resistance).

A2. Your basic AC circuit should look like this:

ol
S

12v
60.Cps R §1OQ

A3. Ohm’slawis: E—=1 X R,orl —

In this case, I — %= 4 amperes

= =

A4. Ohm’s law applies to any AC circuit that contains
only resistance.

A5. When using Ohm’s law with AC circuits, you will
usually use the working value of voltage, which is
Erms.

A6. When current and voltage are zero at the same
time, maximum at the same time, and vary in the
same fashion, they are in phase.

A7. When voltage and current are in phase, they reach
zero at the same time.

A8. Voltage and current are always in phase in AC cir-
cuits containing only resistance.

POWER IN A BASIC AC CIRCUIT

As you learned in the study of DC circuits, power is the
work done by the current, and it is measured in watts. In
DC circuits you have seen how power equals the voltage
multiplied by the current. You also learned that the power
in a resistance equals the value of the resistance multiplied
by the current squared.

Voltage and current must be in phase if they are used
together in an AC formula. For example, E — I X R is
true only when voltage and current are in phase.

206



It is therefore a good idea when working with AC circuits
to use only P — I®R for finding power. When using this
formula, it makes no difference whether voltage and current
are in phase or out of phase.

AC CIRCUITS WITH RESISTANCES IN SERIES

This is an AC circuit with resistances in series.
— e — AAA— AAA ANA

S Ry 1Q Ry 20 R33
120V R4§4Q
60cps
. Ry 22 Rg 30 Rs 5Q
AAA- AAA- — AWV

AN AC CIRCUIT WITH RESISTANCES IN SERIES

To find the current in this circuit, you must find the
equivalent resistance of the resistors in series (the one
resistance that can replace all the other resistances).

This AC series circuit can be treated in the same way as
a DC series circuit. Since the resistors are all in series, the
equivalent resistance is the sum of all the resistances.

R1*<|=R1+R2+R3+R4+R3+R6+RT

Q9. Which power formula can only be used when voltage
and current are in phase?

Q10. Are voltage and current in phase in the basic AC
circuit above? Explain how you know.

Q11. Which formula or formulas can be used to find
power in the basic AC circuit above?

Q12. Write the power formula that can be used when
voltage and current in an AC current are out of

phase.
Q13. What is the equivalent resistance in the following
circuit?
ANA- AAA— —AAA,
1Q N 3Q
120v 4aQ
60 cps
AN —AAA- AN
a0l 3N 5Q



Your Answers Should Be:
A9. P —1 X E can only be used when voltage and cur-

rent are in phase.

A10. Yes, because voltage and current are always in
phase in a circuit that contains only resistance.

All. Either P —1I X E or P — I®R.

Al12, P = I*R.

A13. 20 ohms.

AC CIRCUITS WITH RESISTANCES IN PARALLEL

This is an AC circuit with resistances in parallel.

—O—O
S

e SIS

The formula for the equivalent resistance of two resistors
in parallel is:

_ R XRy 2x 3__§_1
R“'_Rl TR Z2r3 5= .2 ohms
Here is another AC circuit with two equal resistances in
parallel.

-O—-Or——
S

2V d 80 > 80
120 cps ’\P ;

The formula for the equivalent resistance of two equal
resistors in parallel is:
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Did you notice these three important facts about parallel
resistances ?
1. The equivalent resistance is always smaller than either
of the parallel resistances.

2. When two parallel resistances are equal, the equivalent
resistance is one half as large as either resistance.

3. Frequency does not enter into the calculations.

Here is an example of how to simplify a combination of
parallel resistances.

Combinations of Resistances Can Be Simplified One Step

at a Time

wlcz[\,/s ,9 @© §scz %scz ﬂmb(:o?‘c/ps %m 30

Reg = 40

QQ14. Can Ohm’s law be used to find the current in the
circuits on the opposite page?

Q15. What is the current through the generator in the
first circuit on the opposite page?

Q16. What rule helps you check the calculation of the
equivalent resistance of parallel resistors?

Q17. Two equal resistors in parallel have a total resist-
ance of one half the value of one resistor. If you
have a 1-ohm resistor and a 2-ohm resistor in par-
allel, does this rule apply?

Q18. What is the total resistance of two 7-ohm resistors
in parallel?

Q19. An electric heater, an electric iron, and a lamp are
fed from the same outlet (connected in parallel).
Find the equivalent resistance if you know that
the individual resistances are 4 ohms, 150 ohms,
and 30 ohms respectively. Begin by drawing a
schematic diagram of the circuit.
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Your Answers Should Be:
Al4. Yes, Ohm'’s law can be used.

A1, 1 —E_ 10 _ g3 mperes

A16. When you calculate the equivalent resistance of
a group of parallel resistors, the result must be
smaller than the smallest single parallel resistor.

Al17. No, the rule does not apply to resistances that are
not equal.

A18. 3.5 ohms.

A19. Your schematic should look like this:

120v

60 cps 4Q 30Q 150

You can simplify this as follows:

R. _4Xx25
120V 0 « 44+ 25
40
60cps 1509 —_— M
29
Req = 250 = 3.44 ohms

AC CIRCUITS WITH RESISTANCES
IN SERIES AND PARALLEL

Now that you have learned how to handle resistors in
series and pairs of resistors in parallel, it is easy to solve
combinations by breaking them down into simple groups of
resistors in series or pairs of resistors in parallel.

Here is an example of how to break down a combination
of series and parallel resistances.

AM . ' A
5Q 2

120v 4Q 80
60 cps
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<

A

5Q x| 50 '
S
120v 0 >
o 8 6 10 0 ¢

1
STER 1 T Reetr STEP 2 R 42
5Q 5Q |
. o m:é
]
STER & Req - 72 STEP S R 2

QQ20. Find the equivalent resistance of the following
circuit.

3Q 1Q 2.8

Q21. If you calculated the equivalent resistance of the
following circuit and got 6 ohms, would you be

satisfied?

100Q

24N
60cps rad] 62 0 8Q 10
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Your Answers Should Be:
A20. 4 ohms.

A21. No. A 2-ohm resistance in parallel with the rest
of the circuit means R,, must be less than 2 ohms.

SKIN EFFECT WITH HIGH FREQUENCY

You have seen how an AC circuit containing only pure
resistance is treated exactly the same as a DC circuit con-
taining the same resistance values.

Usually a resistor represents the same value of resistance
in both AC and DC circuits. You will find, however, that this
becomes less and less true as the frequency is increased.
When you deal with frequencies in the megacycle (million
cycles per second) range, you will see that a resistor has
a higher value. This is due to skin effect. At very high fre-
quencies, electrons tend to flow only on the “skin” of a
conductor.

ELECTRONS FLOW MAINLY ON THE SURFACE OF A
CONDUCTOR AT HIGH FREQUENCIES—RESISTANCE
1S HIGHER

60 cps

Q23. When electrons flow only on the surface of a con-
ductor, it is as though the conductor were smaller.
Resistance is (higher, lower).

Q24. If a resistor has a value of 10 ohms when measured
with an ohmmeter, what would you expect its
resistance to be in a circuit using 2-megacycle AC?

Q25. At high frequencies of AC current, resistances
become — — — — _ _ because of _ _ _ _ effect.
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WHAT YOU HAVE LEARNED

. You have learned how to draw the schematic of a basic
AC circuit.

. Calculations with Ohm'’s law, or the power formulas, use
rms values of voltage and current.

. Voltage and current sine waves are in phase when they
vary in the same way at the same time.

. Voltage and current are always in phase in an AC cir-
cuit that contains only resistance.

. Voltage and current must be in phase when they are
used together in a single formula.

. The equivalent resistance of combinations of series and
parallel resistors can be found in the same way for AC
circuits as for DC circuits.

. At very high frequencies the resistance of a conductor
increases because the electrons tend to flow mainly on
the surface of the conductor. This is called skin effect.
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Your Answers Should Be:

A22. This effect is called the skin effect.

A23. Resistance is higher.

A24, If a resistor has a value of 10 ohms when meas-
ured with an ohmmeter, its resistance in a circuit
using 2-megacycle AC current should be more than
10 ohms.

A25. At high frequencies of AC current, resistances
become higher due to the skin effect.
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Induetanee
Inductance is one of the
What YOlL most important proper-
. ties in electricity and
Wlll Learn electronics, Relays, trans-

formers, coils, and many
other devices aj] depend on inductance for their opera-
tion. When You have finished this chapter, you wil
know what factors influence inductance'and how the
inductance of a circuit affects AC voltage and current.

WHAT IS INDUCTANCE?

a voltage that opposes the increasing current,

This opposing voltage, or counter emf, js greater when
the current ig changing more rapidly. In fact, the counter
emf is Proportional to the rate of change of the current, but
it always opposes it. When current is decreasing, the counter
emf attempts to keep the current flowing,

When a sine-wave current flows in an inductor (coil), the
current is continually changing. Notice below that it js

CURRENT AT THE
PEAKS IS STEADY
FOR AN INSTANT
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changing faster at the points where the sine wave crosses
the zero line. It is not changing at all at the instant of each
positive and negative peak.

The voltage in the inductor follows the rule just given.
At point 1 in the illustration, the current is rising at its
fastest rate. Therefore the counter voltage, trying to keep
the current from increasing, is at its negative peak. At
point 2 on the wave, the current is not changing at all; at
this point the counter voltage is zero. At point 3 the cur-
rent is decreasing at its maximum rate, so the counter volt-
age, in trying to keep the current from decreasing, reaches
its positive peak. At point 4 the current is at its negative
peak and is not changing at all—counter voltage is zero.

We can follow the current sine wave point by point and,
at every instant, calculate its rate of change and the result-
ing counter emf. The resulting voltage waveform is another
sine wave, but this one is 90° out of phase with the current.
This is the waveform of the counter emf.

In order to keep the current flowing, an external voltage
that is exactly equal but opposite to the counter emf must
be applied. This is the applied emf, and it is 90° ahead of
the current.

We say that in an inductance, the current sine wave lags
the applied voltage wave by 90°.

CURRENT LAGS THE APPLIED VOLTAGE BY

90°

CURRENT INDUCED EMF CURRENT DROPPING

STEADY ~ MAXIMUM _~ FASTEST
\ oSV

CURRENT RISING

7 FASTEST

S .
/ 7/ AN

\\/
YNDUCED \APPLIED EMFIS INDUCED EMF
EMF ZERO EQUAL AND OPPOSITE MAXIMUM
TO INDUCED EMF NEGATIVE

In a DC circuit, inductance has an effect only when the
direct current first starts to flow, and then again when you
try to stop it. But in AC circuits the voltage is constantly
changing and inductance constantly acts to retard the
change in current.
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All conductors have some inductance. Straight wires have
very small amounts, while coils have much more. In for-
mulas, inductance is represented by the letter L. A coil or
inductor is indicated on diagrams by one of the following.

SYMBOLS
fOR 43 L j L
INDUCTANCE

The unit of inductance is the henry. A coil is said to
have an inductance of 1 henry if the current through it,
changing at a rate of 1 ampere per second, encounters an
opposition, or counter voltage, of 1 volt. This means that
the opposition to current change shows up as a voltage
opposing the applied voltage.

CHANGING '
CURRENT PRODUCES
4 COUNTER EMF Nl & |

| COUNTER EMF
| \

0

ﬂ)/\‘
1 AMP

|
|
1 |

F—1SEC ——1 SEC— 1 SEC| 2SEC |
In part A above, with the current increasing at 1 ampere
per second, a counter voltage of 1 volt appears and opposes
the increase in current. In part B, as the current is decreas-
ing, the inductive counter voltage of 1 volt is in a direction
that tends to keep the current flowing. One henry is a very
large value of inductance. Therefore, inductances in milli-
henrys (mh) and in microhenrys (xh) are more often found.

iy

m
"
!

Q1. When current is trying to increase, inductance
(makes it increase more quickly, slows down the
increase).

Q2. Inductance opposes a change in — — - ————.

Q3. Which kind of current will be most affected by
inductance, AC or DC?

Q4. The usual symbol for inductance in formulas is the
letter

Q5. What units are used to measure the inductance of
a coil?
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Your Answers Should Be:

Al. When current is trying to increase, inductance
slows down the increase.

A2, Inductance opposes a change in current.
A3. AC is most affected by inductance.
A4. The usual symbol for inductance in formulas is L.

A5. Henrys, millihenrys, and microhenrys are units
used to measure inductance.

HOW DOES INDUCTANCE AFFECT AC?

If a sine-wave voltage is applied across a resistor, the cur-
rent through the resistor is also a sine wave. At every in-
stant of the voltage wave, the current is determined by
Ohm’s law and equals E 'R. The two sine waves, voltage and
current, are exactly in step; they are said to be in phase.

Inductance resists a change in current. But the voltage of
a sine wave is always changing, and therefore is always
trying to change the current through an inductance. This
means that inductance acts at all times in an AC circuit and
retards the change in the current. This results in a current
wave that is delayed after the applied voltage wave. The
current wave lags the voltage wave by exactly 90°, or one
quarter of the period of the sine wave. The two waves are
out of phase by 90°.

CURRENT LAGS THE VOLTAGE
BY 90° IN AN INDUCTANCE
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In a circuit containing only resistance, the voltage and
current are in phase, and the voltage and current vectors
have the same position. In a circuit having only inductance,
the current vector is 90° behind the voltage vector. The
length of each vector represents its magnitude.

RV VOLTAGE
JESERAN V:CTOR
75

-5
N
AN\

A \

CURRENT VECTOR LAGS 1800

\ 00
VOLTAGE VECTOR BY 90° lI | 3600
| /
! e
BRI |RRENT

I|270
Inductance, unlike resistance, consumes no power. When
the current ir. the circuit is increasing, inductance takes
energy out of the circuit. It converts this energy into a
magnetic field. When the current in the circuit is decreas-
ing, however, this magnetic field collapses, and all the energy
returns to the circuit. Energy is borrowed, but none is used.

Current Increases—

Q6. The current sine wave in an inductance (leads, lags)
the voltage sine wave.

Q7. Current lags voltage by one-quarter cycle, or
Q8. In an inductor, applied - - — ———— leads
_______ by 90°.

Q9. How much power is used in a pure inductive circuit?
(Q10. An inductor stores electrical energy by producing
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Your Answers Should Be:
A6. The current sine wave in an inductor lags the volt-
age sine wave.
A7. Current lags voltage by one-quarter cycle, or 90°.
AS8. In an inductor, voltage leads current by 90°.

A9. No power is consumed in a circuit containing only
inductance.

A10. An inductor stores electrical energy by producing
a magnetic field.

FACTORS INFLUENCING INDUCTANCE VALUE

You have learned that inductance is a property of a circuit
or of a component, and that a coil is the component with the
most inductance.

Several factors determine the amount of inductance in a
coil. One of the most important factors is the number of
turns in the coil. The inductance of a coil is proportional to
the square of the number of its turns. This means that if
a certain coil has twice as many turns as another, it will
have four times as much inductance; three times as many
turns, it will have nine times as much inductance, ete.

— Increasing Turns Increases Inductance —

TWI CE THE TURNS

FQUR TIMES THE
INDUCTANCE

The diameter also affects the inductance of a coil. The
larger the diameter, the more inductance it will have.

— Increasing Coil Diameter Increases Inductance —

TWICE THE ( \

DIAMETER
TWICE THE

INDUCTANCE
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Placing an iron core in the center of a coil is another way
‘0 increase inductance. A coil wound on an iron rod has
much more inductance than an air-core coil. This is because
n iron core can sustain a much greater magnetic field than
iir and, as you have learned, the inductance of a coil is
elated to the amount of magnetism it can produce.

CHANGING CORE MATERIAL CHANGES INDUCTANCE

CHANGING CORE

CHANGES
INDUCTANCE

AIR CORE IRON CORE
There are formulas for calculating the inductance of
various types of coils. There are also tables for simple,
ne-layer coils. Using these formulas, you can design a coil
0 have any desired value of inductance, or calculate the
value of an unknown inductance.

Q11. The diameter of a coil and the kind of core it has
are two factors that influence the amount of in-
ductance a coil has. Name another important
factor.

Q12. A coil with a large number of turns generally has
(more, less) inductance than a coil with fewer
turns.

Q13. Which has a greater inductance, an iron-core coil
or an air-core coil? Why?

Q14. Which of the coils below do you think will have
the greater inductance?

AIR CORE {RON CORE
A | ’ 5 |

Q15. Name three factors that influence the inductance
of a coil.
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Your Answers Should Be:

A1ll. Another important factor influencing the induct-
ance of a coil is the number of turns it has.

A12. A coil having a large number of turns generally
has more inductance than a coil with fewer turns.

A13. An iron-core coil has a greater inductance because
the iron-core sustains a greater magnetic field and
the coil can store more electrical energy in the
magnetic field.

Al4. Coil B probably has more inductance than coil A
because it has an iron core.

A15. Three factors that influence the inductance of a
coil are: diameter, number of turns, and type of
core.

INDUCTANCE AND INDUCTION

Inductance is closely related to induction. Inductance is a
circuit property. Induction, on the other hand, is the inter-
action between electric current and a magnetic field. When-
ever a current flows in a conductor, its sets up a magnetic
field around the conductor. This is how solenoids and elec-
tromagnets work.

CURRENT PRODUCES A MAGNETIC FIELD AROUND A
CONDUCTOR

(7 CURRENT mummp | | )

MAGNETIC FIELD

A good way to remember the direction of the induced
magnetic field is the left-hand rule. With your left hand
grasping the wire and your thumb pointing in the direction
of the current, the curved fingers of your hand indicate the
direction of the field. The direction of the magnetic field is
always the direction toward the north-seeking pole of the
magnet.

A coil with a direct current flowing through it in a par-
ticular direction acts as a magnet with a fixed polarity, just
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as if it were a bar magnet. When the current is AC instead
of DC, the polarity of the magnetic field alternates in the
same manner as the current.

Conversely, if an electric conductor is moved through a
magnetic field, an electric current is induced in the con-
ductor. This is how generators work.

A Magnetic Field Induces Current in a Moving Conductor

MOVEMENT

OF CONDUCTOR INDUCED

CURRENT

MAGNETIC
FIELD —— &

If a coil is connected to an ammeter and a bar magnet is
moved through the coil, the ammeter will show that an
electric current flows. This current is induced by the mag-
netic field only. If you move the bar magnet back and forth
through the coil continuously, the induced current will be
AC. Use the lowest amperage range on the multimeter for
this experiment.

A Magnet Moving in a Coil Produces an AC Current
MILLIAMMETER

Q17. Moving a conductor in a magnetic field — — — _ _ _ _
a current in the conductor.

Q18. Inductance is opposition to a(an) —_ _ _ _ _



Your Answers Should Be:
A16. An electric current flow produces a magnetic field.

A17. Moving a conductor in a magnetic field induces a
current in the conductor.

A18. Inductance is opposition to a change in current.

INDUCTIVE REACTANCE

When current in an inductance is changing, the inductance
opposes the change by generating a counter emf. In a DC
circuit, this effect is present only at the time a switch is
closed or opened, and it dies away in a few moments.

In AC circuits, however, current is constantly changing,
so inductance is constantly acting to oppose it. The faster
the current changes, the more opposition there will be.
Obviously, the higher the frequency of a sine wave, the
faster the current will change. Inductance, therefore, tends
to offer more opposition at high frequencies than at low
ones.

In an AC circuit this reaction to a changing current is
present in addition to ordinary resistance. This opposition
to the flow of an AC current through an inductance is called
inductive reactance. The greater the inductance of the
circuit, the greater is the inductive reactance. Inductive
reactance does not oppose the flow of DC current (zero
frequency).

The more rapidly the current is changing, the greater the
opposition, or inductive reactance, will be. Since the rate
of change in the current depends on the frequency of the
sine wave, the higher the frequency, the greater the opposi-
tion to current flow will be. The symbol for inductive
reactance is X;.

The formula for inductive reactance is:

X;, = 2+fL (» = 3.14)

Inductive reactance (X;) is measured in ohms, as resistance
is (but don’t confuse the two). In the above formula, L is
the inductance in henrys, and f is the frequency in cycles
per second.
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From the formula, it is apparent that X, increases with
frequency. When the frequency is doubled, X, doubles. Why
is this? Because when the frequency is doubled, the current
is reversing twice as fast, and the opposition to this change
(caused by the inductance) also doubles. Notice, too, that
if the frequency in the formula is equal to zero, inductive
reactance disappears completely. A DC current has zero
frequency and is not affected by inductance.

Inductance is very useful because every inductive circuit
is frequency-sensitive. This principle is used in filters, an-
tennas, and many other applications. It means that an
inductive circuit passes direct current and low-frequency
alternating current, but it impedes the higher frequencies.

Q19. The opposition of a coil to the flow of AC current
iscalled - - ——— — — — — e m—— .

Q20. In what kind of units is X, measured?

Q21. Inductive reactance depends on the value of induct-
ance and —« — — ————— -,

Q22. How is the inductance of a circuit affected by the
input signal?

)23. How is the inductive reactance of a circuit affected
by the input signal?

Q24. What is the inductive reactance of the coil in the
following circuit?

120v

100 1
eps HENRY

Q25. How much current is flowing in the above circuit?

Q26. If the frequency of the AC source in the above
circuit is doubled, the inductive reactance will
(decrease, increase, remain the same).

Q27. If an ohmmeter is used to measure a coil, the read-
ing will indicate (DC resistance, inductive react-
ance).
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Your Answers Should Be:

A19. The opposition of a coil to the flow of AC current
is called inductive reactance.

A20. X, is measured in chms.

A21. Inductive reactance depends on the value of in-
ductance and frequency.

A22, Inductance is not affected by the input signal.

A23. Inductive reactance increases as the frequency of
the input signal increases.
A24. XL == 27rfL
=2 %314 x 100 x 1
— 628 ohms

A25. 1 = E 120 0.191 ampere

A26. If the frequency of the AC source is doubled, the
inductive reactance will increase.

A27. If an ohmmeter is used to measure a coil, the
reading will indicate DC resistance.

APPLICATION OF INDUCTANCE

Because inductive reactance depends on frequency, induct-
ance is often used in filters. Filters are special circuits which
have the property of allowing certain frequencies to pass
while blocking others. There are, for example, low-pass
filters which pass high frequencies and block low ones, and
band-pass filters which pass only a certain band of fre-
quencies.

Here are two simple filters that depend only on inductance.
The first one, which has an inductance in series, blocks high
frequencies. It is a low-pass filter.

(000 ___,

[ L t

A [OW-PASS FILTER

€N r Cour
a |

The second circuit has an inductance in parallel, or across
it. This inductance will bypass the low frequencies. As the
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frequency increases, voltage across the inductor increases.
Therefore, there is more output voltage at high frequencies,
and the circuit acts as a high-pass filter.

A HIGH-PASS FILTER

If you have a signal generator, you can build a simple
filter circuit like the one shown below and see how it reacts
to different frequencies.

FILTERS USE INDUCTANCE

I

SIGNAL 10Q RES1STOR
— GENERATOR , 4-HENRY

Voltages can be measured between points A and C, A and
B, and B and C. Pick about 12 equally spaced frequencies.
Using each as an input, measure and record both the input
and output voltages.

Q28. A filter that allows enly high frequencies to pass
iscaleda - ——— _—_—__ ______.

029, A - ___ _—____ is designed to allow
only a certain band of frequencies to pass.

Q30. Draw a schematic of a simple low-pass filter.

Q31. Between which points would you measure the input
voltage to the filter circuit in the second illustra-
tion above?

Q32. Between which points would you measure the low-
pass output of the filter?

Q33. Between which points would you measure the high-
pass output of the filter?
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Your Answers Should Be:
A28. A filter that allows only high frequencies to pass
is called a high-pass filter.

A29. A band-pass filter is designed to allow only a cer-
tain band of frequencies to pass.

A30. Your schematic should look like this:

A31. Measure input voltage between points A and C.
A32. Measure the low-pass output between A and B.
A33. Measure the high-pass output between B and C.

TRANSFORMERS

You are now aware that a moving magnetic field generates
an electric current in a conductor, and also that current flow-
ing in a conductor produces a magnetic field. These two
effects can be combined in a circuit such as this.

PRIMARY COIL

THE
TRANSFORMER
PRINCIPLE

SECONDARY COIL

One coil has a current flowing in it. It is an AC current that
sets up an alternating magnetic field in and near the coil.
If another coil is placed next to it, there will be a second
alternating current induced in the second coil. The first coil
is the primary, the second coil is the secondary, and the
combination of the two is a transformer. Most commercial
transformers appear as shown on the next page.
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MOST TRANSFORMERS HAVE AN IRON CORE

E—: /
T—
—_——— & —
_\

An iron core is used to increase the magnetic flux and
to channel it to the secondary coil. The primary coil sets
up a magnetic field in the core, and the secondary coil con-
verts the field back to electric current. Power is actually
transferred from the primary to the secondary. A lamp or
other load placed in the secondary circuit will operate.

One of the main advantages of using transformers is that
they can change voltage. They do this because the voltage
induced in the secondary depends on the number of turns
in the secondary as compared to the number of turns in the
primary coil. If the turns in the secondary are doubled, the
induced voltage will also be doubled (but no more power,
because the current will be halved). The voltage ratio of
the secondary to primary is the same as the turns ratio.
So, if the primary of a transformer has 1,000 turns and the
secondary has 100 turns, it is a step-down transformer
because it steps down the primary voltage by 10 (1,000/100).
If the connections are reversed, it becomes a step-up trans-
former with the same ratio.

Q34. In the primary coil of a transformer, electric cur-
rent produces a — ———_ ___ _____,

Q35. In the secondary coil of a transformer, a mov-
ing magnetic field produces a(an) — — ———_ _ _

Q36. How does a transformer work?
Q37. Will a fransformer work with DC electricity?

Q38. If a transformer has 100 turns in one coil and 200
turns in the other, how could you get a 240-volt
output using ordinary household current?
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Your Answers Should Be:

A34. In the primary coil of a transformer, electric cur-
rent produces a magnetic field.

A35. In the secondary coil of a transformer, a moving
magnetic field produces an electric current.

A36. An AC current produces a changing magnetic field
in the primary coil of a transformer. This chang-
ing field produces an AC electric current in the
secondary coil of the transformer.

A37. No. A transformer will work only with AC.

A38. Apply the 120V household current to the 100-turn
coil and you will get 240V from the 200-turn coil.

PULSE RESPONSE

When pulses are applied to a circuit containing an in-
ductor, the inductor opposes a change of current in its usual
way. The effect of this is to distort the waveform of the
current through the inductor by rounding off the corners
on the leading edge.

SUCTERVONIASE An Inductor Rounds Off

a Current Waveform

CURRENT
THROUGH INDUCTOR

The voltage across the inductor is affected in just the
opposite way. An increase in current tends to cause a sharp
increase of voltage in the positive direction. A decrease
in current causes an increase of voltage in the negative
direction.

APPLIED VOLTAGE An Inductor Exaggerates
a Voltage Waveform

VOLTAGE
ACROSS INDUCTOR
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Inductive circuits are used in practically all electronic
equipment. The frequency-sensitive characteristics of an
inductor find practical uses in a TV receiver, for example.
High video frequencies are not amplified as much as low
video frequencies as they pass through the various stages
of the set. However, the quality of the picture displayed on
the screen depends to a large extent on an equal amplifica-
tion of both the high and low frequencies. Peaking coils are
therefore used in the better-quality receivers to equalize the
amplification of high and low frequencies. The high fre-
quencies cause a larger voltage drop across the peaking coils
than the low frequencies. This tends to compensate for the
unbalance in amplification, resulting in a better picture.

Inductors are also used in some hi-fi speaker systems to
improve sound reproduction quality. The low audio fre-
quencies are separated from the high audio frequencies by
an inductive filter circuit. The lows are then fed to the
larger speakers (woofers) and the highs to the smaller
speakers (tweeters). Thus, each speaker reproduces only
those frequencies which it can handle without distortion.
This results in a more faithful and distortion-free reproduc-
tion of the amplified sound.

Q39. Inductance opposes a change in current. It tends
to round off the corners on the leading edge of
the - ___ _ waveform of a pulse.

Q40. The effect of inductance on the voltage waveform
of a pulse is the opposite of its effect on the cur-
rent waveform; it will turn a corner into a sharp
spike in the — — — _ _ _ _ waveform.

Q41. In the figure at the bottom of the opposite page,
what happens to the inductor voltage when the
current increases?

Q42. What happens to the inductor voltage when the
current decreases?

Q43. Why must a TV receiver amplify the high video
frequencies as much as it amplifies the low video
frequencies?

Q44. What is the name of the components that are used
to equalize the gain for high and low video fre-
quencies in many TV receivers?
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Your Answers Should Be:

A39. Inductance opposes a change in current. It tends
to round off the corners on the leading edge of the
current waveform of a pulse.

A40. The effect of inductance on the voltage waveform
of a pulse is the opposite of its effect on the cur-
rent waveform; it will turn a corner into a sharp
spike in the voltage waveform.

A41. The voltage increases in the positive direction.

A42. The voltage increases in the negative direction.

A43. The gain must be uniform to provide a good-qual-
ity picture.

A44. Peaking coils are used to equalize the video gain.

WHAT YOU HAVE LEARNED

. Inductance opposes a change in current and makes the
waveform of an AC current lag the voltage by 90°.

. Inductance is measured in henrys, millihenrys, or micro-
henrys.

. Inductance uses no power; it only “borrows” energy for
a short time.

. Three factors that influence the inductance of a coil are
number of turns, diameter of the coil, and type of core.

. Induction is the creation of a magnetic field by an elec-
tric current or of an electric current by a magnetic
field.

. Transformers work by induction.

. Inductive reactance acts similarly to resistance in an
AC circuit and is measured in ohms.

. The formula for inductive reactance is:
X, = 2xfL
. You have learned how to use inductance to construct a

simple filter circuit.

. You have learned how inductance affects the waveform
of pulses.
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10

RL Circuits

You are now going to

What You learn how to find the
. equivalent reactance of in-
Wlll Learn ductors in series and in

parallel. You will become
acquainted with some of the ways to measure the rela-
tive importance of R and L. in a component or circuit
and how to find the time constant of a circuit. You
will be able to add reactance and resistance to find
impedance. You will discover how the combination of
resistance and inductance affects the phase relations
of voltage and current. You will also learn how to cal-
culate current and power in RL circuits.

INDUCTIVE CIRCUITS

A good way to understand circuits containing inductance
is to work through a simple problem. For example, the fol-
lowing illustration shows a schematic of a basic inductive-
reactance AC circuit.

A BASIC INDUCTIVE
—RESISTIVE CIRCUIT

Assume that the resistance in the leads and the coil is neg-
ligible. The problem is to find the rms value of the current
in this circuit.
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Ohm’s law still applies.

I=X£L=%Q=6amperes
You have learned that power in a circuit is:
P = EI

where,

E is the voltage,
I is the current.

With a sine wave the power at any time during the cycle is
the product of the voltage and the current at that moment.
In a resistive circuit, power has a pulsating waveshape.

POWER IN A
RESISTIVE CIRCUIT

CURRENT

You have already learned that no power is dissipated in a
circuit that contains only inductance. A look at the wave-
forms below will help you understand this.

POWER

VOLTAGE

=== ——-»

E
I
|
I
|
t
|

CURRENT
/

S e o e e
W= - —— ==

Between points B and C, both current and voltage are
positive. If you multiply their values, it appears that power
is being dissipated exactly as in a resistive circuit. Between
points D and E, both current and voltage are negative, and
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again you have exactly the same situation as in a resistive
circuit—power appears to be dissipated. But between points
A and B and points C and D there is a situation that never
exists in a resistive circuit.

As you can see, there are pulses of negative power as well
as positive power. The positive-power pulses represent the
time when the circuit is utilizing power to produce a mag-
netic field. The negative-power pulses represent the time
when the circuit is absorbing power from the magnetic field.
The negative pulses and the positive pulses are equal and
cancel each other, so the total power dissipated is zero.

An important rule that you must remember is:

When you multiply positive values by positive values,
or negative values by negative values, the results are
positive values.

When you multiply positive values by negative values,
the results are negative values.

oS

120v X, - 20Q
60 ¢ps

Inductive reactance in a circuit changes with frequency,
but inductance stays the same. To find how the above circuit
behaves at other frequencies, you must determine the in-
ductance. Use the formula:

L — XL (this is a form of X;, — 2fL)
Ot

Q1. Is voltage positive or negative between points A
and B in the figure at the bottom of the opposite
page?

Q2. Is current positive or negative between A and B?

Q3. Is power positive or negative between A and B?

Q4. What is the amount of inductance in the circuit
shown above?

Q5. How much current will flow in this circuit if the
applied voltage is 100V at a frequency of 100 cps?
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Your Answers Should Be:
Al. Voltage is positive.
A2, Current is negative.
A3. Power is negative.
A4. About 0.053 henry.
A5, X, is 33.3 ohms.

E _ 100

X, 333 3 amperes

Inductors in Series

The simplest form of a series inductive circuit is one with
two inductors in series.

A SERIES INDUCTIVE
CIRCUIT

To find the current in the circuit, add X,, and X,., and
then use Ohm’s law with the equivalent X;.

If the value of each inductance (L) is known, add the
individual inductances to find the total inductance and then
calculate X,,, for the circuit.

Parallel Inductive Circuits

A circuit containing pure inductances in parallel can be
treated much like a parallel resistance circuit.

INDUCTANCES IN
PARALLEL

This simple parallel circuit can be solved by the formula:

Xpe — X1 X Xie
M X+ Xie
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As with resistance, the equivalent inductive reactance of
two inductors in parallel is always smaller than that of
either single inductor. Combined series and parallel circuits,
or large groups of inductors in parallel, can be simplified in
steps by the same method you have used with resistances.

A CIRCUIT CONTAINING SERIES AND PARALLEL INDUCTANCES
CAN BE SIMPLIFIED

X - 10 XL - %2
| Xi = 6Q
X - 6Q L6V X, -
Jev d s 1000 =
‘/1000 cps l/ EpS
XL =22
— 000
6V
O X, =30 1000 X, - 50
L
cps cps

(6. What is the equivalent X, in the following circuit?

L} =0.0lh Lp=0.003h

L3 = 0.002h

L5 =0.004n Ly =0.001h

Q7. How much current will flow in this circuit?
(8. How much power will be dissipated in this circuit?
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Your Answers Should Be:
A6. X, = 2+fL =2 x 3.14 X 2,400 X .02 = 301 ohms

=X =301~ 399 ampere

A8. No power will be dissipated.

Q FACTOR

An RL circuit is one that contains both resistance and
inductance. You are more likely to encounter circuits of
this sort than pure inductive circuits or pure resistive cir-
cuits. In fact, even the connecting conductors in a circuit
have some inductance, and every coil has some resistance.

It is sometimes important to know how “good” or how
“pure” the inductance of a coil is. This quality is usually
measured with a factor called Q. This is simply a ratio,

_X

R
small, and the inductance will be more efficient. Notice,

however, that Q varies with frequency, because the inductive
reactance varies.

For example, a coil with an X; value of 5,000 ohms at
10,000 cps and a DC resistance of 50 ohms has a Q at that

5'505’0 — 100. If this same coil is used at 5,000

cps, its inductive reactance will only be 2,500 ohms, and its
. 2,600
Q will equal 50— 50.

. With a large Q, the power loss in the coil will be

frequency of

TIME CONSTANT

A different measure of the relative amounts of resistance
and inductance is very important when dealing with pulse
circuits. The shape of a pulse is changed by inductance.

When a pulse is passed through an RL series circuit, the
roundness of the current rise and the time it takes for the
current to rise to its final value depend on the amounts of
inductance and resistance in the circuit. As you would
expect, the greater the value of inductance, the slower the
current will build up. At the same time, the resistance in
the circuit has the opposite effect—the smaller the resist-
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ance, the longer the current takes to reach the steady-state
condition. (The reason is that when the resistance is smaller,
the final current will be larger, and it will therefore take
longer to reach this final value.)

INCREASING THE TIME CONSTANT ‘

INCREASES THE AMOUNT OF ﬂ A
DISTORTION

When dealing with filters and pulse circuits, circuits con-
taining L and R in series are often described by their time
constant. This is a measure of how quickly the current in
the circuit reaches its final peak value. The time constant
equals L, R and is expressed in seconds. If a circuit has an
L 'R time constant of one-half second, the current will reach
63 of its maximum (peak) value in one-half second when
a voltage is applied to the circuit.

PEAK_VALUE
L/R Tells How Long

It Takes a Pulse
to Reach 63%
of Its Peak

L (henrys)
TIME CONSTANT (SEC.)* —RTohms)

Q9. A “pure” inductance (which has no resistance)
would have a (high, low) Q.

Q10. If you purchased a coil with a low Q, you would
expect it to have a relatively (high, low) DC
resistance.

Q11. If a coil has a high Q at 1,000 ¢cps, would you expect
it to have a higher or lower QQ at 5,000 eps?

Q12. If the inductance of a circuit is 3 henrys and the
resistance of the circuit is 5 ohms, how long will
it take for a pulse to reach 639, of its maximum

value?
Q13. The time constant of a circuit indicates the time it
takes a pulse to reach — 9, of its maximum value

in that circuit.
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Your Answers Should Be:
A9. A “pure” inductance would have a high Q.
A10. A coil with low Q would have a relatively high DC

resistance.

All. At an increased frequency, you would expect Q to
increase.

A12, It would take a pulse % = % — 0.6 second to reach

63 % of its maximum value.

A13. The time constant of a circuit indicates the time
it takes a pulse to reach 639, of its maximum
value in that circuit.

PHASE

It has been previously explained that AC voltage and cur-
rent are always in phase in a purely resistive circuit and
that AC current through an inductance always lags the
applied voltage by 90°. When resistance and inductance are
combined in a single circuit, the amount of phase difference
between the current and voltage depends on which (resist-
ance or inductance) has the greater value; that is, it depends
on the Q of the circuit.

If the applied voltage is a sine wave, the current through
an RL circuit will also be a sine wave. Therefore, you can

One Current Vector Can Represent the Combined Effect

of Resistive and Inductive Currents
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think of it as being generated by a rotating current vector.

However, this vector is a combination (or resultant) of
the resistive and inductive current vectors.

As you see, these two vectors form the two sides of a
rectangle, and the overall (resultant) current vector is the
diagonal of the rectangle. The angle labeled with the symbol
6 is the phase angle, the number of degrees by which the
overall current lags voltage.

IMPEDANCE

To find the eurrent flowing in a purely inductive circuit,
you apply Ohm’s law, using inductive reactance instead of
resistance (I = E/X,). Inductive reactance, of course, equals
2xfL and varies with frequency and inductance.

What happens when both resistance and inductance are in
series in the same circuit? Say, for example, that the resist-
ance is 3 ohms, and the inductive reactance (for a specific
frequency) is 4 ohms.

As you know by now, the current through the resistance
in an AC circuit is in phase with the applied voltage sine
wave, while the current in the inductance lags 90° behind
the voltage. Just as the rms value of resistive current can-
not be added to the rms value of the inductive current to
find the overall current, the 3 ohms of resistance cannot be
added to the 4 ohms of inductive reactance. Instead, the
overall effect of the two must be found in the same way that
the overall current vector is found. The overall effect of
resistance and reactance working together is called imped-
ance. The symbol for impedance is Z.

Q14. If the current lags the voltage by 85° in a circuit
with an input at 1,000 cps, do you think an input
at 450 cps is more likely to cause the current to
(a) lag by 89°, (b) lead by 45°, (¢) lag by 15°?

Q15. Draw vector lines representing 3 ohms of resist-
ance (R) and 4 ohms of inductive reactance (X,)
on a sheet of paper.

Q16. Complete your vector diagram to find the imped-
ance presented by the 3 ohms of resistance and 4
ohms of inductive reactance. Measure the diagonal.
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Your Answers Should Be:
A14. Current is most likely to (c¢) lag by 15°.

A15. You should have drawn vector lines that look like
this.

5 ohms.

Relationship of X,, R, and Z

One simple way to find the overall effect of 3 ohms of
resistance and 4 ohms of inductive reactance is to draw a
line 4 units long pointing downward. This line represents the
inductive reactance. Then draw a line to the right 3 units
long. This line represents the resistance. The two lines form
two sides of a rectangle. The diagonal of this rectangle will
represent the impedance.

Notice the angle between the R and X,, vectors. This angle
is usually indicated by the Greek letter theta (4) and is
referred to as the phase angle.

It is not enough to say that a circuit has an impedance
of 5 ohms; you must also know the angle by which the
current and voltage are out of phase. There are two ways
to do this. You can express impedance in polar form, Z/¢.
In the example above, Z is 5. Or you can express the
impedance as the sum of 3 ohms resistance plus 4 ohms
inductive reactance. A short way of saying this is 3 4 jd4.
The j tells you that the 4 is 90" behind the 3. In general
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Z —= R 4+ jX,. This is the rectangular form of impedance.
Although you can find impedance by drawing vector dia-
grams and measuring, there are other ways of finding the
value of impedance.

As long as # remains the same, the proportion between
reactance and impedance will be the same. The proportion
between resistance and impedance and between reactance
and resistance will also be the same.

When any two facts about a combination of X; and R are
known, the other facts can be found by using a table of
trigonometric functions. An example of such a table is
shown on page 270.

Trigonometric relationships of X;, R, and Z.

tan0=&orR= Xu.
R tan

sin0=&orZ=X"
Z sin 6

cos ¢9=E or Z — R
Z cos ¢

Using the above relationships, the impedance of an induc-
tive circuit for which X1 is 7 ohms and R is 10 ohms can
be found.

X 17
tan 0 = 2L __ L __ 070
an R 10 0
= 35° (from table on page 270) ; sin 6 = 0.574

_ XL 7 _ o
7 — Sin g — 0574 12.2 /35° ohms

Q17. What happens to 6 if both R and X, are doubled?
Q18. What happens to Z if both R and X, are doubled?

Q19. What happens to R and X, if Z stays the same but
6 is increased?

Q20. What is ¢ if R is 17.33 ohms and X, is 10 ohms?
Q21. What is Z for Q20?7

Q22. If R is 12 ohms and ¢ is 30°, what is Z?

Q23. If X, is 20 ohms and 4 is 30°, what is Z?
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Your Answers Should Be:

A17. If you double both R and X,, § remains the same.
AlS8. If you double both R and X,, Z is doubled.

A19. If ¢ is increased, X, becomes larger and R smaller.
A20. tan g — X, /R — 30

A21. Z — X, /sin § — 20 /30° ohms

A22. Z — R/cos 6 — 13.9 /30° ohms

A23. Z — X, /sin 6 — 10 /30° ohms

Current in an RL Circuit

When inductors and resistors are connected in series in
a circuit, simply add all the inductive reactances and all the
resistances separately to get an equivalent circuit with one
inductive reactance and one resistance.

If it is necessary to find the impedance of this circuit,
begin by simplifving it.

Even though X; and R values are scattered through the
series circuit, they may be added directly. Thus,

Xerorar = X + X + X3 =20 + 15 + 15 = 50 ohms
R TOTAL R, + R-_) —+ R3 =30 + 70 + 20 = 120 ohms

The circuit above is equal to this equivalent circuit.
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POWER IN RL CIRCUITS

All power is dissipated in resistance. You have also learned
that the formula for power is P — I?R. This is the only
formula that should be used to find power in AC systems.

[ POWER DISSIPATED =0 _
/ __| POWER DI SSIPATED: 12R1

POWER IN AN y
RL CIRCUIT X3

[POWER DISSIPATED 0] |POWER DISSIPATED - 128,

Go through zll the steps necessary to find the power dis-
sipated in the following circuit. (See Q24 through Q27.)

AN
R =30
1ov
N, 60cps L -=10.6 mh

Q24. What is the inductive reactance of the coil?

Q25. What is the impedance of the circuit?

Q26. How much current flows through the circuit?

Q27. How much power is dissipated in the circuit?

Q28. Here is a more complicated circuit. Notice how
the current divides in the parallel parts. Kirch-
hoff’s law is used to determine how the current
divides. How much power is dissipated in this
circuit?

Ri-2 L=512mh

L=2 66 mh
Ry - dQ
5AMPS
60 cps 2 AMP 5 AMPS
L= 266
Rd 10

Q29. Suppose a 4-henry filter choke and a 2,630-ohm
resistor are wired in series across the terminals of
a transformer that supplies 15 volts at 60 cps.
Draw a schematic of the circuit.

Q30. How much current will flow in the circuit?
Q31. How much power will be dissipated by the resistor?
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Your Answers Should Be:
A24. X|, — 2-fL — 4 ohms (approx)
A25. Z — 5/33° ohms

A26. 1 = ZE — 2 amperes

A27. The power dissipated is: P — I?R — 12 watts
A28. Since the current is known, the inductors can be

A29.

A30.X.—1,507 ohms I—=

A3l. P = I*R = 0.072 watt

disregarded. Use P — I*R to find the power dissi-
pated in each resistor.

P, — 5 % 5 x 2 — 50 watts

P, — 5 x 5 X 4 — 100 watts
P, — 2 % 2 X 2 — 8 watts
P, —3 X3 x1=29 watts
TOTAL 167 watts
AAA
2 = 2,000Q
15v
6 60 cps. L=4h
15

N =

= m:Sma (approx.)
R — 2,630 ohms
Z — 3,000 /30° ohms (approx.)

(VY]

[
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WHAT YOU HAVE LEARNED

. Series and parallel inductive reactances can be com-

bined in the same way as resistances.

. L/R is the time constant of an RL circuit and indicates

the time in seconds it takes a pulse to reach 63 % of its
maximum value.

. Q is the ratio of X;, to R in a coil.
. The phase angle in an AC circuit is determined by the

proportions of X, and R.

. X;, and R are added vectorially to find impedance.
. Impedance may be expressed as Z/§ or R 4 jX,.



11

The Effect of

Capacitance
When you have finished
What You this chapter, you will
. know how capacitance af-
Wlll Learn fects AC and pulses. You

will learn how capacitance
blocks DC but allows AC to pass more and more easily
as the frequency increases. An explanation of how
capacitance causes applied voltage to lag the current and
how it distorts the voltage waveforms of pulses is given.
You will become familiar with the units in which capaci-
tance is measured and the factors that influence the
value of a capacitor. You will be able to calculate capaci-
tive reactance.

WHAT IS CAPACITANCE?

Capacitance is the property of an electrical circuit that
opposes a change in voltage. Capacitance has the same reac-
tion to voltage that inductance has to current. This means
that if the voltage applied across a circuit is increased,
capacitance will resist that change. If the voltage applied
to a circuit is decreased, capacitance will oppose the decrease
and try to maintain the original voltage.

In a DC circuit, capacitance has an effect only when volt-
age is first applied, and then again when it is removed.
Note that current cannot flow through a capacitance. How-
ever, AC current appears to flow through a capacitance—
you will learn how later. Since voltage is constantly chang-
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ing in AC circuits, capacitance acts at all times to retard
these changes in voltage.

A basic capacitor (sometimes called a condenser) is shown
below. It consists of two conducting metal plates separated
by a layer of air or other insulating material, such as paper,
glass, mica, oil, etc. The insulating layer is called the
dielectric.

DIELECTR!C LAYER

PLATE

g
g
=t iy

A BASIC CAPACITOR

PLATE

All capacitors have these two plates and a separating
layer. In practice, these are often stacked or even rolled
into a compact form. Sometimes the dielectric is a paste or
a liquid instead of a solid.

Capacitor Plates Are Often Stacked or Rolled To Save Space
PLATES

}VBIELECTRIC DIELECTRI C ez
This is the circuit symbol for a capacitor.
CIRCUIT SYMBOLS FOR A CAPACITOR

—/H{__

When a capacitor is first connected to a battery, electrons
from the negative terminal of the battery flow to the
nearest capacitor plate and remain there. They can go no
farther, since the opposite plate is separated from the first
by an insulating layer. Electrons are moved from the oppo-
site capacitor plate and flow into the positive terminal of
the battery. After this initial movement of electrons, one
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plate is filled with all the electrons that the battery voltage
can force into it, and the other plate loses the same number
of electrons. This means that one plate has a negative
charge and the other plate has an equal positive charge. No
further current flows; the capacitor is “charged.”

Positive and negative charges attract each other, so there
will be a force between the plates of the capacitor. There
is also a voltage between them that is equal to and opposes
the voltage of the battery.

Because it takes a certain specific number of electrons to
fill the negative plate, we say that the capacitor has a cer-
tain capacity, or capacitance.

You can see this happen if you take a capacitor (say 0.25
mfd, 600V) and connect the probes of an ohmmeter to the
capacitor leads or terminals, using a very high-ohms range
(R X 1 MEG). Notice that as soon as the connection is
made, there is a sudden drop in the ohms reading as the
battery in the ohmmeter provides current to charge the
capacitor. Immediately following this decrease, the reading
increases toward infinity. This shows there is some current
at first (the charging current), but it quickly disappears and
the resistance becomes infinitely large.

OBSERVING THE CHARGE OF A CAPACITOR

0. 2-MFD
CAPACITOR

__— OHMMETER . et

J r,

Q1. Name two differences between capacitance and
inductance.

Q2. Draw a circuit diagram of a capacitor connected
across the terminals of a battery.

Q3. Explain what happens when you remove the battery
from across a charged capacitor and place a short-
ing wire across the leads of the capacitor.

Q4. What would happen if you tried to repeat the above
experiment without first discharging the capacitor?
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Your Answers Should Be:

Al. Capacitance opposes a change in voltage while in-
ductance opposes a change in current. Capacitance
blocks DC while inductance does not.

A2. Your circuit diagram should look like this.

— =

|
HN

A3. The electrons from the negative plate rush through
the shorting wire to the positive plate until both
plates have the same number of electrons. The volt-
age across the plates is then zero.

Ad4. Once the capacitor has been charged, there is no
“kick” (needle movement) when you connect the
ohmmeter probes. The capacitor is already full and
can take no more charge.

CAPACITANCE MEASUREMENTS

The usual symbol for capacitance is C. Capacitance is
measured in farads. The amount of capacitance in a capaci-
tor is the quantity of electrical charges (in coulombs) which
must be moved from one plate to the other in order to create
a potential difference of 1 volt between the plates. The num-
ber of coulombs transferred is called the charge.

One farad is the capacitance in which a charge of 1 cou-
lomb produces a difference of 1 volt between the plates. The
larger the capacitance of a capacitor, the more charge it will
hold with the same voltage applied across the plates.

Capacitance values are usually specified in microfarads
(millionths of a farad, abbreviated mfd or uf) or in micro-
microfarads. Micromicrofarads are also called picofarads
(millionths of a microfarad, abbreviated mmf, puf, or pf).
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HOW DOES CAPACITANCE AFFECT AC?

Although current cannot flow through a capacitor, an AC
current appears to do just that. The reason lies in the
nature of capacitance. If the voltage across the plates is
continuously varied, the number of electrons on the plates
varies.

Increasing the number of electrons on one plate of a
capacitor repels electrons from the other plate. Decreasing
the number of electrons on the first plate allows electrons
to be attracted back to the other plate.

AC CAN PASS THROUGH A CAPACITOR

ELECTRONS  ELECTRONS ELECTRONS ELECTRONS
REPELLED . ADDED RETURNED '\ TAKEN AWAY
11— 1
L-]—J t—IJ
) D

— -

An AC voltage can, in effect, get across the dielectric;
since the voltage is alternating, it causes an AC current on
the other side. In other words, voltage changes are trans-
mitted across the gap.

If a capacitor has the same voltage as the applied voltage,
no current will flow to or from it. If the applied volt-
age changes, the capacitor voltage will no longer equal the
applied voltage. Current will flow trying to equalize the two.

In a circuit this means that if an AC sine-wave voltage is
applied across a capacitor, an AC sine-wave current will
appear on the opposite side, even though no electrons cross
the dielectric layer.

Q5. The capacitance of a capacitor is measured in

Q6. A millionth of a farad is called a - — —— ————— -

and is abbreviated as — —— or ——.
0o £\ oo — e is a millionth of a
microfarad and is abbreviated - ——, ——— or ——.
Q8. Current will flow from one plate of a capacitor to
the other plate only when — — - — __ is changing.
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Your Answers Should Be:

A5. The capacitance of a capacitor is measured in
farads.

A6. A millionth of a farad is called a microfarad and is
abbreviated as mfd or .f.

A7. A micromicrofarad is a millionth of a microfarad
and is abbreviated mmf, uuf, or pf.

AS8. Current will flow through a capacitor only when
voltage is changing.

PHASE

Just as with inductance, current and voltage are not in
phase in a capacitive circuit. The voltage lags the current
(current leads the voltage) by 90°.

CURRENT LEADS VOLTAGE IN A CAPACITOR

900 m 1800 P CURRENT P
| l
/ 1
|
| | |

At any instant, the current flowing into or out of a cap-~ci-
tor is proportional to the rate of change of the applied
voltage. This can be seen in the illustration on the next
page. The applied voltage is changing most rapidly at time
A, the beginning of the sine-wave cycle. Therefore current
flow is maximum. At time B the voltage across the capaci-
tor has reached its peak and, for the moment, is not chang-
ing. Therefore current at this instant is zero. At time C,
voltage across the capacitor again is changing quite rapidly
(but in the negative direction), and so the current is at its
negative peak. At time D, when the voltage reaches its
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negative peak and is momentarily not changing, the current
waveform passes through zero once more.

if we trace the current from point to point along the
voltage waveform, the result is a sine wave, but it is one
that leads the voltage by exactly 90°. This shows that if the
voltage across the capacitor is a continuous sine wave with
a constant amplitude, the current through the capacitor
circuit is a sine wave that is 90° ahead of the voltage.

CURRENT IS DETERMINED BY THE VOLTAGE CHANGE

A B ¢ b
Imax | E CONSTANT E
E ACROSS FALLING

 CAPACITOR RAPIDLY

I ZErO

E |
UISING RAPIDLY

I Max
E CONSTANT

Current and voltage vectors in a capacitive circuit are 90
out of phase. In this case the current vector is ahead of the
voltage vector by 90°.

THE CURRENT VECTOR
LEADS
THE VOLTAGE VECTOR

7
%0 o)

Q9. When an AC voltage across a capacitor is maximum,
AC current through the circuit is — — — _. .
Q10. When an AC current through a capacitor circuit
is maximum, AC voltage across the capacitor is
Q11. Contrast the phase relationship of AC voltage and
AC current in an inductor and in a capacitor.
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Your Answers Should Be:
A9. When an AC voltage across a capacitor is maxi-
mum, AC current through the circuit is zero.
A10. When an AC current through a capacitor circuit
is maximum, AC voltage across the capacitor is
zero.

All. In an inductor, voltage leads current by 90" ; in a
capacitor, voltage lags current by 90°.

FACTORS AFFECTING CAPACITANCE VALUE

The amount of electrical charge that can be stored in a
capacitor (the number of electrons that can be placed on
the plate) varies with the area of the plates. Consequently,
capacitance varies directly with area—if the area is doubled,
the capacitance is doubled. When the area is doubled or
twice as many plates are connected in parallel, there is twice
as much area to store electrons, and the capacitance is there-
fore twice as great.

Plate Area Affects Capacity

INCREASING
_PLATEAREA
INCREASES

CAPACITANCE

Capacitance can also be increased by placing the plates
closer together. When the plates are closer, the attraction

Distance Between Plates Affects Capacity

INCREASING
DISTANCE

BETWEEN PLATES _
DECREASES

CAPACITANCE

between the negative charges on one side and the positive
charges on the other side is greater, and thus more charge
can be stored. It is, of course, necessary to keep the plates
far enough apart so that the charge does not cross the gap.
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Higher values of capacitance can be obtained by using an
insulating material (dielectric) other than air. This allows
the plates to be closer together without the charge crossing
the gap.

Dielectric Material Affects Capacitor
AIR

MATER I AL
BETWEEN PLATES

CHANGES
CAPACITANCE

Dielectrics such as mica, glass, oil, and Mylar are a few of
the materials that can sustain a high electric stress without
breaking down. This property is called dielectric constant.
The higher the dielectric constant is, the better the dielec-
tric. Air has a dielectric constant of 1, glass about 5, and
mica 2.5 to 6.6.

Besides allowing the plates to be placed closer together, a
dielectric has another effect on capacitance. Dielectric mate-
rial contains a large number of electrons and other carriers
of electrical charge. Although electrons cannot flow as in a
conductor, they are held rather loosely in the structure and
can move slightly. The distortion of the structure of the
dielectric, which is caused by charging the capacitor, has a
large effect on the forces of attraction and repulsion that
aid or oppose the flow of the electrons. This factor has a
substantial effect on capacitance.

When materials such as mica or glass are used as the
dielectric, the capacitors have a much higher value than the
same size units with an air dielectric.

Q12. If you had two capacitors of low value, how could
you combine them to get a larger capacitance?

Q13. How does a mica capacitor differ from an air
capacitor of the same physical size?

Q14. What are three factors that affect the capacitance
of a capacitor?

Q15. A screw-type variable capacitor is made with an
adjusting screw that is used to vary the distance
between the capacitor plates. How would you in-
crease its capacitance?
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Your Answers Should Be:

A12. Combining two capacitors in parallel would pro-
duce the same effect as a single capacitor with
more plates, and therefore would result in a higher
capacitance.

Al3. A mica capacitor has a higher capacitance than
an air capacitor of the same physical size.

Al4. The capacitance of a capacitor depends on these
three factors: the area of the plates, the spacing
between the plates, and the nature of the dielec-
tric material.

Al5. Tightening the screw moves the plates closer to-
gether and increases capacitance. Loosening the
screw decreases the capacitance.

POWER

Just like inductance, capacitance consumes no power. Dur-
ing the sine-wave cycle, the capacitor takes energy out of
the circuit and stores it in the form of an electric field dur-
ing a quarter cycle and returns it to the circuit in the next
quarter cycle. Energy is borrowed, but it is always returned.

VOLTAGE ACROSS CAPACITOR
| 00 /80 2700 300
POWER(ED

POWER

| CURRENT 5

™~ THROUGH

| CAPACITOR CAPACITOR

POWER
| RETURNED

If the product of E times I is taken at every instant of
the cycle, the power waveform will show that energy is
taken out and returned in alternate quarter cycles.

To find the amount of energy (in coulombs) stored in a
capacitor, multiply the capacity in farads by the applied
voltage. In a circuit containing only pure capacitance, it
makes no difference how long the voltage is applied—the
same amount of energy will always be stored at a given
voltage.
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CAPACITIVE REACTANCE
Like inductance, capacitance has a reactance—an opposi-
tion to the flow of AC. But capacitive reactance decreases
as frequency increases.
Suppose a capacitor is connected in series with an alter-
nating voltage source. There is no resistance in the circuit.

A BASIC CAPACITIVE CIRCUIT E c,\.

Because the circuit above contains no resistance, the voltage
across the capacitor will be the same value as the source
voltage at every instant.

When a capacitor is charged up to voltage E, it stores an
amount of energy equal to the capacitance times the voltage.
If the peak voltage of the AC source is E, the capacitor will
have stored a particular amount of energy every time the
voltage sine wave hits its peak, and again stores that
amount whenever the voltage reaches it negative peak. The
energy depends only on capacitance and peak voltage.

Equal Amounts of Energy Must Flow in Each Cycle

0.1 COULOMB
STORED

\ 0.1 COULOMB RELEASED

| 0.1coutoms AN
| o COULOMB
RELEASED

Q16. How much energy will be stored in a 100-mfd
capacitor in the first quarter cycle of an applied
AC voltage of 1,000 volts maximum?
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Your Answer Should Be:
Al6. 1,000 volts X .0001 farad — 0.1 coulomb

What happens when the frequency of the power source is
doubled? If the peak voltage (E) is unchanged, the capaci-
tor will charge every half cycle to the same amount as
before. But it will have to do this twice as fast because the
energy is doubled. This means that the same amount of
energy must flow into the capacitor in only half the time.
And since the voltage is the same, we must have twice the
current to supply this same amount of energy.

A Capacitor Stores the Same Amount of Energy Each
Time It Reaches E,

41 SECOND ——

What does this mean? The frequency was doubled, and
this doubled the current flowing into the capacitor—yet, the
input voltage remained the same. A pure capacitance lets
twice as much current flow if the frequency is doubled.

Capacitive reactance is the opposition that pure capaci-
tance offers to the flow of current. It is expressed in ohms,
and its symbol is X.. Capacitive reactance depends on fre-
quency. As the frequency increases, the rate of change of
applied voltage increases, and the current flowing also in-
creases. As the frequency is reduced, the rate of change of
voltage goes down, and less current flows.

At this point you can more easily see why capacitor cur-
rent leads the voltage across the capacitor. It is necessary
for the capacitor to charge up to the given voltage, and this
charging is done by the current. Hence, the charging cur-
rent will reach its maximum value at the time the charging
is going on at the greatest rate; that is, when the rate of
change of voltage is the most rapid.
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As the capacitor approaches full charge, the voltage rate
f change slows down, and the current decreases. When the
apacitor is fully charged and its voltage has reached maxi-
num, there is no charging current flowing at all—the cur-
.ent has already dropped to zero at this time. A similar
yrocess occurs during discharging. At all times, current
eads the voltage by 90 , or one quarter of the cycle. In a
iteady-state AC situation, when the applied voltage is a
iine wave, both voltage and current will be sine waves.

Capacitive reactance depends on frequency. Since it lets
nore current flow as frequency increases, capacitive react-
wnce must decrease as the frequency increases.

Capacitive reactance also depends on the size of the capac-
tance. As capacitance increases, more current must flow
nto the capacitor to charge it to the same voltage (since
‘he amount of energy stored equals C < E). As a result,
apacitive reactance decreases when capacitance increases.

The formula for capacitive reactance is:

1

Xe=g1c

ohms

where,

f is the frequency in cps,

C is the capacitance in farads.

Capacitive reactance can be used in calculating current in
a purely capacitive circuit by Ohm’s law.

E

= x.
Q17. What is X, if f — 6,000 c¢ps and C — 200 mfd?

0.2v 200 J_
S 6,000 cps mfd ‘I‘

()18. What is the current in this circuit?

Q19. What would the current in the above circuit be if
the input signal were 0.01 volt at 120 ke?
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Your Answers Should Be:

b 2 = z:Tc 2 x 3.14 fs,ot6 X 200 X 10
%3— 0.133 ohm

AlS. I=£( = 001—33 — 1.5 amps

A19. 1 — 6.%6 1.52 amps

PULSE RESPONSE OF CAPACITANCE

When a sharp pulse, such as a square wave, is applied to
a circuit containing capacitance, the capacitance opposes the
sudden change of voltage. This results in a rounding off of
the sudden voltage rise. Similarly, when the pulse voltage
is suddenly decreased, the voltage across the capacitor does
not decrease suddenly, but it trails off. Current is greatest
when the change of voltage is greatest, so the current wave-
form will have a peak when the voltage rises suddenly, and
another peak (but in the opposite direction) when it drops.

APPLIED
VOLTAGE

OLTAGE CURRENT IS GREATER WHEN
ATROS VOLTAGE CHANGE IS
GREATEST

CURRENT

There is always some resistance in a circuit. By choosing
the right value of capacitance and resistance, a circuit can
be designed in which the voltage takes a predetermined
length of time to reach a certain value. This type of circuit
can thus provide a time delay.
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APPLICATION OF CAPACITANCE

You have already learned how inductance can be used in
lters. Capaciiance can also be used to block DC or to by-
ass AC. You have also learned that capacitance can be used
or time delays. Another use for capacitance is to store
nergy. For example, capacitors are often used to store
nergy in phofoflash units. In these photographic devices,
battery that produces a relatively small current can be
sed to gradually charge a capacitor. The capacitor releases
large store of energy very quickly when it is discharged
hrough the flashbulb.

STRAY CAPACITANCE

Capacitive reactance decreases as frequency increases.
n communications, pulse, and radar work, where very high
requencies are used, stray capacitance can present quite a
roblem.

In a vacuum tube, an antenna, or a receiver chassis, there
re always very small capacitances between adjacent con-
uctors and between conductors and nearby objects which
re meant to be isolated from each other. With the lower
adio frequencies these capacitances are not important, but
s the frequency increases, the capacitive reactances of
hese very small capacitances decrease. A decrease in react-
nce can actually cause leakage of the signal.

It is important to know, therefore, that at high frequen-
ies, placement of wires and components is very important
n order to keep the effects of stray capacitances to a
ninimum.

Q20. How do the effects of capacitance on pulses differ
from the effects of inductance?

Q21. Compare and contrast capacitive reactance and
inductive reactance on these points:

1. Effect of an increase in frequency on reactance.
2. Effect of reactance on DC.
3. Effect of phase relations in AC.

Q22. What constant value appears in the formulas for
both capacitive and inductive reactance?
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Your Answers Should Be:
A20. Capacitance rounds off the voltage waveform and

A21. 1. X.. decreases as frequency increases, while X,

A22. 2r appears as a constant in both formulas.

produces spikes in the current waveform. Induct-
ance rounds off the current waveform and pro-
duces spikes in the voltage waveform.

increases.
2. X.. blocks DC, while X, passes DC.

3. Capacitance causes current to lead the applied
voltage, while inductance causes it to lag.

10.

11.
12.
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WHAT YOU HAVE LEARNED

. Capacitance offers an opposition to a change in voltage.
- A basic capacitor consists of metal plates separated by

a dielectric.

. A capacitor stores electrical energy in the form of an

electric field as the capacitor charges, and releases this
energy when it discharges.

. Capacitance is a measure of the energy storage capacity

of a capacitor. This capacity is measured in farads.

. A capacitor blocks DC but allows AC to flow.
. Pure capacitance in a circuit causes current to lead the

applied voltage by 90°.

. The amount of capacitance is determined by the area

of the plates, the distance between them, and the dielec-
tric material.

. A capacitor stores energy and returns it to the circuit.
. The opposition of capacitance to the flow of AC is called

capacitive reactance.
The formula for capacitive reactance is:
1

T 241C
Capacitance rounds off the voltage waveform of a pulse.

Stray capacitance can cause signal leakage at high
frequencies.
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12

RC Circuits

When you have finished

What You this chapter you will
. know how to find the
Wlll Learn equivalent capacitance of

combinations of capaci-
tors in series and in parallel. You will be able to add
capacitive reactance and resistance vectorially in order
to find impedance. You will be able to analyze RC cir-
cuits and to explain how they affect various voltages and
currents. You will know how to find RC time constants
and how they are used.

A BASIC CAPACITIVE CIRCUIT

First, let’s review what you have learned about capacitance
by applying it to this basic capacitive circuit.

10v
A BASIC
4 200
CAPACITIVE T mfd
CIRCUIT 60
cps

You have already learned that when a sine-wave AC volt-
age is applied, the current in a capacitor always leads the
voltage by 90°. You have also learned that a capacitance
consumes no power; all the energy it takes out of a circuit
in one quarter cycle is returned in the next quarter cycle.

Both of the above statements are true, not only for a
single capacitance, but also for any combination of capaci-
tors. In fact, any circuit that contains only pure capaci-
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tances, no matter how many, can be simplified to include
only one representative equivalent capacitance.

CAPACITORS IN COMBINATION

As you know, resistors and inductors add in series. Two
resistors or inductors in series have the same effect as a
single, larger resistor or inductor.

wo W 00 - 20
o— %Y MV 0 O—AAN—0

RESISTORS AND INDUCTORS ADD IN SERIES

m o m - g

—_— e "

Capacitors in Parallel

Capacitors add in parallel. It is easy to understand why
this is true if you remember that the more plates a capacitor
has, the greater is its capacitance.

The More Plates a Capacitor Has, the Greater Is Its Capacity

[ —
IOOMfd'[ + 1 l - 200 mfd =

00 mfd =
b_I -

If two capacitors are connected in parallel, you can find
their equivalent capacitance by adding their values.

(AN

Capacitors Add in Parallel

-
200 mfd 600 mfd
I { - I
= It
400 mfd
1

If a 200-mfd and a 400-mfd capacitor are connected in
parallel, the equivalent capacitance of the combination is
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200 mfd plus 400 mfd, or 600 mfd. This is also true with
three, four, or any other number of capacitances in parallel.
Capacitors in Series

If two capacitors are connected in series, what is their
equivalent capacitance? We cannot simply add C, and C.
together. Instead, we use the relationship:

G X C:
Cou = C, + C.

What is the total capacitance of 200 mfd and 400 mfd
connected in series? Using the above relationship, the total
capacitance is calculated to be:

C. _ 200 x 400
“7200 + 400

Notice that this equivalent value is smaller than either of
the two individual capacitor values,

— 133 mfd

‘ 200 mfd
133 mfd

gmomm () [ o= )

IN SERIES

ll

400 mfd

-

Q1. What is the equivalent capacitance of the following

circuit ?
_l_
=~ 2 mfd 8 mfd

C l
T 2Zmfd = 15mfd 3 T
C L ¢ O

Q2. How would you replace a 500-mfd capacitor if you
had available only 200-mfd and 300-mfd capacitors?

Q3. Would you expect two capacitors in series to have
greater or less capacitance than the same two
capacitors in parallel?

Q4. What is the equivalent capacitance of two equal
capacitors in series?
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Your Answers Should Be:

Al. C, is 25 + 15 + 2 + 8 = 50 mfd.

A2. Connect a 200-mfd and a 300-mfd capacitor in par-
allel to get an equivalent capacitance of 500 mfd.

A3. Two capacitors in series would have less capaci-
tance than the same two capacitors in parallel.

IN PARALLEL, THE EFFECTIVE PLATE AREA IS INCREASED

{
\

| |
L}

IN SERIES, THE EFFECTIVE PLATE AREA IS REDUCED

A4. The equivalent capacitance of two equal capacitors
in series is always one half the capacitance of either
one of them.

Complicated circuits can be simplified by analyzing them
in steps as shown below.

1150 mfd 1150 mfd
1A} LA

o

L
T 12 mfd

12 mfd
2

On the preceding pages, capacitance values were com-
bined, not capacitive-reactance values. You must not con-

24.5 mfd

—f—
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fuse the two. To combine capacitive reactances, whether in
series or in parallel, use the same rules that apply to resist-
ance—add series values and combine parallel values by the
formula:

X, X X
= XF X,

Always check to make sure that all the capacitive-react-
ance values are computed for the same frequency—other-
wise the result will be wrong. In order to calculate the
reactance of a capacitive circuit, it is usually better to com-
pute the equivalent capacitance first, and calculate the
capacitive reactance of the equivalent capacitance.

Q5. What is the equivalent capacitance of this circuit?

2 mfd %
100 mfd T
O

Q6. What is the equivalent capacitance of this circuit?

10 mfd,, ¢ 6 mfd
R L [&]
4 mfd
1L
11}
20 mfd_j
2mfd =~ T
2.5 mid 20 mfd =
0.5 mfd
— 1=
5 mfd )
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Your Answers Should Be:
25 % 100 2,500

A5. C,, — = =Y
Con 25 4+ 100 125

A6. You should have simplified the circuit to something
like this:

= 20 mfd

10 mfd

8 mfd

1F
)ii?m - i
mid
12 mfd
8 mfd els
i 1¢
2.46 mfd
—{f—

RC CIRCUITS

Actually, an entirely pure capacitance does not exist. The
leads of capacitors have some small value of resistance.
Also, the dielectric layer is never quite perfect; it has some
extremely high value of resistance. So if you wanted to be
very accurate, you would represent these unwanted resist-
ances by inserting their values in your circuit diagram, and
treating them just as if they were actual resistors. For most

practical purposes, however, you can disregard them.

Now let’s see what happens if we put capacitors and re-
sistors in the same circuit. As you already know, we cannot
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add resistance and capacitance, because they are two differ-
ent quantities (resistance is measured in ohms, capacitance
in farads). Instead, it is necessary to use capacitive react-
ance, which you learned about in the previous chapter. How-
ever, just as with inductance, to add resistance to capacitive
reactance it must be remembered that resistive current is
in phase with the voltage, while capacitive current leads the
voltage by 90°. So the two cannot be added directly—they
must be added vectorially.

CAPACITIVE REACTANCE
AND RESISTANCE MUST 2G
BL ADDED As VECTORs

IMPEDANCE

The capacitive-reactance vector is 90° ahead of the resist-
ance vector. The resulting quantity, an impedance, is some-
where between the two, and its length (quantity) is the
diagonal of the rectangle they form. This is capacitive im-
pedance, which is different from inductive impedance be-
cause it leads the resistance vector. The way to write
capacitive impedance is R — jX; the minus sign tells the
story. All inductive impedances are represented by a -+ j,
and all capacitive impedances by a —j in front of the X.

Q7. Inductive impedance (leads, lags) resistance.

Q8. Would an impedance of 15 — j20 ohms be inductive
or capacitive?
Q9.

M
100 OHMS

60ke " 0.053 mfd
xli

Draw a vector diagram on graph paper to find the
impedance in the circuit above. Measure the phase
angle with a protractor.
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Your Answers Should Be:

A7. Inductive impedance lags resistance.

AS8. An impedance of 15 — j20 ohms would be capaci-
tive.

A9Y. The capacitive reactance is 50 ohms.
Your vector diagram should look like this.

Z = 100 — j 50 ohms

or 112{—27° ohms

If you have a table of trigonometric functions, you can
get more accurate measurements of impedance, using the
same formulas you used to find inductive impedance. Re-
member, these formulas apply to both inductive and capaci-
tive impedance.

R —Zcos# X — Rtany¢ X —Zsiny
— X 5 — tan # 7 — R
tan ¢ R cos ¢
R X q X
= — cos ¢ = —siné 7 — —
Z Z sin 6
Table of Trigonometric Functions
Angle Sin Cos Tan Angle Sin Cos Tan
5° 087 996 .087 50 .766 .643 1.192
10° 174 985 176 55° 819 574 1.428
15° 259 .966 .268 60° 866 .500 1.732
20° .342 940 .364 65 .906 423 2.144
25 423 906 .466 70° .940 342 2.747
30° .500 .866 577 75 966 .259 3.732
35 574 .819 .700 80 985 174 5.671
40° .643 766 839 85 996 087 11.430
45° 707 707 1.000 90° 1.000 .000 ]
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Use the partial table of trigonometric functions on the
ypposite page to solve the following problems.

Q10.

Q11.

Q12.
Q13.
Q14.

Ql15.
Q16.
Q17.
Q18.
Q19.
Q20.

Q21.

Find Z and ¢ for these values of X and R.

(a) Xc =3 ohms, R — 4 ohms.

(b) X, = 4 ohms, R — 3 ohms.

(¢) X = 10 chms, R — 10 ohms.

(d) X, = 87 ohms, R — 50 ohms.

Find X and R for these values of ¢ and Z.

(a) § — 45°,Z — 10 ohms.

(b) 6 — 37°, Z — 0.5 ohms.

(¢) 6 = 15°,Z — 1,000 ohms.

If ¢ is 60°, will R be larger or smaller than X,.?

If ¢is 37°, will R be larger or smaller than X,.?
Will a circuit with an impedance of 100 ohms
and a phase angle of 75° dissipate more or less
power than a circuit with the same impedance and
a phase angle of 45°7

i\l
1

120v ©
[ 112 AMPS |
C
60 cps R
ANV

Suppose you know the input voltage, the fre-
quency, and the current flowing in the above cir-
cuit. Also, suppose you know that the phase angle
of the circuit is 60°.

What is the DC resistance of this circuit?

What is the impedance of the circuit?

What is the capacitive reactance of the circuit?
What is the resistance of the circuit?

How much power is dissipated in the circuit?
What will happen to the capacitive reactance of
the circuit if the frequency of the input is de-
creased?

What will happen to the phase angle of the circuit
if the frequency of the input is increased?

2
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Your Answers Should Be:

A10.

All.

Al2,
A13.
Al4.

Al5.

Al6.

Al7.
A1l8.
Al9.
A20.
AZ2l.

(a) Z—= 5o0hms, § = 37°

(b) Z =5 o0hms, §=53°

(c) Z — 14.14 ohms, 9 — 45°

(d) Z = 100 ohms, § = 60°

(a) X, = 7.07 ohms, R = 7.07 ohms.

(b) X, =0.30hm, R = 0.4 ohm.

(c) X = 259 ohms, R — 966 ohms.

If 9 is 60°, R will be less than X,..

If 9is 37°, R will be more than X,.

An impedance of 100 ohms will contain less resist-
ance and dissipate less power at a phase angle of
75° than at a phase angle of 45°.

LARGE PHASE ANGLE SMALLER ANGLE
SMALL RES | STANCE LARGER RES ISTANCE
R
750
™~
XC .é
fo)
'

The DC resistance will be infinite because the
capacitor blocks DC.
The impedance can be found by using the formula

=II£' Z = 10 ohms.

X = Z sin § — 8.66 ohms.

R = Z cos § — 5 ohms.

P — I’R = 720 watts.

X will increase if the frequency decreases.

The phase angle will decrease if the frequency
increases, because X, will decrease.

2

2




RC TIME CONSTANT

The ratio between R and C has an important effect on
1e characteristics of a circuit. The way this ratio affects
C voltages and currents is indicated by a time constant,
. much the same way that the effects of combined induect-
nce and resistance were indicated,

What happens if you apply a pulse, such as a square wave,
) a series RC circuit? The capacitor will oppose the sudden

A SQUARE PULSE THROUGH AN RC CIRCUIT

‘—_WVT APPLIED VOLTAGE

"\ ‘ KV CURRENT

1ange of voltage and will gradually charge to source volt-
re E. The rate of charge (the initial current that will flow)

limited by resistance R. In fact, the initial current will
> I — E R and will gradually decrease to zero as the volt-
ye builds up across the capacitor.

o

Ef~77"
APPLIED VOLTAGE

71 S— \
V CURRENT

2 VOLTAGE ACROSS
CAPACITOR

S
R VOLTAGE ACROSS RESISTOR
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The voltage across the capacitor will start at zero and will
build up smoothly until it equals source voltage E. The volt-
age across the resistor will, at any instant, equal the differ-
ence between the source voltage and the voltage across the
capacitor; it will also be a spike as shown.

The rate of charging—the steepness of the capacitor volt-
age curve—depends on how much current the resistor will
allow to flow. The higher the resistance, the less the current
flow and the slower the charging rate will be.

This fact is expressed in numbers by the time constant of
the circuit. The time constant of a series RC circuit is sim-
ply R x C, where R is in ohms, C is in farads, and the time
constant is in seconds. RC is the time it takes the capacitor
to charge to 63.2 7 of the source voltage.

For example, if R is 10,000 ohms and C is 10 microfarads,

. 10
1 S
RC is 10,000 X 1,000,000

When a capacitor has been charged, it actually contains a
certain amount of stored energy. The stored energy is C
times E coulombs, where C is the capacitance in farads and
E is the voltage to which the capacitor is charged.

If a charged capacitor is connected in a circuit, its stored
energy is released into the circuit. An example of this is
a battery-capacitor, photographic-flash circuit.

— 0.1 second.

CEORRENT
DISCHARGING
' CURRENT
O O
l A . FLASHBULB A [ .
£ / \l/
+ = w s
P S T T )5?
CHARGING DISCHARGING
FROM BATTERY THROUGH BULB

Capacitor Cis charged up to the battery voltage by throw-
ing the switch to position A. The rate of charge depends on
the resistance in the battery circuit (wire resistance and
internal resistance of the battery). When a flash is desired,
the switch is moved over to position B.” The capacitor, which
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is charged to full battery voltage (E), has no opposing volt-
age in the new circuit, and its discharge is limited only by
the resistance of the flash bulb. The stored energy fdows
through the flash bulb and, in doing so, fires the bulb. The
discharging current follows the curve shown in the figure;
the speed of discharge again depends on the time constant
of the circuit.

An RC series circuit can be used as a timing device. It
is, in fact, often used this way (e.g., in television receivers).

R
A TIMING CIRCUIT I b

S

In the above circuit, the length of time it will take for
the capacitor voltage to rise to some given value can be
calculated. If some device, which will be triggered only
when this given value of voltage is reached, is connected
across the output terminals b, the device, such as a gas
diode, will be triggered after a predictable time delay from
the time the input voltage (E) is applied.

The length of the time delay can be controlled by varying
either the resistance or the capacitance. However, if the
amount of energy stored is important, the delay can only
be varied by changing the capacitance.

Q22. What is the time constant of the following circuit?

10, 0000
V 1
20
mfd
——

Q23. How long will it take the circuit above to charge
to 63.2 volts if a 100-volt input is continuously
applied?

Q24. What will the time constant be if R is 1 megohm
and C is 50 mfd?

O—
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Your Answers Should Be:
A22. RC = 10,000 ohms x 0.00002 farad — 0.2 second
A23. It will take 0.2 second for the circuit to charge to

A24. RC — — 2% < 1000,000 — 50 seconds

63.2 volts.

1,000,000

WHAT YOU HAVE LEARNED

1. Capacitances add in parallel. They combine in series
according to the formula:
C. — C, X C,
eq C_l + C-_)-
2. Capacitive reactances add in series and combine in par-
allel exactly like resistances and inductances.
3. A circuit containing a complicated combination of capac-

itors can be converted to a simple equivalent circuit by
a series of steps.

4. Capacitive reactance and resistance add vectorially.

o

. The capacitive-reactance vector is in the opposite direc-

tion from the inductive-reactance vector and is repre-
sented in the impedance formula by —j.

6. Capacitive impedance can be calculated using trigono-
metric functions.

7. The time constant of a series RC circuit is found by
multiplying R times C.

8. RC circuits can be used to store energy and ‘or to pro-
vide a time delay.

9. RC is the time in seconds it takes the capacitor to
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13

RLC Circuits

You will now learn how

tha[ )f()u to combine the two reac-
. tive effects (inductive and
Will Learn capacitive) with and with-

out resistance. A number of
important special circuits, called tuned circuits, depend
on the RLC combination. When you have finished this
chapter, you will know how to calculate their effects in
circuits having inputs of various frequencies. You will
also learn a general rule about phase and power in AC
circuits, as well as how the power factor of a circuit
affects the amount of power dissipated. You will be able
to analyze the effects of RLC circuits on pulse inputs in
terms of frequency response. You will know how to use
a universal time-constant chart to analyze the reaction
that RC and RL circuits have to step voltages and square
waves.

RLC IMPEDANCE

When vector diagrams are used to find the impedance and
phase angle (as in the previous chapters), +jX is always
drawn upward, while —jX is always drawn downward. This
leads to the idea that inductance and capacitance provide
opposite reactions.

What happens if a circuit contains both inductance and
capacitance in series? The two reactances cannot be just
arithmetically added to find the total reactance. +jX and
—jX tend to offset each other, and the total effect is their
difference.
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The Vectors for Inductive and Capacitive Reactance
Are Opposite

X_  INDUCTIVE
wix 4 REACTANCE
—— e — R P - —
RESISTANCE
-jx Xc CAPACITIVE
REACTANCE

This difference is in the direction of the greater of the
two reactances. So, if a circuit contains a capacitor, the
reactance of which is —j50 ohms, and an inductor, the react-
ance of which is +j100 ohms, the net result is equivalent to
an inductive reactance of +j50 ohms.

If a resistor is connected in series with an LC circuit, the
impedance of the circuit will simply be the resultant react-
ance (whether inductive or capacitive) in series with the
resistor.

A series circuit containing L. and C behaves either as a
capacitor or as an inductor, whichever of the two compo-
nents has the greater reactance at the operating frequency.

RESONANCE

A special case arises when the capacitive reactance and
the inductive reactance are equal. When this condition
exists, the reactances cancel each other and the circuit
appears to be purely resistive. This can happen at only one
frequency, however, for each particular set of inductive and
capacitive values, At a low frequency, the inductive react-
ance is low and the capacitive reactance is high. The circuit,
therefore, behaves as a capacitance. If the frequency of the
applied voltage is gradually increased, the inductive react-
ance will gradually increase and the capacitive reactance
will gradually decrease. At some point the two reactances
become equal, and thus cancel. This point is called the
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resonant frequency of the circuit. If the frequency is in-
creased further, the inductive reactance becomes greater
than the capacitive reactance, and the circuit will behave as
an inductor.

Every L and C combination has one, and only one, reso-
nant frequency. It is the frequency at which the inductive
and capacitive reactances are equal.

LVERY LC COMBINATION HAS ONE RESONANT FREQUENCY
X X
L

INCREASING
REACTANCE

T ifo f INCREASING —

Q1. Capacitance and inductance both store energy.
Capacitance stores energy in a(an) ———————_
field. Inductance stores energy in a(an)
________ field.

Q2. How do capacitance and inductance affect a DC
input?

Q3. What are the formulas for finding capacitive and
inductive reactances?

Q4. How does an increase in the frequency of the input
affect capacitive reactance? Inductive reactance?

Q5. Capacitive impedance is expressed in component
form as R — jX. Inductive impedance is expressed
as .

6. What is the total reactance of a circuit that has an
X, of 100 ohms and an X, of 25 ohms? Is the total
reactance capacitive or inductive?

Q7. The condition existing when capacitive react-
ance is equal to inductive reactance is known as

— b ooes

Q8. Any circuit containing inductance and capacitance
has only one — — — - — —— frequency.
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Your Answers Should Be:

Al. Capacitance stores energy in an electric field. In-
ductance stores energy in a magnetic field.

A2. Capacitance blocks DC. Inductance offers no oppo-
sition to DC.

A3. Xo — Zrlf_c'; X, — 2fL

A4. An increase in frequency results in a decreased
capacitive reactance, and an increased inductive
reactance.

A5. Inductive impedance is expressed as R + jX.

A6. 75 ohms of inductive reactance.

A7. The condition existing when capacitive reactance is
equal to inductive reactance is known as resonance.

AS8. Any circuit containing inductance and capacitance
has only one resonant frequency.

Resonant Frequency Calculation

The resonant frequency (f,) formula is derived as follows:

1
27f L — 571 .C
Multiplying by f,,
5 1
2nf 2L — 5.C
Dividing by 2xL,
S
4-*LC
Taking the square root of both sides,
. 1
" 2m/LC

Now see what actually happens in a series resonant cir-
cuit. Current I, which is in phase with the applied AC volt-
age, flows through all three components—L, C, and R.
During the first quarter cycle (of each sine wave) the in-
ductance is returning energy to the circuit and the capaci-
tance is taking energy from the circuit at the same rate.
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During the second quarter cycle, the situation is re-
versed—the capacitor is returning energy, and the inductor
is taking it out. This sequence occurs during each cycle.

The voltage across the capacitance is equal and opposite
to the voltage across the coil at all times, and the two can-
cel. One voltage (E.) is 90 behind the current and the
other voltage (E,) is 90° ahead. No power is consumed in
the L and C elements—only the resistor consumes power.

SERIES RESONANCE

POWER ;

Ec !

3/4 1 CYCLE

Q9. What is the resonant frequency of a circuit contain-
ing 2 henrys in series with 2 mfd?

Q10. If a 100-ohm resistor is placed in series with the

two components of Question 9, what happens to
the resonant frequency of the circuit?
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Your Answers Should Be:

1
6.28 X 2 x 0.000002

A10. If a 100-ohm resistor is placed in series with the
two components of Question 9, the resonant fre-
quency of the circuit will remain the same.

A9, f, — = T79.6 cps

Q of a Resonant Circuit

At resonance, the voltage across the capacitor and across
the inductor is greater than at any other frequency. The
effective current in the circuit is also higher at the resonant
frequency than it is below or above resonance.

Current in a Series Circuit Is Maximum at the
Resonant Frequency

The quality of a resonant circuit can be measured by the
Q factor. Q is the ratio of the energy stored in the capacitor
and inductor divided by the energy dissipated in the resistor.

The amount of reactive opposition to current flow at a
given frequency is not affected by the Q of the circuit. The
resistive opposition, however, does vary according to the Q.
This means that the shape of the resonance curve depends
on this factor. If the frequency is changed from f, to a
frequency where the reactance is low, and if the Q is high
(resistance is only a few ohms), the total impedance will be
halved. If the Q is low (resistance is high), the total imped-
ance will be increased by only a small amount, and the cur-
rent decrease will be very small.
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The Q determines the exact shape of the resonance curve
of a circuit. For example, if the resonant frequency is mul-

tiplied by (%, and the frequency of the input is changed from

the resonant frequency by this amount, the current will
be 0.707 times the resonant current. If the frequency is

changed by 1% times the resonant frequency, the current

will be 0.447 times the resonant current.

THE Q DETERMINES THE SHAPE OF THE RESONANCE CURVE

1
1
1
T
1
|
|

circuit store energy. Do both store energy at the
same time?

Q12. Do they both store the same maximum amount of
energy”?

Q13. At what frequency would you measure the Q of
a circuit?

Q14. What is the Q of a circuit whose resonant fre-
quency is 1,000 cps, inductance is 0.5 henry, and
resistance is 10 ohms?

Q15. If two resonant circuits are identical except that
one has a greater R (and therefore a lower Q) than
the other, which one will pass a greater effective
current at a given voltage?

Q16. Draw a curve representing current for various fre-
quencies in a low-(QQ, series resonant circuit.
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Your Answers Should Be:

All. No. The inductor stores energy when the capaci-
tor is releasing it, and vice versa.

Al12. Yes. When maximum energy is stored in the in-
ductor, the capacitor has stored no energy.

Al13. At its resonant frequency.

AlL Q= X 2L 3,140 _ 34

R R 10
Al5. The one with the higher Q will pass the greater
current.

A16. Your curve should look something like this:

|
|

|
1
|
|
|
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¢
|
1
—+
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APPLICATIONS

Frequency-selective properties of series resonant circuits
are useful in applications where it is desired to pass one
particular frequency with more ease than others. The circuit
can act as a filter.

A BANDPASS FILTER
R

c ‘ £y our

EAPPLIED
E2 out

If the voltage across either L or C is used for the output,
the voltage will be much greater for signals having the res-
onant frequency than for signals above or below this fre-
quency. Such a circuit is called a bandpass filter.
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The width of the bandpass depends on the circuit Q—the
higher the Q, the sharper the resonance curve, and the
narrower the bandpass.

In a radio-frequency circuit a high-Q tuned circuit can
be used to select the desired station and reject all others.
In a power supply, a circuit using fairly large L and C
values may be used to reject undesired frequencies.

PARALLEL RESONANT CIRCUITS

A parallel resonant circuit is made up of inductance and
each of the two branches shows reactance. The capacitive
losses are usually associated with the coil rather than with
the capacitor, the resistance is usually shown as being in
series with the inductance.

A PARALLEL RESONANT
CIRCUIT E apPLIED

\

©
1L
1A

=
[~

Q17. What is the phase relationship between the applied
voltage and the output voltage across the capacitor
in the circuit on the opposite page?

Q18. What is the phase relationship hetween the applied
voltage and the output voltage across the inductor?

Q19. What is the phase relationship between the applied
voltage and the current through the circuit?

Q20. Analyze what will happen in the circuit on this
page. Assume that R is negligible. What -effect
will C have on the phase of the current through
the C branch?

Q21. What effect will L. have on the phase of the current
through the L branch?

Q22. Draw a sketch of the applied voltage sine wave
and then of the inductive and capacitive currents
to show their phase relationships.
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Your Answers Should Be:

A17. Output voltage across the capacitor lags the ap-
plied voltage by 90 .

Al8. Output voltage across the inductor leads the ap-
plied voltage by 90 .

A19. Current is in phase with the applied voltage.

A20. In the C branch, current will lead the applied
voltage by 90°.

A21. In the L branch, current will lag the applied volt-
age by 90 (if R is negligible).

A22, Your sketch should look like this:

E APPLIED

90 180 270 360

Parallel RLC Circuits

When an AC voltage is applied to a parallel RLC circuit,
each of the two branches shows reactance. The capacitive
reactance in the capacitor branch is high at low frequencies,
and decreases as the frequency increases. Similarly, the
inductive reactance of the inductor branch is low at low fre-
quencies, and increases as the frequency increases.

The capacitor has a high reactance and the inductor a low
reactance at frequencies below resonance. Consequently,
most of the current flows through the inductive branch and
lags the applied voltage. Similarly, if the frequency is above
resonance, most of the current will flow in the capacitive
branch and will lead the applied voltage.
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At some particular frequency the two reactances in a par-
allel resonant circuit are exactly equal. Since there is an
AC voltage applied across each branch, both kinds of cur-
rent are present—an inductive current in the inductive
branch and a capacitive current in the capacitive branch.
At resonance the two currents are equal.

CURRENT
THROUGH
CIRCUIT
(WITH
CONSTANT
APPLIED
VOLTAGE)

I INDUCTIVE =——— | ——— CAPACITIVE

IMPEDANCE
OF
CIRCUIT

But, because one of the currents leads the applied voltage
by 90° and the other lags the voltage by 90°, the two cur-
rents are 180° out of phase with each other. This means
that they cancel (add up to zero).

The applied voltage was kept constant as the frequency
was varied. Since current is minimum through the circuit
at resonance, a parallel circuit has a higher impedance at
the resonant frequency than at any other.
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Now, let’s look at what happens inside the loop formed by
the inductance and capacitance.

Current, Voltage, and Power Relationship in a Parallel

Resonant Circuit

POWER

)

The two large currents—inductive and capacitive—still
flow, but only inside the loop. Energy alternately flows from
capacitor to inductor and back again, twice each cycle. The
capacitor alternately charges and discharges, first in one
direction and then in the other. The inductive magnetic
field alternately builds up and collapses, changing polarity
twice each cycle. But all this flow back and forth is con-
tained in the loop, and none appears in the external circuit.
The outside circuit only has to replenish the energy lost in
any resistance the inductor has, and this constitutes the
entire external current.

The Q of the circuit, just as in the series resonant circuit,
is the inductive reactance at resonance divided by the resist-

ance of the inductor (%). In a parallel resonant circuit the
loop current flowing between inductor and capacitor is Q
times the external (resistive) current.

288



A parallel resonant circuit is, in a way, the opposite of a
series resonant circuit. A series circuit has low impedance
at resonance (maximum current) ; a parallel circuit has high
impedance (minimum current). The total impedance will
be greater as X, and X, become greater relative to resist-
ance. It will decrease as R increases and draws more cur-
rent. The impedance of a parallel circuit at its resonant
frequency can be found by this formula:

— XI.X(‘
R

If vou use the formulas for X, and X, you can also
develop another formula.

Z(»

1 2.fL L

2.C  2.C C

Substituting in the above impedance formula,

7z _ XX _ L

X, X = 24fL X

R ~ CR

Another useful formula can be developed if you notice
that X, R is the Q of the circuit. This means that the
impedance at resonance is simply X (or X, since they are
equal) times the Q of the circuit.

Zu XLQ — 27rfLQ

The impedance curve for a parallel resonant circuit is the
same shape as the current curve for a series resonant cir-
cuit. Its shape depends on the Q of the circuit in the same
way.

Parallel tuned circuits are used in receivers, transmitters,
and similar equipment. For instance, the five-tube radio
receiver has parallel tuned circuits in its IF amplifiers. Their
function is to select certain frequencies and reject others.

Q23. What is the impedance at resonance of a parallel
resonant circuit consisting of a 1-henry inductor
with 1 ohm of DC resistance, and a 1-mfd capaci-
tor?

QQ24. If the resonant frequency of a circuit is 1,000 cps,
L. is 1 henry, and the Q of the circuit is 80, what
is the impedance of the circuit at resonance?
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Your Answers Should Be:
L 1
A23. Z, — = — — =
CR 0.000001 x 1
A24, 7, — 22fLQ — 6.28 X 1,000 X 1 X 80 = 502,400
ohms

— 1 megohm

POWER IN RLC CIRCUITS

To calculate the power dissipated in a circuit containing
only resistance, either P — I*R or P — EI can be used.
Either will yield the same result. However, P = EI applies
only to resistive circuits (circuits in which the voltage and
current are in phase).

In a parallel circuit that contains resistance and either
capacitance or inductance, P — EI gives the apparent power.
This, however, is not the true power—apparent power is
always larger. The reason is that the overall current in a
reactive circuit is not in phase with the voltage. The total
current is actually the vector sum of the resistive current
(which is in phase with voltage) and the reactive current
(which leads or lags by 90°). To use P — EI, multiply the
voltage by only that portion of the current that is in phase—
the resistive current. In order to calculate the true con-
sumed power, the resistive and reactive currents must be
taken separately.

The Overall Current Is The Vector Sum of the Reactive

Current and the Resistive Current

The overall current is the vector sum of the reactive cur-
rent and the resistive current. This overall current leads or
lags the applied voltage by an angle 6.
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The true power dissipated in a circuit is found by multi-
plying the apparent power by cos §.

EI cos ¢
EI

True power divided by apparent power equals cos ¢ and
is called the power factor of the circuit. There are several
things to consider about power factor. The more reactance
there is in a circuit (compared to the resistance present),
the more out of phase the current will be with the voltage,
and the smaller the power factor will be.

It is possible to represent the total current flowing as two
separate component currents at right angles to each other.
The resistive current produces power (does the work). The
reactive current merely flows in and out of the capacitance
or inductance as it charges and discharges, but it does no
work.

Even though the reactive current produces no power in
the circuit, the wires must be large enough to carry it.
Power lines are designed to carry the total current, not just
the resistive component.

A low power factor sometimes leads to problems. For
example, when a plant that uses induction motors draws a
large reactive current (has a low power factor), equipment
must be provided to supply it with more current than it
actually consumes. The large inductive component can be
canceled in such cases by placing large capacitors in series
with the load. The capacitors draw reactive current 180°
out of phase with the inductive current, and thus the capaci-
tors cancel the inductive component. This is called “power
factor improvement” and can save considerable money in
large power installations. Another method sometimes em-
ployed by power companies to improve a low power factor
is to persuade the consumer to use synchronous instead of
induction-type motors. This results in an overall saving to
the power company because less power need be generated
and supplied to the consumer.

= COoS 6§

Q25. Is a high or a low power factor desirable in elec-
trical circuits used to transmit power?

Q26. How can inductive reactance be canceled to in-
crease the power factor in an inductive circuit?
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Your Answers Should Be:
A25. A high power factor.

A26. Inductive reactance can be canceled by capacitive
reactance.

PULSES IN RLC CIRCUITS

Pulses are a special type of AC, even though they often
have a DC component as well, and are very important in
modern electronics. Radar systems are based on pulses of
RF energy reflected from targets. Digital computers, coun-
ters, and other data-processing circuits employ pulses.
Pulses are also used in telemetry and remote control to
switch circuits on and off. Trains of pulses are used to
transmit information between satellites, spaceships, and the
earth.

All these applications create a need for circuits that can
generate, amplify, send, receive, count, recognize, and/or
process pulses. Because pulses are composed of a combina-
tion of many sine-wave frequencies, pulse-handling circuits
have very severe requirements placed on them.

Frequency Response

All pulse waveforms are made up of a combination of sine
waves.

A SQUARE WAVE IS COMPOSED OF SINE WAVES

P FUNDAMENTAL

N

3RD HARMONIC

N

e e

5TH HARMONIC

The lowest frequency contained in a train of rectangular
pulses is called the fundamental frequency. This frequency
has a period equal to that of the square wave. All the other
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frequencies contained in the square wave are harmonics, or
multiples, of the fundamental frequency. In the case of a
square or rectangular wave, only the odd harmonics are
included. The next higher frequency is three times the
fundamental (the third harmonic), then five times the fun-
damental (the fifth harmonic), etc. A perfectly square
waveform contains an infinite number of odd harmonics,
from the fundamental up.

To pass or amplify a square wave without distortion, a
circuit must be able to pass all the frequencies contained in
the wave. In practice, an infinitely high frequency response
is not possible, nor is it necessary. This less-than-perfect
response is because all circuits have some frequency-sensi-
tive characteristics due to such factors as stray capacitance,
the inability of vacuum tubes or transistors to amplify sig-
nals above certain limits, ete. All of these frequency-sen-
sitive characteristics result in the corners of the square
wave being rounded off.

THE CIRCUIT RESPONDS THE SAME WAY TO ALl
FREQUENCIES ABOVE THE FUNDAMENTAL

WAVEFORM N WAVEFORM OUT

JLIL

Q27. In a pulse circuit, inductance opposes a change in

Q29. What sine-wave frequency contributes most of the
amplitude of the flat-top, or straight-line, portion
of a square wave?

Q30. What sine-wave frequencies are responsible for
the steep leading and trailing edges of a square
wave?
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Your Answers Should Be:

A27. In a pulse circuit, inductance opposes a change in
current,

A28. In a pulse circuit, capacitance opposes a change in
voltage.

A29. The fundamental frequency.

A30. The higher harmonic frequencies.

Pulse Circuit Applications

If a circuit has poor low-frequency response, there will
be a visible sag in the level portion of the output waveform.

WAVEFORM IN WAVEFORM OUT POOR

LOW-FREQUENCY

RESPONSE

If the circuit has good low-frequency response but poor
high-frequency response, the corners of the output wave-
form will be rounded off.

WAVEFORM IN WAVEFORM OUT

POOR
HIGH-FREQUENCY

ALY RESPONSE

It depends on the application of the pulse whether a par-
ticular circuit is good enough or not. In a telegraph system,
it may only be necessary to detect the presence or absence
of pulses with no concern as to their exact shape. So, the
high-frequency response of the circuit would not be critical.

If precise location of the start of a pulse is necessary
(as in a precision radar, or a timing circuit), then the high-
frequency response of the circuit is extremely critical.
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the two circuits are the same.

100v

63v

TIME CONSTANTS

L R and RC time constants indicate how quickly current
or voltage builds up when a sudden increase in DC voltage
(such as a square wave) is applied to a particular combina-
tion of L and R or C and R. One time constant is the time
required for voltage (or current, depending on the circuit)
to reach 63/ of its peak value. The percentage of the peak
value can be calculated for any elapsed time if the time
constant of the circuit is known. The curves for the voltage
increase across a capacitor, or the current increase through
an inductor, are exactly the same if the time constants of

1 AMP

|

| CAPACITOR
| VOLTAGE

| WHEN

| RC EQUALS
1 0.1 SECOND

0.1 SEC

0.63 A

MP

INDUCTOR
CURRENT

L/R EQUALS
0.1 SECOND
0.1SEC

|
|
:
|
|
1
'
]
i
]
|
|
L

Q31. If a square wave is applied to the circuit below,
the capacitor will tend to bypass what frequencies?
What frequencies will be emphasized in the volt-
age across the capacitor? How will this affect the
shape of the output waveform?

Q32.

O

-

It

O

Eour ?

o—

O

Sketch how you think a sawtooth wave should be
affected by a circuit with a poor low-frequency
response. With a poor high-frequency response.
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Your Answers Should Be:

A31. The capacitor will tend to bypass the high fre-
quencies and emphasize the low frequencies in the
output voltage. This will tend to round off the
steep edges of the waveform.

A32. The response to a sawtooth is very similar to that

of the square wave.
WAVEFORM {N WAVEFORM OUT

UNIFORM 1} RESPONSE

POOR LOW-FREQUENCY RESPONSE

POOR HIGH-FREQUENCY RESPONSE
Poor low-frequency response produces a sag in
the sloped portions of the wave, while poor high-
frequency response rounds off the sharp corners
of the wave.
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NUMBER OF TIME CONSTANTS (RC OR % )
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A universal time-constant chart can be used to calculate
the growth and decay of voltage and currents in any RL or
RC circuit to which a sudden step voltage is applied. All
vou have to know is the final voltage and current, and the
time constant of the circuit.

Calculate the voltage across the capacitor and the current
in the following circuit:

R = 1,000 OHMS

o, 'A% -L

TC = 0.5 MFD
The time constant is:
RC = 1,000 x 0.5 X 10 = 0.5 X 103 — 0.5 millisecond

When the 10 volts is first applied, the current will be E/R
10
~ 1,000

falling curve in the chart, it can be seen that at the end
of one time constant (0.5 millisec), the current is about
37 of its full value (0.37 X 0.01 — 0.0037 ampere). At
the end of two time constants (1 millisecond), current will
be 13% (0.13 X 0.01 = 1.3 milliamperes). At the end of
three time constants, current will be 5% (0.05 X 0.01 =
0.5 milliampere), and so on.

The voltage across the capacitor can be determined in a
similar manner. When the switch is first closed, E,. is zero.
This voltage gradually increases to the value of the power
supply, or 10 volts. At the end of one time constant (0.5
millisec) E. will be 63% of maximum (6.3 volts). At the
end of two time constants (1 millisec) E. will be 87% of
maximum (8.7 volts), etc.

The same chart can be used when the voltage is suddenly
removed (the switch is opened). In this case, E, decays
according to the falling curve.

— 0.01 ampere. Using the time constant and the

33. Use the universal time-constant chart to describe
in detail what happens when a step voltage of 10
volts is applied across a 100-ohm resistance in
series with a 5-millihenry inductance.

297



Your Answers Should Be:

R = 100Q
A33. . v
10V —

EaPPLIED Lol

o—
Time constant — % = 01—(())(())§ = 50 microseconds.
(1) Current through R and L is zero to start with,

and increases to—g = Tl(% = 0.1 ampere even-

tually. Use the rising curve.

(2) Voltage across L is 10 volts initially, and
drops to zero eventually. Use the falling
curve.

(3) Voltage across R is zero at first, and rises to
10 volts eventually. Use the rising curve.

Time No. of time I E. E.
in sec constants amps volts volts
0 0 0 10.0 0
0.25 0.5 0.038 62 38
035 07 0.050 5.0 5.0
0.50 1.0 0.063 3.7 63
1.00 20 - 0.087 13 8.7
150 3.0 0.095 0.5 9.5
200 40 0098 02 9.8
250 50 0099 0.1 9.9
300 60 00995 005 9.99
o100 0 1000

Remember that a universal time-constant chart
can only be used with step voltages or square
waves.
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WHAT YOU HAVE LEARNED

. Equal amounts of capacitive and inductive reactance
cancel each other when they are combined in series. If
inductive reactance is greater than capacitive react-
ance, the total circuit will behave as though it had only
an inductive reactance equal to the difference between
the two reactances. If capacitive reactance is greater,
the circuit will be capacitive.

. For any series RLC circuit there is one frequency at
which the two reactances are exactly equal. This is
called the resonant frequency. This frequency can be
found by setting the formulas for inductive and capaci-
tive reactance equal to each other:

1
" 2.LIC
. Maximum current will flow in a series RLC circuit at

the resonant frequency, and this current will decrease
at higher or lower frequencies.

f(

. A parallel RLC circuit has maximum impedance at its
resonant frequency, and much lower impedance at
higher or lower frequencies.

. The Q of a resonant circuit is the amount of reactance
X, _ Xe

R R
The Q of a resonant circuit determines how quickly

current or impedance decreases as the frequency is
changed from the resonant frequency. High Q means a
very sharp drop, low Q means a slower decrease.

of either kind, divided by the resistance. Q =

. Formulas CLT{ = Z., X.Q = Z,, and 2-fLQ = Z, give the

impedance of a parallel resonant circuit at its resonant
frequency.

. P = EI cos 6 is a power formula that can be used to
find true power in any kind of RLC circuit. Cos 4 is the
cosine of the phase angle between the reactive and
resistive vectors, and is called the power factor. I cos 6
represents the resistive portion of the overall current.
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8.

10.

300

The straight-line (flat-top) portions of pulses are deter-
mined by the low-frequency, sine-wave components and
the steep edges are determined by the high-frequency
components.

. RLC circuits that tend to filter out low frequencies

cause the straight-line portions of pulse waveforms to
sag, while those that filter out high frequencies cause
the steep edges to be rounded off.

A universal time-constant chart can be used to analyze

the response of either an RL or an RC circuit to a step
voltage.
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Transformer Action

Your understanding of

What You AC electricity will now be
. used to show how two
Wlll Learn common electrical devices

work. You will learn how a
transformer transfers power from one winding to an-
other. You will learn how to calculate the change in
voltage, current, and impedance produced by a trans-
former with a known turns ratio, and how to select the
proper turns ratio to produce a particular change. You
will also learn how a magnetic amplifier controls a large
AC current with a smaller DC current.

WHAT IS A TRANSFORMER?

A transformer is a device for changing the voltage of AC
electricity. Transformers work on the principle of induc-
tion. Basically, a transformer has two windings—a primary
and a secondary—wound on the same core. This core can
be laminated iron, ferrite, or air.

Through the principle of induction the alternating current
flowing through the primary winding sets up an alternating
magnetic field in the core. This magnetic field, in turn,
induces an alternating voltage in the secondary winding (or
windings). In this way, energy is transferred from the pri-
mary to the secondary.

A transformer that reduces the voltage in a circuit is
called a step-down transformer. This is true, for example,
of a radio-receiver filament transformer, which steps the
120-volt main supply down to 6.3 volts.
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A transformer that is used to increase the voltage in the
circuit is known as a step-up transformer. An example is
the high-voltage transformer which produces the several
thousand volts needed to operate a television picture tube.

A BASIC TRANSFORMER
N D

o —— ! ' ¥
SOURCE g, M E, LOAD
O— —0

The basic transformer has two windings—primary and
secondary—wound on a laminated-iron core. The two wind-
ings are insulated from each other and from the core.

The primary winding is connected to the energy source,
and the secondary winding is connected to the load. As
alternating current flows through the primary, a pulsating
magnetic field is set up in the core. As the constantly chang-
ing magnetic field cuts the turns of the secondary, a voltage
is induced in the secondary winding.

The amount of voltage induced in the secondary winding
depends on how many turns of wire the secondary contains
compared to the number of turns of wire in the primary
winding. So, if the secondary has only half as many turns
as the primary winding, the voltage will be stepped down
to half its original value. If the secondary has twice as
many turns as the primary, the voltage will be stepped up
to twice its original value.

The difference in the number of turns is known as the
turns ratio of the transformer. If the primary winding has
N, turns and its voltage is E,, the secondary winding with
N. turns produces voltage E..

N
N

-

|

[
(]
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The power consumed in the secondary circuit of a trans-
former must be supplied by the primary. Since the volt-
ages are constant in each circuit, the current in the primary
circuit must vary to supply the amount of power demanded
by the secondary. Current in the primary depends on the
current drawn in the secondary circuit.

—0
A TRANSFORMER WITH
NO LOAD ACTS LIKE
AN INDUCTOR
-0

Ql. If a transformer primary has 1,000 turns and the
secondary has 6,500 turns, what is the turns ratio?

Q2. If 85 volts is applied to the primary winding of the
transformer in Question 1, what is the voltage at
the secondary?

Q3. What would happen if the leads were reversed and
85 volts was applied to the 6,500-turn coil?

Q4. What happens if 130 volts is fed into the 6,500-turn
winding of the transformer?

Q5. Can a transformer be used with DC? Why?

Q6. What will be the phase relationship between the
voltage across the primary of a transformer and the
voltage across the secondary, assuming the coils are
wound in the same direction?

Q7. If there is no load between the terminals of the sec-
ondary of a transformer, will current flow in the
secondary?

Q8. Will there be a magnetic field produced by current
in the secondary?

Q9. Will there be a magnetic field produced by current
in the primary?

Q10.-What effect will this magnetic field have on the
impedance of the primary circuit?

Q11. If the magnetic field were weaker, would more or
less current flow in the primary circuit?
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Your Answers Should Be:
Al.

A2,

A3.

Ad.

A5,

A6.

AT.
AS8.

A9.
Al0.

All.

E 6
E,=E, x 65— 85 % 6.5 — 532.5 volts
If you reverse the leads, the turns ratio is:

N, 6500 E.
N, 1,000 E,

The output would be:

1,000 x 85
E,— > o =8 o
2 6.500 5 X 0.153

= 13 volts (approx.)

The voltage appearing at the 1,000-turn winding

1,000

6500 % 130 — 20 volts.

A transformer cannot be used with direct current.
A direct current in the primary does not produce
a pulsating magnetic field.

The voltage across the secondary will be 180° out
of phase with the voltage across the primary.

No current will flow.

If no current flows, no magnetic field will be pro-
duced by the secondary.

Yes.

The stronger the magnetic field, the greater will
be the impedance of the primary circuit.

will be

More current would flow in the primary.

TRANSFORMER POWER

If the transformer were 100% efficient, all the power
from the primary winding would be transferred to the sec-
ondary and delivered to the load.
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Suppose a transformer has 1,000 turns in the primary and
6,500 turns in the secondary. If 100 volts is applied to the
primary, 650 volts will appear at the secondary. Now, sup-
pose the load connected to the secondary is a 65-ohm resistor.

650

It will draw a current of = or 10 amperes, and the power

consumed will be 650 x 10, or 6,500 watts. This power must
be supplied by the primary winding. Assuming no loss in
the transformer, the primary winding must supply 6,500

watts. The primary current, therefore, will be 6,500 watts
100 volts
— 65 amperes.
A TRANSFORMER R

WITH A LOAD

In the example above, the current was stepped down in
exactly the same proportion as the voltage was stepped up.
The power transferred from the primary to the secondary
does not change, however, regardless of the turns ratio.
This is true providing the rating of the transformer has not
been exceeded and assuming 100 % efficiency.

Q12. What happens to current in the secondary of a
transformer when a load is connected across its
terminals?

Q13. Will a magnetic field be produced by the current
in the secondary?

Q14. Will the magnetic field add to or oppose the mag-
netic field produced by the primary? (Remember
the coils are wound in the same direction but the
currents are in opposite directions.)

Q15. How will the magnetic field produced by current
flow in the secondary affect the current drawn by
the primary?

Q16. What will happen if the load resistance in the cir-
cuit above is increased to 6,500 ohms?
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Your Answers Should Be:

A12, There will be a current in the secondary when a
load is connected across its terminals.

A13. A magnetic field will be produced by a current in
the secondary.

Al4. The secondary magnetic field will oppose that of
the primary.

A15. The secondary magnetic field will decrease the
total magnetic field acting on the primary and,
therefore, will decrease the impedance of the pri-
mary circuit. The primary will draw more current.

) . 650 volts
16. 6,500 ohms
A16. Current in the secondary will be 6,500 ohms

0.1 ampere. Power dissipated in the secondary will
be 0.1 ampere X 650 volts — 65 watts. Therefore,
power drawn in the primary must be 65 watts.
65 watts

The current in the pri ill then be 2> _Walts
e current in the primary wi SN 100 volts

= 0.65 ampere.

TRANSFORMER EFFICIENCY

So far we have assumed that no power is lost in the trans-
fer from the primary winding to the secondary winding.
However, no transformer has absolutely 100 % efficiency.
Some power is lost in heating the core, and some is lost in
the resistance of the windings. But, transformers are very
efficient; their efficiency often reaches very nearly 100%.
Therefore, for rough calculations, it is permissible to assume
100 9% efficiency.

As with any other device, the efficiency of a transformer
is equal to:

output power
input power

Most transformers have an efficiency in the range of 97 to
99% . So even if you neglect the losses, your calculations
using 100 % as the transformer efficiency will still be accu-
rate within 1 to 3%.
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TRANSFORMER LOSSES

The power loss in transformers is due to three factors.
The first is simply resistance in the windings ; no winding is
a perfect conductor. The second factor that causes power
loss in transformers is eddy currents. The iron in the core
of a transformer is a conductor. When the changing mag-
netic field produced by the primary coil cuts through the
iron of the core, small currents are generated in the core
material. These currents dissipate power as they pass
through the resistance of the iron. These currents are called
eddy currents. This type of loss is held to a minimum by
using thin sheets of iron, called laminations, in the core.
These thin sheets are insulated from each other (often by
oxidizing the surface of the sheets) and thus shorten the
conducting path for the eddy currents.

The third factor that causes power loss in transformers
is hysteresis. It takes a certain small amount of power to
magnetize a piece of iron. This power must be expended
again when the magnetic field is reversed. Since the mag-
netic field in a transformer is reversed many times each
second, these tiny expenditures of power add up to a notice-
able loss. Hysteresis loss can be reduced by constructing the
core with a type of iron that is very easily magnetized and
demagnetized.

Q17. If a transformer supplies 1.9 amperes at 100 volts
to a resistive load in the secondary circuit, and if
it dissipates 200 watts of power in the primary cir-
cuit, what is the efficiency of the transformer?

Q18. This transformer has a relatively (high, low)
efficiency.

Q19. If the secondary of a transformer supplies 0.99
watt at 1,000 volts and the transformer has an
efficiency of 999, what power will the primary
draw at 120 volts?

Q20. How could you find the amount of power lost due
to resistance in a transformer?

Q21. Does an air-core transformer have hysteresis or
eddy currents?
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Your Answers Should Be:

A17. The power dissipated in the secondary will be 1.9
% 100 = 190 watts. The efficiency of the trans-
former will be 190,200 — 95%.

A18. It has a relatively low efficiency. (An efficiency
below approximately 97« is considered to be low.)

A19. The voltages have no effect on the problem. The
efficiency of the transformer is equal to output
power divided by input power.

099 _99%
The input power must be 1 watt.

A20. You would have to measure the resistance of both
windings and then calculate the power dissipated
due to the current in the windings.

A21. An air-core transformer has neither eddy-current
nor hysteresis losses.

TYPES OF TRANSFORMERS

There are many varieties of transformers, ranging from
huge power-station units to tiny subminiature radio-fre-
quency types.

POWER-SUPPLY TRANSFORMER

METAL
SHIELDING _
— PRIMARY
oo —— SECONDARY
CODED

LEADS

//{?/RADIO-FREOUENCY TRANSFORMER

Most transformers are designed to transfer power. Others,
however, are built to transfer only signal voltages.
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Power-distribution transformers are rated in KVA (kilo-
volt-amperes) rather than in kilowatts or other power units.
The KVA rating refers to the apparent power carried by the
transformer—the real power is smaller by the load power
factor.

Special transformers, wound to precision specifications,
are used in metering applications to measure the current
and voltage passing through large power-transmission lines.

A step-up transformer increases voltage (which increases
impedance) and decreases current (resulting from an in-
creased impedance) at the same time. A step-down trans-
former decreases voltage (which decreases impedance) and
increases current (which results from a decreased imped-
ance) at the same time. Therefore, a transformer changes
impedance, but the impedance change is more pronounced
than the voltage change. In fact, a transformer changes
impedance by the square of the turns ratio:

Z, _ N:*
Z, N,

AN IMPEDANCE MATCHING TRANSFORMER

O~ O

oo

Q22. If the primary of a transformer has 10,000 turns
and the secondary has 1,000 turns, what is the
turns ratio?

Q23. If 100 volts is applied to the primary, what voltage
will appear at the secondary?

Q24. If the load impedance of the secondary circuit is
1 ohm, how much current will flow in the primary?

Q25. What is the impedance of the primary?
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Your Answers Should Be:

10,000

A22.
1,000

= 10-to-1 turns ratio

A24. Current in the secondary is — — 10 amperes.

I, — 1 ampere
A25. The impedance of the primary circuit is:

= — — — 100 ohms

MAGNETIC AMPLIFIERS

Magnetic amplifiers are special transformer-like devices
that use a small amount of power to control larger amounts
of power, thus acting as amplifiers. They are simple, rugged,
and efficient as compared to other forms of amplification.
The following are some of the symbols used to denote
magnetic amplifiers.

30E e e

MAGNETIC - AMPLIFIER SYMBOLS

Magnetic amplifiers take advantage of a special property
of iron or steel in a strong magnetic field. To explain how
a simple magnetic amplifier works, let’s first review the
basic principles of a coil.

When a current flows in a coil, a magnetic field (flux) is set
up inside and around the coil. If the current is AC, the field
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also alternates. But, in any case, the strength of the mag-
netic field (the number of lines of flux produced) depends
on the material inside the coil as well as how much current
is flowing through the coil.

A very simple type of magnetic amplifier is based on the
fact that an iron core normally allows greater changes in
the magnetic field and, therefore, increases the inductive
reactance of a coil at a given frequency.

A MAGNETIC AMPLIFIER USED TO CONTROL
STAGE LIGHTS

IRON CORE

=) STAGELIGHTS
=0
=

5
&

Q26. A coil with an air core has a (greater, smaller)
inductance than a similar coil with an iron core.

Q27. Inductive reactance is the result of a (constant,
changing) magnetic field.

Q28. How would you increase the inductive reactance of
the device illustrated above?

Q29. What effect would increasing X, have on the
brightness of the lights?

Q30. How should the core be set to obtain maximum
brightness of the lights?

Q31. Would this device work with a DC power supply?
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Your Answers Should Be:

A26. A coil with an air core has a smaller inductance
than an iron-core coil.

A27. Inductive reactance is the result of a changing
magnetic field.

A28. Push the iron core into the coil.

A29. Increasing X; would dim the lights.
A30. The iron core should be totally removed.
A31. The device would not work with DC.

Magnetic- Amplifier Applications

A more typical magnetic amplifier controls the magnetic
properties of the core and the X, of the coil by electrical
means. To more easily understand how this can be done,
look at the curve of current versus magnetic flux in iron.

INENRRN
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As the current in the coil and the flux in an iron core
increase, a point is reached where the curve bends. A fur-
ther increase in the current produces less and less of a
flux increase until, finally, a further increase in current pro-
duces no additional flux. At this point the core contains as
many lines of flux as it can possibly receive; it is said to
be saturated.

To make a magnetic amplifier, wind two different coils on
a core in the same manner as a transformer is constructed.
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With no current in the control winding, the current flowing
through the load winding is limited by a strong reactive
impedance. The light will shine very dimly, if at all. But
if enough DC current is passed through the control winding
to saturate the core, then as the saturation point is ap-
proached, the impedance of the load winding decreases, and
the light will become brighter.

Since the control winding uses less power than the load
winding, we have an amplifier—a device in which a small
amount of power controls a large amount of power.

As AC current flows through the load winding, an AC
voltage is induced back into the control winding. This is a
loss of power. The control winding is made immune to the
induced voltage by using a three-legged core.

AC Current Flow Through the Load Is Controlled by DC
Current in a Control Winding

Lol
RHEOSTAT jl

- +-- - é‘
i ' '
[ X2 !
[§;

The two parts of the load winding are connected in series
in such a way that the AC flux lines they induce in the cen-
ter leg are equal and opposite, and thus cancel each other.
This means there is no AC induced in the control winding,
yet the control winding still exerts its influence over the
load circuit.

Q32. A coil with an unsaturated iron core has a rela-
tively (large, small) X,.

Q33. If magnetic flux is added from an outside source
(such as a separate coil on the same core) until the
core is saturated, will the coil have a higher or
lower X, ?

Q34. What type of current is affected by the coil X,?
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Your Answers Should Be:
A32. A coil with an unsaturated iron core has a rela-

A33. If the core is saturated, X, will be lower.
A34. Only AC is affected by inductive reactance.

tively large X;..
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WHAT YOU HAVE LEARNED

. The changing magnetic field produced by the primary

winding in a transformer induces a changing voltage in
the secondary winding.

. The ratio of the primary voltage to the secondary volt-

age is the same as the ratio of the number of turns in
the primary winding to the number of turns in the sec-
ondary winding.

If a transformer steps up voltage, it steps down cur-
rent, and vice versa. The power drawn by the primary
winding is equal to the power dissipated in the second-
ary circuit.

. Most transformers have an efficiency of nearly 10097,

so very little power is lost in them.

Transformers alter the impedance of a load. The change
in impedance depends on the square of the turns ratio.

. Magnetic amplifiers control the inductive reactance of

a coil by altering the magnetic property of its core.

. A very simple magnetic amplifier is basically a coil with

a removable iron core. When the core is inserted, X,
increases, and the power supplied to the load decreases.

. Iron cores can receive only a certain amount of mag-

netic flux, and when they are saturated, they no longer
increase the X, of a coil.

. A typical magnetic amplifier uses a DC current through

a control winding to control the level of saturation of
an iron core and thus the X, of an AC load winding.
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Introduction

This third volume in the series introduces you to vacuum
tubes, transistors, and the ways in which these devices are
put to work. Although all of the topics discussed provide
background information for further study, many of them
also have direct practical applications in circuit design and
analysis, After studying this volume, you will have ex-
panded your knowledge of electrical fundamentals to include
the basic devices and circuits that make radio, television,
radar, computers, and countless other areas of electronics
technology possible. With this knowledge you will be better
able to understand how electronic equipment works.

WHAT YOU WILL LEARN

Virtually every piece of electronic equipment depends on
vacuum tubes and/or semiconductor devices for its opera-
tion. In this volume you will learn about both of these
groups of components.

Vacuum tubes depend on the behavior of electrons in an
electric field for their operation. This subject is discussed
along with the ways in which electrons are emitted into the
electric field. You will learn about the Edison effect and
how the diode (two-element) tube operates. You will see
how the addition of more elements to the tube makes it use-
ful in a variety of applications. Tube parameters (numbers
that indicate the usefulness of a tube) are explained in de-
tail. The text shows how the operation of vacuum tubes



can be described and studied by means of graphs. The
meaning of the term amplification is explained, and the
most common types of vacuum-tube amplifiers are shown.
You will learn about the classification of amplifiers accord-
ing to the way the vacuum tubes in the amplifiers are oper-
ated. Several methods of coupling (connecting) more than
one amplifier stage are discussed.

The coverage of semiconductor devices begins with an
explanation of what a semiconductor is. You will learn
about the PN junction and how the semiconductor diode
and the transistor depend on the operation of this junction.
As with tubes, the operation of transistors can be described
in terms of parameters and graphs. You will learn about
these aids and how to work with them. You will be shown
how transistors amplify and how they are connected in
amplifier circuits. Methods of coupling transistor amplifier
stages are explained.

You will learn how power supplies work. Such terms as
rectifier, filter, pulsating DC, regulated power supply, and
others are explained.

Finally you will learn how pulses are generated and ampli-
fied. Some of the applications of pulse circuits are discussed.

WHAT YOU SHOULD KNOW BEFORE YOU START

Before beginning your study of tube and transistor ecir-
cuits, you should have a good understanding of the basic
principles of AC and DC circuit operation. (Such knowledge
can be obtained from Volume 2 of this series.) All new
terms are carefully defined. Enough math is used to give
precise interpretation to important principles, but if you
know how to add, subtract, multiply, and divide, the math-
ematical expressions will give you no trouble.

WHY THE TEXT FORMAT WAS CHOSEN

During the past few years, new concepts of learning have
been developed under the common heading of programmed
instruction. Although there are arguments for and against
each of the several formats or styles of programmed text-
books, the value of programmed instruction itself has been
proved to be sound. Most educators now seem to agree that
the style of programming should be developed to fit the



needs of teaching the particular subject. To help you pro-
gress successfully through this volume, a brief explanation
of the programmed format follows.

Each chapter is divided into small bits of information
presented in a sequence that has proved best for learning
purposes. Some of the information bits are very short—a
single sentence in some cases. Others may include several
paragraphs. The length of each presentation is determined
by the nature of the concept being explained and the knowl-
edge the reader has gained up to that point.

The text is designed around two-page segments. Facing
pages include information on one or more concepts, complete
with illustrations designed to clarify the word descriptions
used. Self-testing questions are included in most of these
two-page segments. Many of these questions are in the form
of statements requiring that you fill in one or more missing
words ; other questions are either multiple-choice or simple
essay types. Answers are given on the succeeding page, so
you will have the opportunity to check the accuracy of your
response and verify what you have or have not learned be-
fore proceeding. When you find that your answer to a ques-
tion does not agree with that given, you should restudy the
information to determine why your answer was incorrect.
As you can see, this method of question-answer program-
ming insures that you will advance through the text as
quickly as you are able to absorb what has been presented.

The beginning of each chapter features a preview of its
contents, and a review of the important points is contained
at the end of the chapter. The preview gives you an idea
of the purpose of the chapter—what you can expect to learn.
This helps to give practical meaning to the information as
it is presented. The review at the completion of the chapter
summarizes its content so that you can locate and restudy
those areas which have escaped your full comprehension.
And, just as important, the review is a definite aid to reten-
tion and recall of what you have learned.

HOW YOU SHOULD STUDY THIS TEXT

Naturally, good study habits are important. You should
set aside a specific time each day to study in an area where



you can concentrate without being disturbed. Select a time
when you are at your mental peak, a period when you feel
most alert.

Here are a few pointers yvou will find helpful in getting
the most out of this volume.

1. Read each sentence carefully and deliberately. There
are no unnecessary words or phrases ; each sentence pre-
sents or supports a thought which is important to your
understanding of electricity and electronics.

2. When you are referred to or come to an illustration,
stop at the end of the sentence you are reading and
study the illustration. Make sure yvou have a mental
picture of its general content, Then continue reading,
returning to the illustration each time a detailed
examination is required. The drawings were especially
planned to reinforce vour understanding of the subject.

3. At the bottom of most right-hand pages vou will find
one or more questions to be answered. Some of these
contain “fill-in”’ blanks. Since more than one word might
logically fill a given blank, the number of dashes indi-
cates the number of letters in the desired word. In
answering the questions, it is important that you
actually do so in writing, either in the book or on a
separate sheet of paper. The physical act of writing
the answers provides greater retention than merely
thinking the answer. Writing will not become a chore
since most of the required answers are short.

4. Answer all questions in a section before turning the
page to check the accuracy of your responses, Refer to
any of the material you have read if you need help, If
vou don’t know the answer even after a quick review
of the related text, finish answering any remaining
questions. If the answers to any questions you skipped
still haven’t come to you, turn the page and check the
answer section.

5. When you have answered a question incorrectly, return
to the appropriate paragraph or page and restudy the
material. Knowing the correct answer to a question is
less important than understanding why it is correct.



Each section of new material is based on previously
presented information. If there is a weak link in this
chain, the later material will be more difficult to
understand.

6. In some instances, the text describes certain principles
in terms of the results of simple experiments. The in-
formation is presented so that you will gain knowledge
whether you perform the experiments or not. However,
you will gain a greater understanding of the subject if
you do perform the suggested experiments.

7. Carefully study the review, “What You Have Learned,”
at the end of each chapter. This review will help you
gauge your knowledge of the information in the chapter
and actually reinforce your knowledge. When you run
across statements you don’t completely understand,
reread the sections relating to these statements, and
recheck the questions and answers before going to the
next chapter.

This volume has been carefully planned to make the learn-
ng process as easy as possible. Naturally, a certain amount
»f effort on your part is required if you are to obtain the
nmaximum benefit from the book. However, if you follow the
sointers just given, your efforts will be well rewarded, and
you will find that your study of electricity and electronics
will be a pleasant and interesting experience.
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1

Vacuum Tubes

In this chapter you will

What You learn how an electric field
. influences the motion of
Wlll Learn electrons. You will be able

to name the elements of a
diode tube and to explain how the diode operates. You
will also learn how graphs are used to show the rela-
tionship existing between voltage and current in a diode.

ELECTRONS IN AN ELECTRIC FIELD

The electron is a negatively charged particle. Under the
proper conditions, an electron can be moved by placing it
under the influence of an electric field. Such a field is formed
when a difference of potential exists between two points. If
free to move in this field, the electron will move toward the
more positive point.

METAL PLATES

Electron Movement in an Electric Field
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Electron Movement in a Vacuum

It is difficult for electrons to move through a medium such
as air because the electrons collide with the air molecules.
For this reason electrons can move more easily in a vacuum,

Many electrons moving in the same direction in an electric
field form an electron stream. The number of electrons pass-
ing a given point in a given period of time is called current
(for example, 1,000 electrons per second). The unit of cur-
rent is the ampere. When 6 quintillion, 240 quadrillion elec-
trons pass a point in a circuit each second, a current of 1
ampere is said to be flowing. This number of electrons is
called a coulomb. Therefore, 1 coulomb per second is 1
ampere.

Resistance Between Two Conducting Plates

Consider two plates placed a specified distance apart in
a vacuum, and assume electrons are able to leave one of the
plates. A difference of potential between the plates will
cause a certain amount of current to flow. If the value of
the voltage is known and the current can be measured, the
resistance can be calculated by using Ohm’s law,

ELECTRON
FLOW

VACUUM

. 2"\’/‘(")"?:’* E - 6 VOLTS
R-E L SYOLIS . 5 oums I - 2 AMPERES
RIS, TS

One terminal of a 6-volt battery is connected to one of the
plates, and the other terminal is connected to the other plate
through an ammeter. An electron stream flows through the
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vacuum between the plates, and the ammeter measures a
current of 2 amperes. Using Ohm’s law, 6 (volts) divided
by 2 (amperes) gives 3 ohms.

Three factors determine the resistance between a set of
plates: 1. Distance between the plates. 2. Voltage between
the plates. 3. Temperature of the plates.

Variation of Current With Plate Spacing

—d — D
N\ — )
i [N 4_{ Hﬁ
U1 1
6 VOLTS = 6 VOLTS =
I - 8 MILLIAMPERES 1 - 2 MILLIAMPERES

Distance Between the Plates—The figure shows two sets
of plates with the same voltage applied between the plates of
each set. The plates in one are twice as far apart as the
plates in the other. The plates that are d distance apart
allow four times as much current to flow as the plates D
distance apart.

Q1. What is the resistance across the d set of plates?

Q2. What is the resistance across the D set of plates?

Q3. Connect the battery so that the electrons move in
the direction shown below.

ELECTRON

(% Cl

™ o— |
)
—0 i— O 2
A=B  vacuum

o

Q4. An electron moves readily ina — — —__ _ .,
Q5. Which way will an electron move in the field shown

below?
ELECTRON
yd
-15 ( / -2
VOLTS v 2 VOLTS

\

\

VACUUM
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Your Answers Should Be:

Al. The resistance is 750 ohms.

E 6 volts -
= = == " h
| 8 milliamps 750 ohms
A2, The resistance is 3,000 ohms.
R— E_ 6volts _ 36000hms
I 2 milliamps

A3. The battery should be connected as shown.

j>
i
———Ow

[

Ad. An electron moves readily in a vacuum.

A5. The electron must move away from the negative
20-volt terminal and toward the negative 15-volt
terminal.

Voltage Across the Plates—The figure below shows that
as the voltage across the plates is increased, the current
increases. Note, however, that although the voltage doubles
(from 4 volts to 8 volts), the current more than doubles
(from 2 amperes to 6 amperes).
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The resistance of the 4-volt circuit is 2,000 ohms. The
resistance of the 8-volt circuit is 1,333 ohms. It can be seen
that as the voltage between the plates increases, the resist-
ance between the plates decreases.
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Temperature of the Plates—Electrons are agitated by
heat. This agitation causes an increase in electron velocity
(movement), and the increase in velocity makes it easier for
the electrons to leave the plate. Thus, as the plate that emits
the electrons is heated, more current flows.

THE CATHODE AND ELECTRON EMISSION

Since they are bound to the nucleus of an atom, electrons
are difficult to move. To flow through an electric field, elec-
trons must be freed from their atoms. Such electrons are
called free electrons.

An electrode from which electrons are emitted is called
a cathode. One method of generating free electrons is to
expose certain materials to light. These materials are called
photosensitive. If a metal is coated with a photosensitive
material and then exposed to light, electrons will be emitted.
This type of emission is called photoelectric emission.

Certain materials emit electrons readily when heated. This
is called thermionic emission.

R REEBEE,

ELECTRON EMISSION
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(6. As the distance between the plates decreases, the
resistance between the plates (increases, decreases).

7. As the voltage between the plates decreases, the
resistance between the plates (increases, decreases).

Q8. As the temperature of the emitting plate is de-
creased, the resistance between the plates (in-
creases, decreases).

%>

55
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Your Answers Should Be:

A6. As the distance between the plates decreases, the
resistance between the plates decreases.

A7. As the voltage between the plates decreases, the
resistance between the plates increases.

A8. As the temperature of the emitting plate is de-
creased, the resistance between the plates increases.

The Heater

Thermionic emission is the method most commonly used
to supply free electrons. The element used to supply the
heat for the cathode is called the heater. The heater is a
very thin filament of wire through which electric current is
passed. If coated with a heat-sensitive material, the fila-
ment then serves as a cathode and is called a directly heated
cathode.

N\ DIRECTLY
o X
e HEATED

-—Q Rz
A
CURH '_*Tl"‘?ER' HEAT-SENSITIVE CATHODE

BATTERY

The indirectly heated cathode is made of a good emitting
material shaped like a tube open at both ends. A filament is
placed inside, but not touching, the cathode. No heater cur-
rent passes through the cathode.

FILAMENT

INDIRECTLY —of
HEATED =
CATHODL e

CATHODE

BATTERY
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ATTRACTING THE EMITTED ELECTRONS

The free electrons perform useful work if they are moved
through an electronic circuit. An element called a plate is
used to attract the electrons emitted from the cathode. The
plate, made of metal, and the cathode are connected to a
source of potential which makes the plate positive with
respect to the cathode. Therefore, the negative elecirons
flow to the plate.

Positive Plate Attracts Electrons From Cathode

PLATE
CURRENT
P FLOW
= PLATE
= VOLTAGE
|

FILAMENT
VOLTAGE

CATHODE

Q9. An electrode from which electrons are emitted is
called a - ——— — — .

Q10. Electrons are emitted from a substance that has
been exposed to light. This process is called
_____________ emission.

Q11. The method most commonly used to generate free
electrons is called - - — — - — —— — — emission.

Q12. A heated filament coated with a material that
will emit electrons very readily is called a(an)
______________ cathode.

Q13. A heated cathode through which no heating current
passes is calleda(an) - - — - — — — — =~ ——————
cathode.

Q14. The element that attracts electrons emitted from
the cathode is called the - — — ——.
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Your Answers Should Be:

A9. An electrode from which electrons are emitted is
called a cathode.

A10. Electrons are emitted from a substance that has
been exposed to light. This process is called pho-
toelectric emission.

All. The method most commonly used to generate free
electrons is called thermionic emission.

A12. A heated filament coated with a material that will
emit electrons very readily is called a directly
heated cathode.

A13. A heated cathode through which no heating cur-
rent passes is called an indirectly heated cathode.

A1l4. The element that attracts electrons emitted from
the cathode is called the plate.

DEVELOPMENT OF THE DIODE

In one of his experiments with the electric lamp, Thomas
A. Edison placed a small metal plate inside the evacuated
envelope surrounding the filament. This plate was not
touching the filament. By placing a galvanometer between
the positive side of the filament and the plate, Edison noted
a current was flowing through the seemingly open circuit

GALVANOMETER

PLATE CIRCUIT FOR

DEMONSTRATING
EDISON EFFECT

FILAMENT

" CURRENT FLOW

between the filament and the metal plate. This action is
known as the Edison effect.

In 1904 Ambrose Fleming improved the plate by forming
it into a tubular shape and using it to completely surround
the filament. This two-element tube was called a diode.
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Fleming’s experiments with the diode proved that current
flowed through it in only one direction—from cathode to
plate. Fleming tried an experiment similar to that shown
in the figure below.

Circuit for Demonstrating Unidirectional
Conduction of a Diode

Current Flow No Current Flow

In the figure showing Edison’s experiment, it can be seen
that the side of the filament connected to the galvanometer
and to the plate are at the same positive potential (the volt-
age of the battery). Therefore, there will be no current flow
between these two points. However, the side of the filament
connected to the negative terminal of the battery is nega-
tive with respect to the plate. As a result, electrons emitted
from this side of the filament are attracted to the plate and
cause a smali current through the galvanometer.

In Fleming’s experiment, a similar situation existed when
the galvanometer was connected to the positive side of the
filament. However, when the galvanometer is connected to
the negative side of the filament, the plate and that side of
the filament are at the same potential. But the plate is more
negative than the positive side of the filament. Therefore,
no current flows through the galvanometer.

Q15. A two-element tube is calleda — — — —_ .

Q16. The apparent flow of current between a filament
and a plate is called the - — — ___ ______.

Q17. Diode current flows only from _—_ _____ to



Your Answers Should Be:
Al5. A two-element tube is called a diode.

A16. The apparent flow of current between a filament
and a plate is called the Edison effect.

A17. Diode current flows only from cathode to plate.

THE CATHODE

The directly heated cathode is a coated filament. The
filament is often made of tungsten coated with thorium
(this is called thoriated tungsten). The thorium acts as a
good emitter of electrons when it is heated. The electrons

TYPES OF CATHODES

PLATE —

FILAMENT

* CURRENT
T & row
[

CURRENT FLOW

Directly Heated Indirectly Heated

emitted by the thorium are replaced by the tungsten. The
figure shows how the filament battery sends current through
the filament, heating it and causing it to emit electrons.
The indirectly heated cathode consists of a metal cylinder
heated by a filament placed inside, but not touching it. This
type of cathode is usually coated with barium or strontium
oxide, which serves as the electron-emitting material.

THE PLATE

In the diode, the element that collects the electrons is
called the plate. This element is usually constructed so that
it completely surrounds the cathode.
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Below is a pictorial representation of a diode with an
indirectly heated cathode. Current flowing through the
heater heats the cathode. The cathode emits electrons which
flow to the plate and through the battery back to the cath-

DIODE CONSTRUCTION

5 GLASS
! ENVELOPE
.

R 3 |

[:_I o SOCKET
PLATE ° 2

HEATER ik CURRE!

o URRENT \E :
Indirectly Heated Cathode Directly Heated Cathode

ode. The figure also shows the actual construction of a
diode with a directly heated cathode.

Because of the gases retained in the metal parts, it is
very difficult to completely evacuate a vacuum tube. For
this reason, a part called the getter is provided. The tube
elements are brought up to a red heat after the air has
been pumped from the tube. This releases the trapped gases,
and then the getter is caused to burn quickly by an electro-
magnetic field surrounding the tube. The getter absorbs the
gases released by the heat and, in the process, deposits a
silver coating on the inside of the glass envelope.

Q18. In a diode, the element that emits electrons is

calleda - ——————.

Q19. A separate filament circuit is used to provide heat
for the — - - — —————— heated cathode.

Q20. A —————— is used to remove gases retained in

the metal parts of a diode.



Your Answers Should Be:

Al8. In a diode the element that emits electrons is
called a cathode.

A19. A separate filament circuit is used to provide heat
for the indirectly heated cathode.

A20. A getter is used to remove gases retained in the
metal parts of a diode.

TUBE CHARACTERISTICS AND
EFFECTIVE RESISTANCE

Three factors affect the amount of current passing
through a diode. They are the temperature of the cathode,
the voltage between the plate and cathode, and the space
charge.

Temperature of the Cathode

The hotter the cathode becomes, the more electrons it
emits per unit time. There are practical limits to this, how-
ever. If the temperature of the cathode is increased too
much, the filament will burn out. In addition, there is a
limit to the maximum rate at which a cathode can emit
electrons.

Plate Voltage

As the positive voltage of the plate becomes greater with
respect to the cathode, current flow through the tube
increases.

o o o o o
o o0 o
o o o o o
o o0 o
oo © o0 o
_|I|I.
SMALLER LARGER
VOLTAGE VOLTAGE

CURRENT FLOW IS AFFECTED BY PLATE VOLTAGE
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There is also a limit to the tube current that can be
obtained by increasing the plate voltage, because the plate
cannot attract more electrons than the cathode emits.

Suppose that the voltage on the plate remained the same
but the plate was moved closer to the cathode. How would
this affect the current through the diode? Under these con-
ditions the current would increase.

CURRENT FLOW Is AFFECTED BY TUBE-ELEMENT SPACING

o o

o0

o o >
=1 l‘||

SAME VOLTAGE
Q21. Supply the missing meter pointer (approximate
position) in the figure below.

O0000000

C

00000000

3VOLTS
Q22. If resistors R, and R, in the two circuits below
are identical, which one will have the higher

temperature?
vl V2
RA Rg
=& 120 200 _
— VOLTS vOLTS pf—
DC DC

Q23. Moving the plate away from the cathode (in-
creases, decreases) the current flow through the
diode.
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A22.

A23.

Your Answers Should Be:
A21. The needle should indicate that there is more cur-

rent flow in the plate circuit of the diode. As the
arm of the potentiometer in the filament circuit is
positioned farther to the left, more current flows
in the filament circuit. The filament gets hotter
and emits more electrons, and more current then
flows in the plate circuit.

With a higher plate voltage (200 volts), V2
conducts more current than V1, and the current
through R,; is more than the current through R,.
Therefore I2R;; is greater than I*R,, and R;; is hot-
ter than R,.

Moving the plate away from the cathode decreases
the current flow through the diode.

Space Charge

Heat acts as the driving force to push electron number 1
into the space around the cathode. Initially, the electron has
much energy. However, most of this energy is expended in

FORMING A SPACE CHARGE

® 0 ® 0

® 0 ®

® O—4— ®

® ®

® 6 ®

e REPELLENT ® REPELLENT

® ® FORCE ® ® FORCE
B e R e

® o BETWEEN ® 0O BETWEEN
ELECTRONS ELECTRONS

® O—+—— ®

CATHODE CATHODE

Electrons Begin
Leaving Cathode
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reaking away from the cathode. The electron moves very
lowly out into the space around the cathode and soon stops
hoving. Since the cathode has lost one of its electrons, it
ow has more positive charges (protons) than electrons.

As a result, the electron is attracted back to the now posi-
ive cathode. However, heat is still driving other electrons
rom the cathode. As electron number 1 heads back toward
he cathode, it encounters electrons 2 and 3. Since they are
lso negative, they repel electron number 1, preventing it
rom returning to the cathode. The attempt of these elec-
rons to return to the cathode is blocked by electrons 4, 5,
ind 6, and so on. As the electrons move out into space, they
orm a cloud of negative charges. The larger this cloud
yecomes, the more opposition it offers to additional electrons
eaving the cathode.

EMISSION .
CATYRATION | ©
REPELLENT FORCE z / B
BETWEEN ELECTRONS | CHARGE
® o]
(]
(]
CATHODE

Finally, a point is reached where, when a sufficient quan-
tity of electrons has been emitted, the cloud has enough
negative charge to force newly emitted electrons back to the
cathode. From then on, for every electron emitted by the
cathode, one will be returned to the cathode. This condition
of equilibrium is called emission saturation. The cloud of
electrons around the cathode is called the space charge.

Q24. The cloud of electrons that forms around the cath-
ode is called the - — — — — ——————.

Q25. The condition of equilibrium of the electron
cloud around the cathode is called — — - —— ———



Your Answers Should Be:
A24. The cloud of electrons that forms around the
cathode is called the space charge.

A25. The condition of equilibrium of the electron cloud
around the cathode is called emission saturation.

HOW THE SPACE CHARGE AFFECTS CURRENT FLOW

When a plate is placed in a vacuum tube, it does not receive
electrons directly from the cathode. Instead, it takes them
from the side of the space charge nearest the plate.

TWO EQUILIBRIUM CONDITIONS IN A DIODE

PLATE REMOVES
ELECTRON, CATHODE
REPLACES ELECTRON

SPACE
CHARGE
00 0,

Cc —_0—~ O O/Z
Iy —0— o0 © P
CATHODE EMiTs B | °cgo -

EEMI y
ELECTRON, SPACE /e © A
CHARGE RETURNS 5 0 o0 T
ELECTRON /e © © £
" ooo |
—d-000 —O—

— T ——

—— ———
CATHODE-SPACE CATHODE-SPACE CHARGE-
CHARGE EQUILIBRIUM PLATE EQUILIBRIUM

Each time the plate removes one electron from the space
charge, the overall negative charge is decreased. Another
electron must then be placed in the space charge to take
its place. Thus, equilibrium (state of balance) in the space
charge is maintained. Note there are now two conditions
of equilibrium being maintained. One is when the electrons
are emitted by the cathode into the space charge and are
then returned to the cathode. The other condition of equi-
librium is when the plate removes an electron from the space
charge and the cathode replaces this electron.
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Space-Charge Equilibrium

A state of equilibrium is set up between the plate, the
cathode, and the space charge. This is shown in the figure
below. Electrons are emitted from the cathode into the
space charge from which the plate draws some electrons

EQUILIBRIUM IN A DIODE

RETURNED SPACE
ELECTRONS ~ CHARGE

P
o 0o o0 o
D L
- A
oo o0 o0 o 0o oo
S = T
o o 0 o t
| E
I
EMITTED PLATE
ELECTRONS CURRENT

(plate current). The remaining or surplus electrons not
required by the plate are returned to the cathode. The quan-
tity returned is the difference between the amount of elec-
trons originally emitted by the cathode and the amount
going to make up the plate current. The result of all this
is that the space charge is maintained at a constant size.
In other words, it reaches and stays in a state of equilibrium.

This cloud of electrons making up the space charge pro-
vides a ready source of electrons for the plate current. This
reservoir permits short periods of greater plate current flow
than could be supplied directly from the cathode.

(26. The space charge is a substantial (negative, posi-
tive) charge between cathode and plate.

Q27. The field that repels the electrons emitted by the
cathode lies between the ——————_— and the

Q28. The field that removes electrons from the space

charge lies between the - — ———~ ——— ——— and
the - ————.



Your Answers Should Be:

A26. The space charge is a substantial negative charge
between the cathode and the plate.

A27. The field that repels the electrons emitted by the
cathode lies between the cathode and the space
charge.

A28, The field that removes electrons from the space
charge lies between the space charge and the
plate.

A29. The plate exerts its force directly on the space
charge.

Current-Flow Control

In the figure below, the applied plate voltage is 100 volts.
This results in a plate current of 18 ma. The cathode emits
enough electrons to produce a current of 70 ma, but the

PLATE 100 VoOLTs POSITIVE

52 ma .
—— : 18 ma PLATE
SPACE
CATHODE o T— I—
70 ma :

space charge prevents some of them from reaching the plate.
The 52-ma surplus is returned to the cathode.

PLATE 200 VOLTs POSITIVE

20 ma
a L] PLATE
CATHODE SPACE [ '_,’J}
(:> CHARGE
70 ma

200 VOLTS
=it

If the plate voltage is increased to 200 volts, the plate cur-
rent becomes 50 ma, and the current returned is 20 ma.
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In the figure below, the plate voltage has been increased
to 400 volts, and the plate current becomes 69 ma. Note
that in each of these cases the sum of the plate current and
the current returned to the cathode is equal to the current
emitted by the cathode.

PLATE 400 VOLTS POSITIVE

1 ma

<:| SPACE 69 ma PLATE
CATHODE CHARGE [ I~
70 ma :
400 VOLTS
= fofop—

When the plate voltage is increased to 450 volts, the plate
current equals the cathode emission. This is illustrated in
the figure below.

PLATE 450 VOLTS OR MORE POSITIVE

70 ma 70 ma
CHoOEff 0 space >, JPLAT

CHARGE

450 VOLTS OR MORE
| [+
—ii

Any further increase in the plate voltage will result in
reducing the space charge. Then the voltage on the plate
acts directly on the cathode and forces the cathode to emit
more electrons than it is designed to emit. This results in
rapid destruction of the emitting material and reduced life
of the tube.

Q30. Draw a diagram showing the conditions of equi-
librium in a diode.

Q31. The number of electrons returned to the cathode
Plusthe - ____ _______ equals the number
of electrons emitted by the cathode.

Q32. If the emitted electrons produce a current of 90
ma and the returned electrons produce a current
of 30 ma, the plate current is ma.
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Your Answers Should Be:

A30. Your diagram should be similar to the one on
page 32.

A31. The number of electrons returned to the cathode
plus the plate current equals the number of elec-
trons emitted by the cathode.

A32. If the emitted electrons produce a current of 90
ma and the returned electrons produce a current
of 30 ma, the plate current is 60 ma.

GRAPH OF PLATE VOLTAGE VERSUS
PLLATE CURRENT

The most important fact to remember about a diode is
how much current it will pass with a given amount of plate
voltage. This type of information is summarized by a graph
of plate voltage versus plate current.

GRAPH OF PLATE VOLTAGE
VERSUS PLATE CURRENT

80
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E& 50 ma
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PLATE VOLTS
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Each point on the graph represents a plate current for a
particular plate voltage. For instance, the current for a
plate voltage of 100 volts is found by drawing a vertical line
from the 100-volt point on the horizontal axis to the curve.
This locates point A. A horizontal line through point A
passes through the 18-ma point on the vertical axis. Thus
the graph shows that a current of 18 ma flows through the
diode when the plate voltage is 100 volts. The current cor-
responding to any value of plate voltage can be found in the
same way.

The graph can also be used to determine the plate voltage
necessary to cause a certain amount of current to flow.
Assume that you wish to know the value of plate voltage
required to cause a current of 50 ma. First find the 50-ma
point on the vertical axis. A horizontal line through this
point intersects the curve at point B. A vertical line through
point B passes through the 200-volt point on the horizontal
axis. Therefore, a plate voltage of 200 volts is required to
produce a current flow of 50 ma.

A graph similar to the one shown here can be prepared
for any type of diode tube. Of course, a graph for one type
of tube usually cannot be used to find voltage and current
values for another type of tube.

Notice the knee of the curve at around 400 volts. Increas-
ing the voltage in this area changes the plate current very
little. Therefore this must be the point where all of the
emitted electrons are being attracted to the plate.

You have just seen how to use a graph of plate voltage
versus plate current. The figure on the next page shows a
circuit that can be used to obtain data for such a graph.

Q33. In a graph of plate current versus plate voltage,
the voltage is shown along the — — _ _ _ _ _ _ _ _

axis.
Q34. In a graph of plate current versus plate voltage,
the current is shown along the — — _ _ _ _ _ __ axis.

Q35. The part of the curve where all of the emitted
electrons are attracted to the plate is called the
—— —— of the curve,

Q36. A graph for one type of tube usually (can, cannot)
be used for another type of tube.
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Your Answers Should Be:

A33. In a graph of plate current versus plate voltage,
the voltage is shown along the horizontal axis.

A34. In a graph of plate current versus plate voltage,
the current is shown along the vertical axis.

A35. The part of the curve where all of the emitted
electrons are attracted to the plate is called the
knee of the curve.

A36. A graph for one type of tube usually cannot be
used for another type of tube.

PLOTTING A PLATE-VOLTAGE,
PLATE-CURRENT CURVE

To plot a plate-voltage, plate-current curve, the arrange-
ment below can be used. Each time the position of the

Circuit to Obtain Data for Graph

FILAMENT =
BATTERY =

CATHODE PLATE

MILLIAMETER

\ I

VOLTMETER VWY

=1

arm of the variable resistor is changed, read the voltage
and the current. After recording several of these readings,
plot a graph similar to the one on page 36.

EFFECT OF PLATE VOLTAGE ON
EFFECTIVE RESISTANCE

Remember the effective resistance between conducting
plates in a vacuum? This same opposition exists between
the cathode and plate of a vacuum tube and is called DC
plate resistance, R,
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Calculating DC Plate Resistance

Assume that the graph shown below has been obtained
by taking voltage and current readings on a diode tube.

POINTS FOR CALCULATING
DC PLATE RESISTANCE

y 80
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PLATE VOLTS

To see how the DC plate resistance varies with plate volt-
age, calculate R, at each of the points marked on the graph.
The calculations yield the following results:

Point A: 100 YOS __ 5 560 ohms
18 ma
Point B: 200 YOS __ 4 400 ohms
50 ma
Point C; 200 Volts _ ~ 840 ohms
69 ma
Point D: 230 VOIts __ ¢ 400 ohms
70 ma
Q37. To obtain data for a graph of plate current versus
plate voltage, — — — — — —— readings are taken as
the - —— ———_ is varied.
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Your Answer Should Be:

A37. To obtain data for a graph of plate current versus
plate voltage, current readings are taken as the
voltage is varied.

Variations of DC Plate Resistance

In going from point A to point B (see the preceding page),
the plate voltage increases and the DC plate resistance
decreases. However, in going from point B to point C, the
resistance increases as the voltage increases. This happens
because points C and D are on the knee of the curve. The
portion of the curve between points A and B is almost (but
not quite) a straight line. It is often called the linear part
of the curve. Normally, in the linear part of the curve, R,
decreases when the plate voltage is increased.

APPLICATIONS

Because of the unidirectional characteristic of the diode,
it can perform many valuable functions.

INPUT SIGNAL ﬂfffgf/ﬁﬂ OUTPUT SIGNAL

In the figure above, the diode is used as a detector. A typical
TV picture signal is shown. It is passed through a diode
detector which selects only the positive half of the signal.

s CLIPPING
M oy | oo svae

SYNC PULSES

SEPARATOR SYNC PULSES

A diode can also eliminate undesired portions of a signal.
This is called limiting, or clipping. In the figure above, an-
other type of TV signal is shown; it is the composite video
signal. For certain applications, only the two sync pulses
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are needed. The signal is sent through a diode sync sep-
arator which clips the sync pulses off the composite video
signal.

COMPOSITE glﬁ”p/”@ COMPOSITE

VIDEO SIGNAL V'DEO SIGNAL

DIODE
CLAMP

PEDESTAL

Arother use for a diode is to maintain a special voltage
level for a signal—this is called clamping, or DC restora-
tion. The figure above shows a composite video signal whose
pedestal is riding at positive 20 volts. The diode clamp
causes this pedestal to ride at negative 50 volts.

AC k[@f/}-/gﬂf/aﬂ PULSATING DC
Wb — RECTIFIER — L

In the figure above, an AC signal is shown entering a
diode rectifier and leaving as pulsating DC. This first step
in changing AC to DC is called rectification. It is the basis
for all electronic power supplies.

CATING

D DIODE I | I |
gl | o —
OPEN| |— = |—

In gate-circuit action, several signals must be present at
the same time for an output to be obtained. In the figure
you see one signal which opens the gate at regular intervals.
However, the only time there is an output is when two
signals are present at the same time.

Q38. A diode circuit used to pass one half of a signal
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Your Answers Should Be:
A38. A diode circuit used to pass one half of a signal

A39. A diode circuit used as a sync separator is a

A40. A rectifier changes AC to pulsating DC.

is a detector.

clipper.
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WHAT YOU HAVE LEARNED

. Electrons move most easily in a vacuum.
. Electrons move from negative to positive in an electric

field.

. Electrons are emitted from the cathode of a diode tube

and are attracted to the plate.

. Some cathodes emit electrons due to the action of light

and others due to the action of heat.

. Cathodes may be either directly or indirectly heated.
. A space charge consisting of a cloud of electrons exists

between the cathode and the plate.

. Equilibrium normally exists in a diode between the

cathode and the space charge and between the cathode,
space charge, and plate.

. The relationship of plate voltage and plate current in

a diode can be shown by a graph.
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Multielement Tubes

You will learn about tri-

What You odes, tetrodes, and pen-
. todes. You will be shown
Wlll Learn schematic symbols for

these tubes and the short-
hand notations used to identify the various voltages and
currents associated with amplifiers. You will learn about
the three tube parameters (amplification factor, AC
plate resistance, and transconductance) and about bias.
You will also learn how to use a tube manual to obtain
information about vacuum tubes.

THE TRIODE

In 1907 Lee De Forest took out a patent on a Fleming
valve containing a third element. Because of its gridiron-
like construction, this element was called a grid. This three-
element vacuum tube is called a triode.

TYPICAL
TRIODE

De Forest’s experiments proved that the triode could do
something that had never been done before—it could make
small signals larger. The process of making strong signals
out of weak signals is called amplification. The triode is
often used as an amplifier.
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THE GRID

Through the years, grids have been constructed in many
different ways. Some of these are improvements on the
basic design, and others are for new applications. All of
the grids have one thing in common—they are always placed
between the cathode and the plate.

TYPICAL GRIDS

ELLIPTICAL CIRCULAR ELLIPTICAL | LADDER
HELIX HELIX HELIX TYPE

The Grid Introduces a Third Electric Field

Adding a grid between the cathode and the plate intro-
duces another electric field in the triode. The effect of this
additional electric field is shown in the figure below.

Effect of the Grid in a Triode

GRID (NEGATIVE)

=l

CATHODE SPACE 3= PLATE
(ZERO VOLTS) CHARGE _SOm
—a

GRID REPELS ELECTRONS
LEAVING SPACE CHARGE

The direction of this field is determined by the polarity of
the voltage applied to the grid. For reasons which will
become evident later, the grid is operated with a small
negative voltage (relative to the cathode) applied to it. The
effect of this voltage is to repel electrons which would other-
wise leave the space charge and flow to the plate.

Plate Voltage Accelerates Electrons

As plate voltage is applied to the triode, electrons leave
the space charge and head for the plate. As they travel
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toward the plate, they gain momentum. As they approach
the grid, the negative voltage on this element slows them
down. Some, in fact, are even turned back to the space
charge. However, due to the mesh-like construction of the
grid, many of the electrons pass between the wires and on
to the plate.

ELECTRON MOVEMENT IN A TRIODE

SOME ELECTRONS ~ MOST ELECTRONS
RETURNTOTHE  PASS THROUGH
SPACE CHARGE GR1D TO PLATE

PLATE
CATHODE sPact Sg== . [ (POSITIVE
ZERO VOLTAGE) []  CHARGE 05>m
6 0m
GRID
(NEGATIVE)

Distance Between the Grid and Cathode

This factor of triode construction affects the electron flow
in the following manner., The slower the electrons move,
the easier it is to stop them and return them to the space
charge. Therefore a grid placed near the space charge
(before the electrons have gained much momentum) is bet-
ter able to stop the electrons than one placed farther away
(where the electrons have had a chance to gain momentum).
In other words, the closer the grid is to the cathode, the
more control it will have on electron flow to the plate.

Effect of Cathode-Grid Distance on Plate Current

WIDE CLOSE
SPACING SPACING
DU | -8
. E> F ) I—
| | | |
LARGE SMALL
CURRENT CURRENT

Q1. A three-element tube is called a — — ——— _.
Q2. What are the names of the elements of a triode?
Q3. The process of making small signals larger is called

Q4. The negative grid tends to — —— — ——— electrons
from reaching the plate.
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Your Answers Should Be:

Al. A three-element tube is called a triode.

A2. The names of the three elements of a triode are
the plate, the grid, and the cathode.

A3. The process of making small signals larger is called
amplification.

AA4. The negative grid tends to prevent electrons from
reaching the plate.

Spacing Between the Grid Wires

This factor of construction affects the flow of plate cur-
rent in a rather obvious manner. Closely spaced grid wires
tend to concentrate the electric field. Therefore, the grid is
better able to turn back the electrons when the grid wires
are closely spaced. That is, the electrons have less chance
of passing through the grid wires.

WIDE GRID
SPACING EFFECT OF WIDE
i GRID SPACING
I . [> |~ ON
. 1 PLATE CURRENT
LARGE
CURRENT

CLOSE GR1D
SPACING

EFFECT OF |
CLOSE GRID 0
SPACING ON J :f F

PLATE CURRENT

SMALL
CURRENT
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Negative Voltage Applied to the Grid

As the grid is made more negative with respect to the
cathode, its repelling effect becomes greater. Therefore, the
more negative the grid, the less the plate current will be.

EFFECT OF GRID VOLTAGE ON PLATE CURRENT

B

b
™=

SMALL VOLTAGE LARGE CURRENT

LARGE VOLTAGE

3 i

SMALL CURRENT

Q5. The grid is operated (negative, positive) with
respect to the cathode.

Q6. The farther the grid is from the cathode, the (more,
less) the plate current is.

Q7. The wider the spacing between the grid wires, the
(more, less) the plate current is.

Q8. Which meter measures more voltage?
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Your Answers Should Be:

A5. The grid is operated negative with respect to the
cathode.

A6. The farther the grid is from the cathode, the more
the plate current is.

A7. The wider the spacing between the grid wires, the
more the plate current is.

AS8. M., measures more voltage. The plate voltage (V,
and V.) is the same. The grid voltage of V. is less
negative than that of V,. Therefore, V. conducts
more, causing a larger voltage drop across R. than
across R,. Meter M, thus measures more voltage
than M,.

EFFECT OF THE GRID ON TRIODE PLATE CURRENT

The plate and cathode in a triode are essentially the same
as those used in a diode. You know that increasing the volt-
age on the plate increases the plate current. The grid can
also be used to increase plate current. However, since the
voltage on the grid is a small negative voltage as opposed
to the large positive voltage on the plate, the grid is made
less negative to increase the plate current. Making the grid
less negative is the same as making it more positive. Thus,
there are two ways of varying the plate current. However,
one of these ways provides more efficient control than the
other. Since the grid is nearer to the cathode, its effect on
the electrons is much greater than that of the plate.

Look at the figure on the next page. In the upper left
corner is a tube whose grid voltage is —10 volts and whose
plate voltage is 4150 volts. This results in a current flow
of 20 ma. When the plate voltage is increased to 4200 volts,
the plate current is 30 ma, a 10-ma increase.

Now look at the tube in the upper right corner of the
figure. Again the plate voltage starts at 4150 volts and
the grid voltage starts at —10 volts, resulting in a plate
current flow of 20 ma. But this time the plate voltage is
kept at 4150 volts and the grid voltage is varied from —10
to —8 volts. The plate current changes 10 ma as before,
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from 20 ma to 30 ma. Thus, to change the plate current 10
ma, either the plate voltage can be changed 50 volts or the
grid voltage changed 2 volts (for the tube in this example).
In most cases, this is done by varying the grid voltage.

RELATIVE EFFECTS OF CHANGES IN GRID AND
PLATE VOLTAGE

Seane
T eoecee

- +150 +150 -10
PLATE
VOLTS VOLTS CURRENT voLTS VOLTS
] H ] E
: |—> 30 ma <—-I :
] ]
SAME GRID  +200 SAME PLATE -8

VOLTAGE VOLTS VOLTAGE  VOLTS

The constant use of the terms plate voltage, grid voltage,
and filament voltage has led to the use of some simple
shorthand notations, as shown in the figure below.

LETTER
DESIGNATIONS
FOR TRIODE |
VOLTAGE SUPPLIES | \@’

Q9. List the following resistors in order of decreasing
wattage rating.

12 VOLTS

+

210 VOLTS
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Your Answer Should Be:

A9. R,, Ry, R,. Since all of the resistors have the same
resistance, the one through which the most current
flows requires the highest wattage rating. All that
i necessary is to determine which tube has the
highest plate current. V, and V. both have plate
voltages of 200 volts, but V. has a grid voltage that
is less negative than V, by 10 volts. Therefore V.
conducts more heavily than V,. The grid voltages
of V, and V; are the same, but the plate voltage of
V. is 10 volts higher than the plate voltage of V,.
For this reason, V; also conducts more heavily than
V,. Thus, V,; has the least plate current; its re-
sistor needs the lowest wattage rating. Note that
both V, and V; have had a change of 10 volts (with
respect to V,)—V. 410 volts to the grid and V,
+10 volts to the plate. Since the grid has more
effect on the plate current and since the voltage
changes were the same, V., must conduct more
heavily than V;. Thus R, requires a higher wattage
rating than Rj.

TUBE CHARACTERISTICS

You have already learned that three factors affect the
amount of current passing through a diode. These are the
temperature of the cathode, the voltage on the plate (with
respect to the cathode), and the space charge. The plate
current of a triode is also affected by all of these factors
and, in addition, one more—the voltage on the grid with
respect to the cathode.

Remember the diode characteristic called DC plate resist-
ance (R,): Increases in plate voltage cause decreases in R,
(in the linear part of the curve). Do changes in grid voltage
affect the R, of a triode in a similar fashion? To find out,
plot a curve of grid voltage versus plate current. The cir-
cuit shown in the figure on the next page can be used to
obtain the information for this curve. The method used
to obtain this information is also explained in the para-
graphs that accompany the illustration.
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Grid-Voltage, Plate-Current Characteristic

Note that the filament voltage is not shown in the figure,
but it must be supplied. The plate-supply voltage (E,) is

: CIRCUIT TO OBTAIN DATA FOR TRIODE :]
CHARACTERISTIC CURVE

PLATE
lcuaksm
zol_vous R, ; b
= PLATE-SUPPLY
= VOLTAGE

pLATE ] Eb = 250 VOLTS
VOLTAGE (Ep)

GRID
VOLTAGE (Eg)

A
COMMON REFERENCE

250 volts, but any voltage may be used as long as it is cor-
rect for the tube you have selected (you may determine this
voltage from a tube manual). The plate-supply voltage will
be held constant throughout this test. Adjust R, until some
plate-current flow is indicated on ammeter A. Read the value
of this current and the grid voltage and record these values.
Continue to change the grid voltage and read the two meters
until you have obtained about five pairs of readings. Plot
the data on a graph. You should obtain a graph similar to
that shown in the figure below.

TRIODE PLATE CURRENT VERSUS GRID VOLTAGE

T T T P T
T HHAHH
w 116 [-FF-T L - 4- 1
& 7 T 1
£ 10
= —+—
e .
=
= || e 4| |
< QL /
g 5 L 1/
g 47 -3-
o /ANENt
3 AHH
. - 1 | —i_——
0.3 |- 1 ! | | L ! |
-2 -4 12 10 I

GRID VOLTAGE (Eg)

Q10. Determine R, for each of the points on the graph.
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Your Answers Should Be:
A10. For each of the selected grid voltages, R, should

be:

O R, Sample Calculation:
—{f 21.4K

—10 532K R, — E» _ 250V
—12 147K I 4.7 ma
—14 833K v = 53.2K

First find the point at which a vertical line
through the desired grid voltage intersects the
curve. Next, observe where a horizontal line
through this point on the curve passes through
the vertical axis. Read the plate current at this
point. Use this value along with the value of E,
to calculate R,.

Shorthand Notations

Below is a list of some of the shorthand notations used
to represent the various voltages and currents associated
with a triode.

E,, = the plate-supply voltage.

e, = the instantaneous total plate voltage.
I, — the average total plate current.

E. = the control-grid supply voltage.

e, — the instantaneous total grid voltage.

Note that capital letters are used to indicate source
or average values and small letters are used to indicate
instantaneous values.

FAMILIES OF CURVES

When discussing the characteristics of a diode, it was only
necessary to plot one curve to completely describe the be-
havior of the tube. However, with the addition of a grid,
another variable must be added to cover the operating con-
ditions. In plotting the curve of grid voltage versus plate
current, one of the tube voltages must be maintained con-
stant or the result will be meaningless. In plotting the
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grid-voltage, plate-current curve, the plate voltage was
maintained constant at 250 volts. Plot the curve again for
plate voltages of 200 and 300 volts. These curves make up
a family of curves to describe the operation of the triode
almost as thoroughly as the one curve described the opera-
tion of the diode. To improve on the coverage given by
these curves, just add additional curves at other plate volt-
ages. This group of curves is called the grid family of char-
acteristic curves.

Grid Family of Curves

The figure below shows a grid family of characteristic
curves. Three of the curves were determined previously—
the ones for E, equal to 300, 250, and 200 volts. Note the
points at which the plate current is zero. The grid voltage
that is sufficiently negative to stop the flow of plate current
is called the cutoff voltage. Note that the higher the value
of E,, the more negative the cutoff voltage is.

GRID FAMILY OF CHARACTERISTIC CURVES

i
to 3 ]
= I5ma
3
5 ——4
- f:
0 1 e R
86 M gripvotace B 4 2 O
Q11. A group of curves that describes the operation of
atubeis called a - — — _ __ of
______________ curves
Ql2, —— _____ letters are used to indicate source or
average values; — — — _ _ letters are used to indi-
cate instantaneous values.
Q13. The — - ___ voltage is held constant for each

curve in a grid family of characteristic curves.
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Your Answers Should Be:

All. A group of curves that describes the operation of
a tube is called a family of characteristic curves.

A12. Capital letters are used to indicate source or aver-
age values; small letters are used to indicate in-
stantaneous values.

A13. The plate voltage is held constant for each curve
in a grid family of characteristic curves.

Interpreting the Curves

Suppose that R, was calculated for the points shown in
the figure on the previous page. When e, is 300 volts, R, is
60K ; when e, is 100 volts, R, is 20K. These results seem to
show that as the plate voltage decreases, R, decreases. Why
was this wrong conclusion reached? The plate voltage was
changed at the same time the grid voltage was changed.
Note, however, that the plate current remains the same.
You will soon see that even though this method of collecting
information does not give the correct information about how
the R, of a tube varies with plate voltage, it does offer very
useful information. This information is one of three meas-
ures of the usefulness of a tube known as tube parameters.

TUBE PARAMETERS

In referring to vacuum tubes, the term parameter is de-
fined as a measure. It is usually a combination of more than
one measure (often a ratio). A parameter is normally fairly
constant for the item it describes.

Suppose you wish to describe a bar of steel. You might
say that it is 6 feet long, but this can change (you might
cut some of it off). Its weight may be 30 pounds; this would
also change if the bar were cut. Length and weight are not
parameters because they do not remain constant. How about
the density of the steel (its weight per cubic foot) ? This
does not change as you change the dimensions of the steel.
Therefore, density is a parameter of the steel.

Suppose you were told that two cars made a trip of 80
miles. It is easy to see that these trips were entirely differ-
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ent in nature if one was made in an hour and the other was
made in six days. In the same fashion, what if two cars
traveled for four hours? What does this mean? Nothing
until it is specified that one car traveled 80 miles and the
other traveled 320 miles. The best way to compare the
speeds of the two cars is to specify their speeds in miles
per hour (this is a parameter).

R, is not a parameter because it changes as the plate
voltage and grid voltage change. The parameters used to
describe vacuum tubes are often called tube constants. They
are amplification factor, AC plate resistance, and transcon-
ductance.

Amplification Factor

Amplification factor is the tube parameter that indicates
the maximum amplification of which the tube is capable.
(In actual circuits this maximum is never reached.) The
symbol for amplification factor is the Greek letter n (also
written mu).

You know that a triode is an amplifier. Just how much
can it amplify a signal applied to it? The amplification is
the ratio of the amplitude of the output signal to the ampli-
tude of the input signal.

AMPLIFICATION

avours | /7N =| wiooe | \ mLous
L N OUTPUT

OUTPUT _ 20 VOLTS _

AMPLIFICATION =

INPUT ~ 4VOLTS ~

In the above figure, the amplification is 20 volts divided
by 4 volts, or 5.

Q14. The symbol for amplification factor is —.

Q15. The ratio of the ———___ voltage over the
_____ voltage in a triode is called amplification.
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Your Answers Should Be:
A14. The symbol for amplification factor is e

A15. The ratio of the output voltage over the input
voltage in a triode is called amplification.

Calculating the Amplification Factor

Imagine that you have just designed a new triode. In
order to check its characteristics you have collected a grid
family of curves, such as the one that was illustrated on
page 53. Returning to the erroneous conclusion about the
relationship between the plate voltage and the DC plate re-

ldl——*&f T — =

. :
U ac pLaTE 3
2| RESISTANCE — of + |-

It t ~

/

7

4

PLATE CURRENT (Ip) p - MILLIAMPERES

-8 -6 -4 -2 -10 -8 6 -4 -2 0
GRID VOLTAGE (Eg) - vOLTS
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sistance, select points 1 and 2 on the graph. In going from
point 1 to point 2 the plate voltage decreases 50 volts. But
the plate current remains the same (5 ma). Picture this in
steps. Lower the plate voltage 50 volts and cause a decrease
in plate current. Now raise the plate current back to its
original value (5 ma in this example) by making the grid
voltage less negative (from —13 to —11 volts). It takes
a 50-volt change of plate voltage to change the plate cur-
rent a certain amount, but a grid-voltage change of only
2 volts is required to return the plate current to normal.
The ratio of these two voltage changes is the amplification
factor of the triode. In this case:

_ Change in Plate Voltage _ 50V 25
# Change in Grid Voltage 2V

AC Plate Resistance

You have seen how DC plate resistance varies for a triode.
The resistance that a triode offers to changing voltages, such
as sine waves, is called AC plate resistance, r,. Unlike R,,
r, remains fairly constant for a particular triode; it is a
parameter.

In the figure on the facing page, the line for a grid volt-
age of —10 volts intersects the curve for e, — 300 volts
at a plate current of 10 ma. It also intersects the curve for
e, — 250 volts at a plate current of 4.6 ma. To simplify
what is to follow, a new symbol is introduced. The symbol
is A, the Greek letter delta. This symbol means a “change
in” or the “difference between” two successive values of
something. For example, the change in e, from 300 volts
to 250 volts may be written Ae, — 50 volts. AC plate resist-
ance is the ratio between ae, and its corresponding change
in plate current (Ai,) with the grid voltage held constant.
In this case,

_Ae, _ 300 —250 volts _ 50 volts _ g og
L " 10—d6ma — BSdma _ eo0ohms
Use the figure on the facing page to calculate r, at —6

volts and —8 volts. Work right on the figure.

Ip

Q16. For e, — —6 volts, r, — —____ ohms.
Q17. For e, — —8 volts,r, — —___ ohms.
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Your Answers Should Be:

Al6. 1, — 200 — 150 volts __ 50 volts 10,000 ohms

75—25ma 2 b5ma
250 — 200 volts 50 volts
Al7. r,— — — h
= 90 —385ma 05 iy o L

14

PLATE CURRENT (Ip) - MILLIAMPERES

|
|
+
|
[}
I
I
[}
I
i
|
1

-6 -14

-2 -0 -8

_18 -
GRID VOLTAGE (Eg) -

Note that these values (9,280, 10,000, and 9,090
ohms) are all fairly close to each other. When
compared to the changes in R, (from thousands of
ohms to hundreds of thousands of ohms), the AC
plate resistance (r,) may be considered almost a
constant for a particular triode.
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Linear Portion of the Curve

In considering r, to be a constant, the points used to cal-
culate this parameter must be selected with care. For
example, suppose the —8-volt point is selected again, but
this time the plate-voltage curves for 200 and 150 volts are
used. The resultant calculation gives:

200 — 150 volts 50 volts
35 —05ma — Sma o700 0hms

What makes this value so much different from the others?
This is due to the selection of the point on the 150-volt
curve. What's different here? Refer to the curve on the
opposite page. Notice how it starts out as a gentle curve
but soon straightens out. Place a straightedge against it
and notice that this portion of the curve is practically a
straight line. This straight-line portion is called the linear
portion of the curve. When points are selected on the linear
portion of the curve, the result is a fairly constant r,. Those
selected on the curved portion result in quite different values
of r, (see the previous page). This linear portion of the
curve plays a great part in preventing distortion of signals.

Tubes Are Like Highways

It may be helpful to think of vacuum tubes as being like
highways with electrons for cars. The electrons try to go
from cathode to plate just as cars try to reach their destina-
tion. A highway also has a property that can be thought of
as resistance. Which offers more resistance to cars, a dirt
road or a paved road? Think of other factors that affect the
“resistance” of a highway (curves, hills, intersections, etc.).

Many kinds of signs give the driver an idea of the “resist-
ance” of the road. As a result they caution him to change
his speed. But how slow should he go? There are signs that
tell the exact “resistance” of the highway. A lot of resist-
ance calls for a slower speed—a small resistance allows a
higher speed. In other words, the speed-limit signs tell the
driver the amount of opposition the highway offers.

r, =

Q18. The value of r, is (nearly, not) constant when it
is calculated from points on the linear parts of the
curves.

59



Your Answer Should Be:

A18. The value of r, is nearly constant when it is cal-
culated from points on the linear parts of the
curves,
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Transconductance

The speed limit is based on an estimated safe traveling
speed for a particular road. In this sense, it is a parameter.
Notice something about it. Instead of a number increasing
as resistance increases, the number expressing “resistance”
of a highway decreases as the “resistance” of the highway
increases.

There is a tube constant that describes a tube in much
the same fashion as a speed limit describes highways. This
constant is called transconductance. Transconductance is a
measure of the effect that changes in grid voltage have on
plate current. The symbol for transconductance is g,,.

You can find g, from the grid family of curves in the
following manner. Inspect the curve for a plate voltage of
150 volts. Record the current at grid voltages of —6 and —4
volts. Then divide the change in plate current by the change
in grid voltage to find g,,..

Ak, 6.5 —2.5ma ‘4 ma

Ae, = (—4) — (—6) volts = 2volts

gm =

The result is in milliamps over volts. Volts over milliamps
results in resistance in thousands of ohms (kilohms). The
inverse of the ohm is called the mho (ohm spelled back-
ward). Just as most of the currents in vacuum tubes are in
the order of thousandths of an ampere (milliamps), so the
units of transconductance are usually in the order of mil-
lionths of a mho (micromhos) or thousands of a mho (mil-
limhos). Micromho is often written as umho. Returning to
the answer in the previous calculation, it should be 2 mil-
limhos, or 2,000 ymhos. Transconductance is usually meas-
ured in micromhos.

Q19. The transconductance at e, = 200 volts is
______ (Use the graph on the facing page.)
Q20. The transconductance at e, = 300 volts is

Q21. Write the equations for each of the three tube
constants.

Q22. Transconductance is usually measured in units
called - — ———_—___.
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Your Answers Should Be:
Al19. At e, = 200 volts:

_ A,  75—34ma

B = Re, T (—6) — (—8)V
4.1 ma
_— =2
3 volts ,050 pmhos
A20. At e, = 300 volts:
g, — A_i,,_ _ 10 — 5.5 ma
" Ae, (—10) — (—12)V
4.5 ma
- —22
3 volts 2,250 pmhos

A2l. p = 2—2"- (i, constant)
4

p = é& (e, constant)
p

L = Al (e, constant)
Ae

4

A22. Transconductance is usually measured in units
called micromhos.

Significance of Transconductance

Transconductance is the parameter most used to describe
the characteristics of a vacuum tube. For example, a tube
with a transconductance of 2,000 ymhos would give more
amplification (at the same plate voltage) than a tube with
a transconductance of 1,500 umhos. Note from answers A19
and A20 above that the g, for a particular triode remains
fairly constant over the entire grid family of curves, except
in the nonlinear portions.

Tube-Constant Relationships
All of the parameters (g, g, and r,) are obtained from the
same family of curves. It would appear there must be a
relationship existing between the parameters. That rela-
tionship is:
ma volts

=8 X Tp= volts ma
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Note how the volts and milliamps cancel. As a result, the
amplification factor has no units.

To show this relationship, take the values of r, found
around the 200- and 150-volt curves (10,000 ohms) and the
gm found on the 150-volt curve (2,000 pmhos). These values
of transconductance and AC plate resistance can be sub-
stituted in the equation, and the value of the amplification
factor can be calculated.

g = 10,000 ohms X 2,000 pmhos = 20

Note how the ohms cancel out the mhos. This is the same
value calculated earlier for the . of the tube.

The equations for g, g., and r, can be used to prove the
equation for the relationship of the parameters. Start with
the equation for u:

Ae,

vy (1)
Take the equation r, —= ﬁ‘ , and solve for Ae,:
P
e, = Alr, (2)

Take the equation g, = %‘-’ , and solve for Ae;:
g

i
ee— 2 (3)
Substitute equations (2) and (3) in equation (1).

Ae, A,

po= = Zulp.

Ae, Aiy
En

TUBE MANUALS

Up until now you have been supplied with data on how
tubes behave under various conditions. You have also seen
how to generate this information experimentally. However,
where can you obtain this information on a particular tube ?
Nearly all manufacturers of vacuum tubes publish manuals
containing tube data.

Q23. r,= 7.5K; n= 15; g = 4
Q24. p = 45; g,y = 9 millimhos; r, —= ?
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Your Answers Should Be:

A23. gn— £ — ___15__ 5000 umhos

45
A2.r,— £ 4 50000h
= e = 0.009 mho 0 ohms

General Contents of a Tube Manual

Most tube manufacturers publish a new manual each year,
but there are those who publish only one manual every three
or four years and keep it up to date by mailing data sheets
to subscribers. The manual published by one leading tube
manufacturer contains the following sections.

Electrons, Electrodes, and Electron Tubes—This section
contains the basic theory of vacuum tubes from the electron
to the cathode-ray tube. It is a very condensed version
and is intended as a refresher rather than as a textbook
presentation.

Electron-Tube Characteristics—This section contains a
brief review of the tube characteristics, parameters, and
curves already covered in this chapter.

Electron-Tube Applications—In this section you will find
brief descriptions of many vacuum-tube applications. In
this particular manual these are divided into the following
nine categories: amplification, rectification, detection, auto-
matic volume or gain control, tuning indication with elec-
tron-ray tubes, oscillation, deflection circuits, frequency con-
version, and automatic frequency control.

Electron-Tube Installation—Under this heading you will
find various suggestions and precautions to be followed when
installing electron tubes.

Interpretation of Tube Data—This section lists the infor-
mation necessary to interpret the data provided in the Tube
Types section of the tube manual.

Receiving-Tube Classification Chart—This section provides
a chart summarizing all of the tubes in the manual. It
groups them according to tube types and characteristics, as
well as to physical configuration.

Tube Types-Technical Data—This section comprises the
bulk of the manual. It lists all of the tubes in alpha-numeric
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order. A tube is identified by a combination of numbers
and letters. The first grouping in the identification code is
usually numeric and may contain as many as three digits.
This grouping is usually an indication of the filament volt-
age necessary to operate the tube. For example, a 1A3 uses
a heater voltage of 1.4 volts, a 5U4 uses a heater voltage of
5.0 volts, and a 117Z3 uses a heater voltage of 117 volts.
(For picture tubes, the initial digits do not give the heater
voltage.) This section of the manual is discussed in more
detalil later.

Picture-Tube Characteristics Chart—This chart summa-
rizes the physical and electrical characteristics of television
picture tubes in much the same fashion as the receiving-tube
classification chart.

Electron-Tube Testing—This section gives information
and circuits that describe and illustrate practical tube-tester
considerations.

Resistance-Coupled Amplifiers—This section describes the
use of the resistance-coupled amplifier and provides charts
showing the voltages and components necessary to operate
over 50 different type tubes as resistance-coupled amplifiers.

Circuits—Here you will find a number of representative
circuits complete with component values. Some of the cir-
cuits included are AM, FM, and auto receivers; microphone
and phonograph amplifiers; a code practice oscillator; and
an electronic volt-ohmmeter.

Outlines—This section gives the physical dimensions of
every tube in the manual. There are only a few pages
because many of the tubes have the same external physical
construction.

Index—The index for this manual is in a standard alpha-
betical form as used in most publications.

Q25. The first digits in a tube-type number usually
represent the - — — — — . _—______ of the tube.

Q26. Tube manuals usually list tubes in — — — —
_______ order in the technical-data section.

Q27. (A few, nearly all) tube manufacturers publish
manuals giving data on the tubes they manufac-
ture.

65



Your Answers Should Be:

A25. The first digits in a tube type number usually
represent the heater voltage of the tube.

A26. Tube manuals usually list tubes in alpha-numeric
order in the technical-data section.

A27. Nearly all tube manufacturers publish manuals
giving data on the tubes they manufacture.

Page From a Typical Tube Manual

jrovamost 65
Metal type and glass octal

) ) type 6J5-GT used as detectors, ampli- 6JSGT

b S 3 fiers, oroscillators in radio equipment. Reloted type:

sess— ok These types feature high transconduct- 124567

cleusach ance together with comparatively

high amplification factor. Qutlines 2 and 14C, respectively, OUTLINES SECTION.
Tubes require octal socket and may be mounted in any position. For typical
operation as resistance-coupled amplifiers, refer to RESISTANCE-COUPLED
AMPLIFIER SECTION. Type 6J5-GT is used principally for renewal purposes.

HEATER VOLTAGE {aC/DC) 6.3 volts
HEATER CURRENT. ... 0.3 ampere
DIRECT INTERELECTRO 6J5-GT**

Grid to Plate, a . 3.4 ki pt

Grid to Cathode and Heater. .34 4.2 pf

Plate to Cathode and Heater. . . . 4.6 5.0 of
* Shell connected to cathode. ** Base sieeve and external shield connected to cathods.

CLASS A, AMPLIFIER

Maximum Ratings, Design-Center Value«
PLATE VOLTAGE. . .. o 90000B0000000a0a0aaa0 coca0a000a0 300 mar volta
Griv VOLTAGE, Positive-bias value oo a 0 mrr volta
PLATE |nsgipatioN . a o 2.5 mas watts
CaTHODE CURRENT 3 o a o 5000000000 . 20mar ma
PEAK HEATER-CATHODE VOLTAGE:

Heater negative with respect to esthode L. B . 90 mar voits

Heater positive with respect to cathude 90 mar volts
Choracteristics:
Plate Valtage, 9o 250 volts
Goad Voltage,, .. " -8 vulls
Amplification Factor 20 20
Plate Resiatance t Approx 6700 7700 ohms
Transconductance . .. g 909 300) 2600 wmhos
Gind Voltate (Approx.) for plate current of 10 ua = -13 volts

10 9 ma

Plate Current., ..

Maximum Circuit Value

Grid-Cireuit Revistanee. ... ... .. .00 .., . 1.0 mar megohm

T T T T
TyeE 6.5 ] I
€ e voLTS 1

B

-f. —
-+
|

PLATE WiLLiaupERCS

‘dun

Courtesy Radio Corporation of America
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Technical Data

A typical technical-data page is shown at the left. These
data are for a type 6J5 vacuum tube, the type that has been
used for all the examples concerning tube characteristics and
parameters. On the right side of the data sheet is a diagram
showing how each of the elements is connected to the tube
pins. These connections (pins) are numbered in a clockwise
direction as you look down on the top of the tube. In addi-
tion, there are letters next to these pins that identify the
elements to which they are connected. These letters are
identified in the diagram below.

KEY TO SOCKET CONNECTION DIAGRAMS

Bottom Views

o = Gas-Type Tube

BC =Base Sleeve

BS = Base Shell

C = External Conduc-
tive Coating

Faz =Filament Mid-

Tap
G =Grid
H =Heater

Hy, = Heater Tap for

IS =Internal Shield
K = Cathode

NC =No Connection
P =Plate or Anode

CL- Collector Panel Lamp O = Rl?l{:(-(t::(?dt:ﬂ
DJ =Deflecting Flec- | 11y =lHeater Mid-Tap g
S =Shell
trode ) IC = Internal Connec-
ES = External Shield tion TA =Target
F = Filament Do Not Use Courtesy Ruadio Corporation
of America

Alphabetical subscripts B, D, HP, HX, P, and T indicate, respec-
tively, beam unit, diode unit, heptode unit, hexode unit, pentode

wnit, and triode unit in nadti-unit types.

At the top of the sample page is a short paragraph
describing the important features of and suggested uses for
the tube. References are made to other portions of the
manual where additional information about this tube can be
found. Below this paragraph is a tabular presentation of

significant tube characteristics.
Use the sample page to obtain the following information:

Q28. The amplification factor of the 6J5 is
Q29. The 6J5 may be used as a

QQ30. With a plate voltage of 90 and a grid voltage of 0,

theg, is —

Q31. With a grid voltage of —8 and a plate voltage of

250, ther, is —



Your Answers Should Be:

A28. The amplification factor of the 6J5 is 20.

A29. The 6J5 may be used as a detector, amplifier, or
oscillator.

A30. With a plate voltage of 90 and a grid voltage of
0, the g,, is 3,000 , mhos.

A31. With a grid voltage of —8 and a plate voltage of
250, the r, is 7,700 ohms.

Characteristic Curves

At the bottom of the sample page is a family of curves.
This is not the grid family that you have been using up
until now. The grid family of curves (also referred to as
the transfer-characteristic curves) was obtained by varying
e; while observing i, with several fixed values of e,. The
curve in the tube manual is called the plate characteristic
curve (also called the plate family of curves) and is obtained
by observing i, as e, is varied with e, held constant.

BIASING

Grid bias is the difference in DC potential between the
grid and the cathode. Bias determines the operating point
of the tube. Consider the tube in the figure.

GRID VOLTAGE AND BIAS

e

v) ov

VOLTAGE

—

]

|
i

- .

The bias on the tube above is equal to the difference
between the grid voltage (—8 volts in the figure) and the
cathode voltage (0 volts in the figure). Therefore the bias
in this case is equal to —8 volts.
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One way to measure the bias on a tube is to measure the
voltage on the grid and then the voltage on the cathode
(always with respect to the same common point, or ground).
Add these voltages as if you were going from the grid to
the cathode, and observe the polarities of the voltages. For
example, in the figure you will measure —8 volts from grid
to ground. The cathode voltage measured will be 44 volts
(4 ma x 1K). However, in going from grid to cathode, you
pass through the battery from negative to positive and then
through the cathode resistor from negative to positive. Thus
you pass through a total of —12 volts of bias.

MEASURING BIAS
VOLTAGE

32. Use the graph below to find . at a plate current of
8 ma.

33. Use the graph to find g, at an E, of 120 volts.

vy
&
a
=

Ef = 6.3VOLTS <
=
E=
i
a 1

0 %0 o0 200 320 40 40
PLATE VOLTS
)34. Grid bias is the difference in DC potential between
the ———_—and the - —— .

Q35. Bias voltage equals grid voltage if the - — — — — _ _
voltage is zero.
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Your Answers Should Be:
A32.

e ® 0V and -2v
\ |

80 \160 240 320 400 480
PLATE VOLTS
ep =80V and 120

A33.
ip =7.6ma and 3.4 ma

80/ 160 240 30 400 480

PLATE VOLTS
ep = 120V

A34. Grid bias is the difference in potential between the
grid and the cathode (not cathode to grid).

A35. Bias voltage equals grid voltage if the cathode
voltage is zero.

Biasing Methods

There are several methods of supplying bias. The funda-
mental method is the application of a steady DC voltage to
the grid of the tube. Other methods will be discussed in the
chapter on vacuum-tube amplifiers.

The bias determines the operating point of the tube. That
is, with no signal applied to the tube a certain plate current
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will flow. This current is the static plate current and is con-
trolled by the bias. The bias is nearly always negative. The
figure shows what happens when the bias is positive.

PLATE CURRENT

EFFECT OF POSITIVE GRID VOLTAGE

NONLINEARITY
DUE TO GRID-CURRENT
FLOW

- 0 +
GRID VOLTAGE

When the grid voltage is positive, it can remove electrons
from the electron stream. These are electrons that would
normally be part of the plate current. Thus, increasing the
grid voltage in the positive region would increase the num-
ber of electrons taken from the space charge and would alsc
draw more and more electrons from the plate current. This
would result in a nonlinearity at the top of the e,-i, curve,
as shown in the figure above. This is just as objectionable
as the nonlinearity at the bottom of the curve.

Q36. Bias determines the - . — _ _ ____ _____ of
the tube.
Q37. When the meters measure the voltages shown
below, what is the bias?
M1 M2 BIAS :
0 +6 1 ; .
—3 +3 g B




Your Answers Should Be:

A36. Bias determines the operating point of the tube.

A37. All of your answers should have been —6 volts. In
each case, as you look from the grid to the cath-
ode, you are looking through 6 volts of potential.
Thus, the grid must be 6 volts negative with re-
spect to the cathode.

MULTIGRID TUBES

As electronics advanced and became more complex, the
design of the electron tube also progressed. Many of these
advancements have resulted in a need for new kinds of
diodes and triodes. Others have made it necessary to add
other elements to the triode.

Feedback in the Triode

The elements of a triode act like capacitors. This effect is
called interelectrode capacitance. The capacitances are very
small, but at high frequencies they become quite objecticn-
able. This is especially true of the capacitance between the
grid and plate (C,,).

[}

. TRIODE
4 INTERELECTRODE
T *

CAPACITANCES

.
IS S IO |

In the circuit on the next page, some of the output signal
from the triode plate is returned (fed back) to the input
grid circuit through C,,. The nature of this feedback voltage
is such that it tends to reduce the input signal on the grid
(this is called negative feedback). The reasons for this
negative feedback are demonstrated in the chapter on vac-
uum-tube amplifiers. At present it is enough to say that as
the signal goes from grid to plate, it undergoes a phase shift
of 180°. Thus, the signal fed back from the plate will be
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going negative when the grid signal is going positive. The
effect of this is to decrease the signal on the grid.

EFFECTS OF GRID-PLATE CAPACITANCE

FEEDBACK
+ "\, GAIN = 20

e
voLT | Cgp

]

I

€ O

% OUTPUT l
B

I —0

4.8
0.2 VOLT INPUT voLTS
2.000 cps |
O

Above you see a typical triode amplifier circuit. Later you
will learn exactly how it operates, but for now observe the
following. The input signal (0.25 volt peak-to-peak) is ap-
plied to the grid. Since the gain of the amplifier is 20,
the output should be multiplied by that amount (0.25 X 20),
resulting in an output of 5.0 volts at the plate. However,
at a frequency of 2,000 cps the capacitive reactance of C,,
is such that there is a feedback voltage of 0.01 volt. Since
this is a negative feedback, it results in a reduction of the
input signal (0.25 — 0.01 — 0.24). This signal is then multi-
plied by the amplification (0.24 < 20), resulting in an out-
put voltage of 4.8. Thus the gain of the amplifier is 4.8
volts — 0.25, or 19.2 instead of 20. (Of course, reducing the
output voltage also reduces the feedback voltage slightly.)
If the frequency of the input signal is increased to 20,000
cps, would the gain of the triode increase or decrease?

QQ38. The capacitance between elements of a tube is
called - — — —(— —  _ _ _____

Q39. The most objectionable capacitance in a triode is

the - ——— —— ——___ capacitance.
Q40. Negative feedback —— — ——__ the gain of an
amplifier.
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Your Answers Should Be:

A38. The capacitance between elements of a tube is
called interelectrode capacitance.

A39. The most objectionable capacitance in a triode is
the grid-to-plate capacitance.

A10. Negative feedback reduces the gain of an ampli-
fier.

Feedback at Higher Frequencies

The figure below shows the same circuit as before, but the
input signal is at a higher frequency. Since the capacitive
reactance of C,, decreases with the change in frequency,
there is a greater feedback voltage. In this case it is 0.10
volt. Subtracting 0.10 from 0.25 leaves an input signal of
0.15 volt. Multiplying 0.15 volt by 20 gives an output signal
of 3.0 volts. The gain is thus 3.0 — 0.25, or 12.

EFFECTS OF CAPACITANCE AT A
GRID-PLATE HIGHER FREQUENCY

FEEDBACK :'"'N""
v
e | -
VOLT i f q(‘
3,0 L]
VOLTS | IM
it gl
INPUT P U
[
0.25 VOLT o | ) G
Tetrodes

To prevent or reduce feedback, the grid-to-plate capaci-
tance must be decreased. To do this, another element is
added between the grid and the plate.

GRID-PLATE
CAPACITANCES
IN 4 TETRODE
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This element, called a screen grid, is similar in construc-
tion to the control grid. The screen grid introduces two
capacitances in series—a capacitance between the plate and
the screen grid and the capacitance between the screen grid
and the control grid. As a result, the capacitance between
the plate and the control grid is considerably reduced. The
screen grid of the tetrode (so-called because of the addition
of the fourth element) is wound with a very thin wire. The
screen grid usually operates with a high positive voltage on
it. This voltage is never higher than that on the plate.

CURRENT FLOW IN 4 TETRODE CIRCUIT

A'AY;
PLATE
CURRENT

AN~
/
SCREEN-GRID S
CURRENT A

CATHODE T

—

CURRENT

The voltage on the screen grid helps to pull electrons out
of the space charge. Because of the thin, widely spaced
wires, most of the electrons are not collected by the screen
grid but pass through to the plate. Some of the electrons
will be attracted to the screen grid, but its current is usually
small compared to the plate current. The result of this new
construction is a tube with high AC plate resistance. A high
r, means that changes in plate voltage have little effect on
the plate current. As a result, the tetrode has a high .
(in the order of 200 or 300 as opposed to 20 to 50 for a
triode). In addition, the interelectrode capacitance is very
low, and the tube is more suitable for high-frequency appli-
cations than a triode.

Q41. The effects of grid-to-plate capacitance (increase,
decrease) as frequency increases.

(Q42. When capacitors are connected in series, the total
capacitance is (greater, less) than that of the
smaller capacitor.

()43. The element added to the triode to make a tetrode
isthe - ————— _—___.

-3
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Your Answers Should Be:

A11. The effects of grid-to-plate capacitance increase
as frequency increases.

A42, When capacitors are connected in series, the total
capacitance is less than that of the smaller
capacitor.

A13. The element added to the triode to make the
tetrode is the screen grid.

Pentodes

The tetrode is a high-mu tube that can operate at high
frequencies. But this type of tube presents another prob-
lem. Due to the extra grid operating at a high positive
voltage, electron speed is increased. Some move so fast that
they dislodge other electrons when they strike the plate.
This is called secondary emission. Some of these extra elec-
trons are attracted to the screen grid.

SECONDARY EMISSION

CONTROL SCREEN

GRID GRID

i +

catiooe O—onu__ -

When the screen-grid voltage is equal to or greater than
the plate voltage, the amount of current drawn by the screen
grid is enough to disturb the operation of the tube. This
problem was solved by the development of the pentode.

To prevent the screen grid from drawing too much current
due to secondary emission, another element, also grid-like
in construction, was added to the tetrode. Physically, this
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extra element is placed between the screen grid and the
plate; electrically, it is connected to either the cathode or
to ground. As far as the plate is concerned, this element is
negative. Electrons leaving the plate due to secondary emis-
sion are forced back to the plate by this negative element.
Since this element helps suppress secondary emission, it is
called the suppressor grid.

ACTION OF A SUPPRESSOR GRID

SCREEN  SUPPRESSOR
GRID

The addition of the suppressor grid between the plate and
screen grid also serves to reduce the interelectrode capaci-
tance between the plate and control grid still further. This
results in a tube with even better high-frequency perform-
ance than the tetrode. Pentode amplification factors are in
the order of 1,200 to 1,500 (as opposed to 200 or 300 for a
tetrode).

Q44. The release of electrons from the plate when it is
struck by electrons from the cathode is called

QI5. A o tube results when a third grid is
added to a tetrode.

Q46. The third grid in a pentode is called a
__________ grid.

Q47. The amplification factor of a pentode is (higher,
lower) than that of a triode or a tetrode.

Q48. The suppressor grid of the pentode reduces

-1

-1



Your Answers Should Be:

A44. The release of electrons from the plate when it is
struck by electrons from the cathode is called
secondary emission.

A45. A pentode tube results when a third grid is added
to a tetrode.

A46. The third grid in a pentode is called a suppressor
grid.

A47. The amplification factor of a pentode is higher
than that of a triode or a tetrode.

A48, The suppressor grid of the pentode reduces sec-
ondary emission.

11.

WHAT YOU HAVE LEARNED

. A tube containing a cathode, control grid, and plate is
a triode.

. The voltage on the control grid of a triode has a greater
effect on plate current than does the plate voltage.

. A triode can be used to amplify signals.

. The control grid is usually operated negative with re-
spect to the cathode.

. There are three tube constants—amplification factor
(1), AC plate resistance (r,), and transconductance
(8w)-

. Tube-constant values can be determined from graphs
called tube characteristics.

. Tube manuals contain information about tubes.

. Bias is the difference of potential between the grid and
cathode. It determines the operating point of the tube.

. The screen grid in a tetrode tube reduces undesirable
grid-to-plate capacitance.

10. p and r, are higher for a tetrode than for a triode.

The suppressor grid in a pentode reduces the effects of

secondary emission.

12. The amplification factor for a pentode is very high.
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Semiconductor

Devices
In this chapter the dif-
What You ference between N- and
. P’-type semiconductor ma-
Wlll Lea rn terial is discussed. A semi-

conductor diode will be com-
pared with a vacuum-tube dicde. You will learn the
difference between forward and reverse bias. You will
also learn about the elements of a transistor, and how
transistors are used as amplifiers. Transistor charac-
teristic curves are also introduced.

WHAT IS A SEMICONDUCTOR?

Materials can be classed in three groups, according to
their electrical properties—conductors, semiconductors, and
insulators. Metals such as silver, copper, and aluminum have
many free electrons. This makes it easy for current to flow
through them. For this reason these metals are called
conductors.

Materials such as glass, rubber, and many plastics have
practically no free electrons. This makes it very difficult for
current to flow through them. These materials are known as
insulators and are used in a variety of applications ranging
from the covering on conductors to the dielectric in capac-
itors.

Materials such as selenium, silicon, and germanium have
some free electrons—more than an insulator but fewer than
a conductor. These materials are generally referred to as
semiconductors.



WHY SEMICONDUCTOR MATERIALS
ARE IMPORTANT

A diode made of semiconductor material is called a solid-
state diode. Semiconductor materials are also the basic
ingredients of transistors. Solid-state diodes can replace
vacuum-tube diodes, and transistors can replace vacuum-
tube triodes. Why is this important? Solid-state diodes and
transistors are smaller, weigh less, and use less power than
their vacuum-tube counterparts. They are also more rugged
and last longer than vacuum tubes. In addition, they do not
require a filament-supply voltage.

TRANSISTORS ARE SMALLER THAN VACUUM TUBES

MINIATURE
%~ VACUUM TUBE

111]!

2

1

poccnd gl

TRANSISTOR
P

Lk

-

How do solid-state diodes and transistors work? How can
a solid substance maintain unidirectional current flow in the
same manner as a vacuum-tube diode? How can a solid
substance amplify like the triode? To answer these ques-
tions we must first go back and examine the basic building
blocks of matter—atoms.

MATTER, ELEMENTS, AND ATOMS

Matter is defined as anything that has mass and occupies
space. Air, water, books, and people are examples. Matter
consists of one or more materials called elements. Elements
are substances that cannot be divided into other substances.
Copper, aluminum, silicon, and germanium are examples of
elements. The smallest particle of an element is an atom,
which has all the properties of the element and can take
part in chemical reactions.
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The Aluminum Atom

The aluminum atom has thirteen electrons circling in
orbits around a nucleus of thirteen protons and fourteen
neutrons. The negative charges on the thirteen electrons are
exactly balanced by the positive charges on the thirteen
protons. The three valence electrons in the outer shell, or
ring, are loosely bound to the atom and are easily dislodged.
These three loosely bound electrons are the reason why
aluminum is a conductor. Aluminum has a valence of minus
8. This means that aluminum easily gives up the three
electrons in its outer ring.

DIAGRAMS OF ATOMS

VALENCE_—_
ELECTRONS

/_

VALENCE _
ELECTRONS

ALUMINUM GERMANIUM

The Germanium Atom

The nucleus of the germanium atom is larger than the
aluminum nucleus. It has thirty-two protons and forty-one
neutrons. There are thirty-two orbiting electrons, of which
four are in the outer ring. These four electrons make ger-
manium a semiconductor. The germanium atom can either
give up these electrons or take on four more to complete
its outer ring.

Q1. Copperisa(n) —« - — ——————.

Q2. Glassisa(N) - - —————.

Q3. A conductor has many . — ——~ ——————___.
Q4. Silicon isa(n) - - - o — .

Q5. A substance that cannot be subdivided into other
substances is called a(n) - ——————.

Q6. The electrons in the outer shell of an atom are
Kknown as — - — — — —— electrons.
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Your Answers Should Be:
Al
A2,
A3.
A4,
A5.

A6.

Copper is a conductor.

Glass is an insulator.

A conductor has many free electrons.

Silicon is a semiconductor.

A substance that cannot be subdivided into other
substances is called an element.

The electrons in the outer shell of an atom are
known as valence electrons.

GERMANIUM CRYSTALS

The illustration below shows a typical arrangement of
germanium atoms. Each germanium atom shares its four
outer electrons with four of its neighbors. This sharing of
electrons causes a bond which tends to keep the atoms

GERMANIUM CRYSTAL LATTICE

together. This electron-pair bond, called a covalent bond, is
formed because each atom of germanium attempts to com-
plete a full count of eight electrons in its outer ring. When-
ever several cubic structures combine, the lattice-like effect
becomes evident. A visible crystal of germanium is com-
posed of many millions of these basic crystal lattices. This
crystalline germanium is electrically neutral.
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INTRINSIC GERMANIUM

The crystal just examined is an ideal crystal. It probably
never exists in nature as such. Because of its purity, this
crystal is called intrinsic—intrinsic germanium is free from
impurities. Manufacturing intrinsic germanium is the first
step in the production of solid-state diodes and transistors.

Conduction in Intrinsic Germanium

How do eleetrons flow in semiconductors? The outer shells
of the germanium atoms form covalent bonds, so these
shared electrons are not easily dislodged to provide electric
current. This is true of all semiconductors. The reason for
current flow in semiconductors is the addition of energy to
the material. This energy may be in the form of heat, light,
or the application of an electric field, such as that due to a
voltage. Notice that these properties differ for different
semiconductors. When crystals of germanium are heated,
for example, the energy level of one of the electrons in a
covalent bond is raised. The electron frees itself from the
bond and can wander through the crystal lattice. Such free
electrons are then available for conduction when an electric
field is applied.

COVALENT BOND BROKEN BY HEAT

S FREE
+0 ELECTRON

Q7. Germanium that is free from impurities is called
_________ germanium.

Q8. Germanium atoms are held together in a crystal
i cmcoooos oooooa

Q9. Conduction is produced in intrinsic germanium by
the addition of — — - —— _.
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Your Answers Should Be:

A7. Germanium that is free from impurities is called
intrinsic germanium.

A8. Germanium atoms are held together in a crystal
by covalent bonds.

A9. Conduction is produced in intrinsic germanium by
the addition of energy.

Electron Flow Through Intrinsic Germanium

In the figure below you see a few covalent bonds of intrin-
sic germanium after the material has been heated. Elec-
trons have been liberated from each of the bonds shown. A
positive voltage is applied to the germanium. Since an elec-
tron is missing from each of the bonds, there is, in effect,
a positive charge at each covalent bond. This positive charge
is called a hole. A free electron drifting in the direction of
the applied positive voltage drifts from hole to hole until
it finally reaches the positive voltage.

ELECTRON FLOW THROUGH INTRINSIC

GERMANIUM

VOLTAGE |
APPLIED /e/" \

ELECTRON |
FREED BY HEAT +
'
VOLTAGE
® APPLIED
©

Hole Flow Through Intrinsic Germanium

Examine the figure on the next page. For each of the four
electrons in the outer ring of each atom, there is a corre-
sponding proton in the nucleus. When heat is applied (1),
an electron is liberated and starts drifting toward the posi-
tive voltage. The electron leaves a hole which may be con-

84



sidered to be positive. This hole attracts an electron from
the next covaient bond (2), thus leaving a hole at that point.
The effect of this is that the hole has moved from point 1
to point 2. In a similar fashion the hole will move to points
3, 4, and 5, and will eventually be filled by an electron from
the applied-voltage source. As long as heat continues to
liberate electrons at point 1, this action will continue.

HOLE FLOW IN INTRINSIC GERMANIUM

COVALENT

. = +G:E VOLTAGE

APPLIED

HOLE
FLOW +

L
g
L \b\\ _HOLE
N \
e

L]
VOLTAGE
APPLIED

Doping Intrinsic Germanium

You have seen how electrons and holes flow through ger-
manium. This was done by adding heat to liberate electrons
and create holes. An electric field was set up to control the
direction of hole and electron flow (also called drift). How-
ever, for transistors and solid-state diodes, intrinsic ger-
manium is of little value. There is a more efficient way of
causing conduction in germanium (or any semiconductor)—
by adding impurities to the intrinsic material. This process
is called doping. The type of impurity must be carefully
selected and the amount accurately controlled. Accuracies
up to one part in ten million are often required.

Q10. The addition of controlled amounts of impurities

to a semiconductor is called - — ——— _.
Q11. Current flow in a semiconductor consists of the
movement of — — — — _ _ _ _ _ and ———__.,
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A10. The addition of controlled amounts of impurities
to a semiconductor is called doping.

All. Current flow in a semiconductor consists of the
movement of electrons and holes.

Types of Impurities

Two types of impurities can be added to germanium. One
type produces free electrons, and the other type produces
holes. The electron-producing type of impurity is known as
N-type (negative type) and the hole-producing type is known
as P-type (positive type).

N-TYPE GERMANIUM

Examine the germanium in the figure below. Notice that
the crystal is no longer intrinsic. An N-type impurity atom
(arsenic) has replaced a germanium atom. Arsenic has five

GERMANIUM DOPED WITH ARSENIC

ARSENIC
ATOM

+Ge*

electrons in its outer ring. Therefore it can combine with
four electrons from an adjacent germanium atom. When
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this covalent bond is established, an extra electron is left
unpaired. This electron is loosely attached to the arsenic
nucleus because the arsenic atom now has eight electrons
in its outer ring. In order for this electron to free itself,
it requires only one-seventieth of the energy needed to free
an electron from a covalent bond. Because the arsenic has
donated an electron to the crystal, it is called a donor atom.
The crystal is called N-type germanium because of the
presence of loosely bound negative electrons. The number
of extra electrons or current carriers controls the resistance
of a semiconductor material. Obviously, the more heavily
doped materials contain more donor atoms and more extra
electrons for conduction, and thus have a lower electrical
resistance.

When an electric field is applied to an N-type crystal,
most of the electron flow is due to donor atoms. Some addi-
tional current flows due to the breaking of covalent bonds,
but this is very minor. The amount of electron flow and hole
flow due to breaking of covalent bonds will. be equal. Since

ELECTRONS AS MAJORITY CARRIERS
N-TYPE GERMANIUM

ELECTRON FLOW DUE TO BREAKING COVALENT BONDS

'

ELECTRON FLOW DUE TO N-TYPE IMPURITIES

— +

most of the flow is due to donor electrons, they are called
the majority carriers. The holes are called the minority
carriers.

Q12. The type of germanium containing an impurity
that produces free electrons is called ——-___
germanium.

Q13. The free electrons in N-type germanium are called
________ carriers.

Q14. Does hole flow equal electron flow in N-type ger-
manium? Why?
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A12. The type of germanium containing an impurity
that produces free electrons is called N-type
germanium.

A13. The free electrons in N-type germanium are called
majority carriers.

A14. No. N-type germanium is made by adding an N-
type donor atom, such as arsenic (some others
are antimony and boron), to the crystal. Most of
the current flow in a crystal is due to loosely
bound electrons from the donor atoms.

P-TYPE GERMANIUM

Suppose an aluminum atom replaced a germanium atom
in a germanium crystal. Aluminum has three electrons in
its outer ring. In the crystal, the aluminum atom combines
with four germanium atoms. The aluminum atom estab-

GERMANIUM DOPED WITH ALUMINUM

@._

ALUMINUM 3
ATOM

B

lishes a covalent bond with three of its neighbors. In place
of the fourth covalent bond there is a combination of an
electron and a hole. This hole acts as a strong positive
charge and tends to attract electrons from nearby covalent
bonds. When an electron leaves a neighboring bond, it leaves
a hole which is then filled by an electron from another
covalent bond. Thus, holes wander through P-type germa-
nium just as electrons wander through N-type germanium.

T
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Because the aluminum atom is capable of accepting an
electron, it is called an acceptor atom. The crystal is known
as P-type germanium because of the presence of positive
holes. When an electric field is applied to the crystal, alumi-
num acceptor atoms accept more electrons to fill holes than
are allowed to flow freely. Therefore the majority current
carriers are holes, and the minority carriers are electrons.

To sum up, N-type semiconductor material has extra elec-
trons donated by the impurity (donor) atom, while P-type
semiconductor material has excess holes contributed by
acceptor impurities. The more heavily the material is doped,
the lower its electrical resistance will be.

HOLES AS MAJORITY CARRIERS
P-TYPE GERMANIUM

THE TRANSISTOR

In a sense, a transistor is a valve. It controls the flow
of majority carriers through the semiconductor crystal of
which it is made. The transistor can be compared to a
triode. In fact, it is convenient to think of the transistor
as a solid-state triode.

Q15. The hole left by an electron has a — — — _ __ _ _
charge.

Q16. An electric field causes electrons to flow to the
________ terminal while holes flow to the

________ terminal.

Q17. The majority carriers in P-type germanium are
the - - —__.

Q18. P-type atoms are also called — — — — — _ _ _ atoms.

Q19. The transistor can be compared to a — ——_ _ _
vacuum tube.



Your Answers Should Be:

Al5. The hole left by an electron has a positive charge.

A16. An electric field causes electrons to flow to the
positive terminal while holes flow to the negative
terminal.

A17. The majority carriers in P-type germanium are
the holes.

A18. P-type atoms are also called acceptor atoms.

A19. The transistor can be compared to a triode vac-
uum tube.

The symbols for the triode and the transistor can be com-
pared in the figure below. Each has three elements, one of
which acts as a source of current. In the triode, this element
is called the cathode; in the transistor, this element is called
an emitter. (The arrow in the symbol points in the direction
of hole movement.) Both the transistor and triode vacuum
tube have a control element, In the triode, it is called the
grid, and in the transistor it is called the base. The tube and
transistor each have a current collector, called the plate in
the triode and the collector in the transistor.

COMPARISON OF TRANSISTOR AND TRIODE TUBE

COLLECTOR OF
CURRENT

CONTROL
pathin. § ___ COLLECTOR

BASE
— EMITTER

SOURCE OF
CURRENT

CATHODE—

In a similar fashion, a solid-state diode may be compared
to a vacuum-tube diode. Here there are only two elements.

PLATE

ANODE
COMPARISON N
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SEMICONDUCTOR DIODES

Early radios used crystal diodes to detect radio signals.
These diodes allowed current to flow in one direction but
not in the other. This unidirectional current capability is
the distinguishing feature of the diode.

A solid-state diode consists of a section of P-type semi-
conductor material joined to an N-type section. The activity

DIAGRAM OF A SOLID-STATE DIODE

/;//,//////// Y,
N N \V// il CONNECTION
CON\%E&PO P-TYPE \,‘\ 7 N-TYPE 7 / WIRE

GERMANIUM\// GERMANIUM /)
DA A i

occurring at the junction of the materials is responsible for
the unidirectional property of the diode. The contacting
surface is called the PN junction.

PN JUNCTION

Although N-type germanium has an excess of free elec-
trons, it is electrically neutral. This is because each donor
atom becomes positively charged when it gives up an elec-
tron. Thus, for every freed electron in the crystal there is
a positively charged donor atom. Therefore the crystal is
only negative in the sense that the freed electrons are the
most mobile particles.

Q20. The ability of a diode to conduct current in only
one direction is called a — — — — — — . ___
capability.

Q21. N-type germanium crystals are electrically

Q22. When P- and N-type germanium are joined to-
gether, the contacting surface is called the ——
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A20. The ability of a diode to conduct current in only
one direction is called a unidirectional capability.

A21. N-type germanium crystals are electrically neu-
tral.

A22, When P- and N-type germanium are joined to-
gether the contacting surface is called the PN
junction.

Joining P- and N-Type Germanium

Like N-type germanium, P-type germanium is also elec-
trically neutral.

DOPED GERMANIUM IS ELECTRICALLY NEUTRAL
N-TYPE GERMANIUM P-TYPE GERMAN!IUM

P LN
DONOR FREE ACCEPTOR
ATOM ELECTRON ATOM HOLE

When N-type germanium and P-type germanium are
joined, some electrons and holes combine at the junction. In
the region of the junction, N-type germanium loses some of
its electrons. Thus, it is no longer neutral in this area ; it now
has a positive charge. The electrons it loses combine with
holes from the P-type germanium at the junction. Thus the
P-type germanium becomes negative. The majority carriers
have combined at the junction, leaving charged atoms (ions)
in the area near the junction. A potential difference (in the
order of several tenths of a volt) exists between the N- and
P-type germanium ions. If more electrons try to move from
the N-type to the P-type, they are stopped by the negatively
charged ions in the P-type germanium near the junction. In
a similar fashion, holes from the P-type are prevented from
crossing the junction by the buildup of positively charged
ions in the N-type germanium near the junction. The net
effect of this action is to set up a barrier voltage that pre-
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vents further combination of electrons and holes. The area
in which this voltage exists is called the barrier region.

ACTION IN 4 PN JUNCTION

N-TYPE
GERMANIUM

P-TYPE
GERMANIUM

IO
SlFONBRE
ORRER

+ =
IONS 10NS
|

COMBINED HOLES 1 t,}—

AND ELECTRONS iBARRIER VOLTAGE
BARRIER
REGION

Reverse Bias

You know that a diode basses current more readily in one
direction than in the other. Let’s consider the effect of the
barrier region on current flow through a semiconductor
diode. Suppose that the positive terminal of a battery is
connected to the N-tvpe germanium of a diode and the nega-
tive terminal to the P-type germanium.

The positive terminal of the battery attracts electrons
from the PN junction, and the negative terminal of the
battery attracts holes from the PN junction. This results
in more positive ions (donor atoms that have lost their free
electrons) in the N-type germanium in the vicinity of the
PN junction and more negative ions (acceptor atoms that

Q23. The area at the Junction is called the _ _ _ __ _ _

Q24. At the junction, N-type germanium is
__________ charged.

Q25. The - _____ _______ prevents complete
combination of all of the holes and electrons.

Q26. The barrier voltage is in the order of - ____



Your Answers Should Be:

A23. The area at the junction is called the barrier
region,

A24. At the junction, N-type germanium is positively
charged.

A25. The barrier voltage prevents complete combina-
tion of all the holes and electrons.

A26. The barrier voltage is in the order of tenths of a
volt.

have lost their holes) in the P-type germanium in the same
area. This action creates a wider barrier region and results
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in a larger barrier voltage. The action continues until the
barrier voltage equals the reverse bias (battery voltage).
No current flows because these voltages are equal and oppo-
site. This condition is called equilibrium.

Forward Bias

Now suppose the battery leads are reversed. Instantly,
electrons are attracted to the positive terminal of the bat-
tery. An electron flow is set up in the N-type germanium
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and moves toward the PN junction. When an electron
reaches the junction, it combines with a hole. The N-type
germanium is now positive and may accept an electron from
the negative battery terminal. Similarly, the P-type be-

FORWARD-BIASED DIODE

HOLE AND
ELECTRON
N-TYPE GERMANIUM P-TYPE GERMANIUM COMBINE

ELECTRON E’T‘\ ‘fj‘-@-® & @ 2 @ @% ELECTRON
ENTER\S‘ e C‘ @9@ @ @ @ ;/EAVES
@@@@@eooeo
3 emm mloce o
[tecRonriow JME  HOLEFLOW |

FORWARD BIAS
=1 I | L+
T

comes negative when a hole combines with an electron at
the barrier. Thus, it gives up an electron to the positive
battery terminal. A solid-state diode symbol is shown below.

DIODE — N-TYPE R\ P-TYPE \\
CURRENT FLOW > SEMICONDUCTOR
SYMBOLS (R, DIODE
SYMBOLS I v o
compARED CREALL A R SliTE

VACUUM-TUBE
DIODE

Q27. Equilibrium due to reverse bias occurs when the
_______ voltage equals ——_ ____ voltage.
Q28. Connect the diode i_
to the battery so —
the diode is re-

verse-biased. T
Q29. Conduction is due to —— — _ flow in P-type germa-
niumand - — _ _ _ _ _ _ flow in N-type germanium.
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A27. Equilibrium due to reverse bias occurs when the
barrier voltage equals battery voltage.

A28. For the diode to be reverse-biased, the positive
terminal of the battery must be connected to the
cathode, and the negative terminal of the battery
must be connected to the anode.

x -

A29. Conduction is due to hole flow in P-type germa-
nium and electron flow in N-type germanium.

DIODE CHARACTERISTICS

You have learned how a solid-state diode operates. Now
some of its important characteristics will be examined.
These are the current-voltage, resistance, temperature, and
capacitance characteristics.
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urrent-Voltage Relationships

The graph on the opposite page shows the amount of cur-

ant that will flow through a typical diode when various
oltages are applied. The positive-voltage region is the area
1 which the diode is forward-biased. The reverse-bias
egion is to the left of the origin. Remember that the diode
ill not conduct in the reverse direction. This is true on
he graph up to almost 40 volts of reverse bias. Above this
alue, small currents in the order of a few microamps start
y flow. This current flow is due to the minority carriers.
Vhen the reverse bias reaches about 45 volts there is a
harp increase in reverse current. This is called avalanche
reakdown.

esistance

The resistance of solid-state diodes varies with the ap-
lied voltage. Resistance is high for low forward-bias volt-
ges and is low for high forward-bias voltages. For reverse
iases, the resistance is very high until avalanche break-
own occurs.

'‘emperature

Solid-state diodes have a negative temperature coefficient.
'his means that as the temperature increases, the resist-
nce of the diode decreases. Within certain limits the effects
f resistance changes due to temperature change are not
etrimental to the operation of the diode. However, when a
ery high temperature is reached, the resistance of the
iode decreases so much that the current through the diode
ay be high enough to permanently damage the crystalline
tructure. This action is called thermal runaway and pre-
ents a serious problem in circuit design.

Q30. The condition in which the current through a
reverse-biased, solid-state diode sharply increases

iscalled - — — — — — — - .

Q31. The resistance of a solid-state diode varies with
the - — & .

Q32. Solid-state diodes have a — — — ————— tempera-

ture coefficient.
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A30. The condition in which the current through a
reverse-biased, solid-state diode sharply increases
is called avalanche breakdown.

A31. The resistance of a solid-state diode varies with
the applied voltage.

A32, Solid-state diodes have a negative temperature
coefficient.

Capacitance

Two conductors separated by a dielectric constitute a
capacitor. Thus, a solid-state diode is a capacitor in which
the barrier region serves as the dielectric. At low frequen-
cies the effects of this capacitance need not be considered.
At high frequencies, however, this capacitance (in the order
of about 3 to 5 micromicrofarads) becomes an important
factor.

SEMICONDUCTOR-DIODE DATA

Most electronic parts catalogs have several pages devoted
to semiconductor diodes. An example of some of the data
you will see in such a catalog is shown in the table below.
Notice that diodes are designated 1N34, 1N58, ete. Just as
with vacuum tubes, manufacturers have agreed to call diodes
having the same characteristics by the same type number.

SEMICONDUCTOR DIODE CHARACTERISTICS
Peak | Ambient |F dCURRENT
TYPE Im?:rse, Temperature | Peak |AVERAGE|CAP A AN
Volts Range—°C ma ma (A
1N34A 60 |—50 to +75 150 50 1.0
1N58A{ 100 {—50 to +75 150 50 1.0

The table shows some of the characteristics for the 1N34A
and IN58A. Peak inverse voltage (PIV) is the reverse bias
at which avalanche breakdown occurs. The ambient temper-
ature range is that range of temperatures over which the
diode will operate and still maintain its basic characteristics.
Forward current values are given for both the average cur-
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rent (that current at which the diode is usually operated)
and the peak current (that current which, if exceeded, will
damage the diode). The only difference between these two
diodes is in the peak inverse voltage. Therefore the 1N34A
could be substituted for the IN58A in applications involving
signals of less than 60 volts peak-to-peak.

TRANSISTORS

Understanding how the semiconductor PN junction oper-
ates was the first step in understanding how a transistor
operates. As you will see, a transistor is a semiconductor
device with two PN junctions. The two junctions are in the
form of a sandwich made up of two types of material (N
and P). This sandwich can form either an NPN or PNP
transistor,

NPN Transistors

By sandwiching a very thin piece of P-type germanium
between two glices of N-type germanium, an NPN transistor
is formed. A transistor made in this way is called a junction
transistor. The symbol for this type of transistor showing
the three elements (emitter, base, and collector) is given
below. The three elements correspond to the cathode, grid,
and plate, respectively, of a vacuum-tube triode.

NPN TRANSISTOR SYMBOL

NPN
SYMBOL

COLLECTOR  BASE EMITTER

P-
—— N-TYPE TYPE N-TYPE |—
N P N
Q33. The capacitance of a solid-state diode must be con-
sidered at — — — — frequencies.
Q34. The three elements of a transistor are the
_______ y —m———yand - ___,

Nnon
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A33. The capacitance of a solid-state diode must be
considered at high frequencies.

A34. The three elements of a transistor are the emitter,
base, and collector.

PNP Transistors

By placing N-type germanium between two slices of P-
type germanium, a PNP junction transistor is formed. A
PNP point-contact transistor can be made by fusing two
“catwhiskers” to a large N-type base.

PNP TRANSISTORS

COLLECTOR EMITTER COLLECTOR
P_T\Q PNP /P_WPE
PNP
SYMBOL BASE vamenwal POINT-
TRVl contAcT
TRANSISTOR
EMITTER T
BASE
JUNCTION
TRANS I STOR
PNP

EMITTER COLLECTOR

P-TYPE |N-TYPE] P-TYPE

f
BASE

The symbol for the PNP transistor is almost identical to
that of the NPN transistor. The only difference is the direc-
tion of the emitter arrow. In the NPN transistor it points
away from the base, and in the PNP it points toward the
base. Electrons always flow against the direction of the
arrow. Electron flow is from N-type to P-type germanium.
If the arrow points toward the base, the electron flow is in
the opposite direction—from base to emitter. Thus, the
emitter must be P-type germanium and the transistor is
PNP. The reverse is true for NPN transistors.
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TRANSISTOR OPERATION

Several questions have probably come to mind by now
How can a solid-state material amplify ? Is there a differ
ence between a junction and point-contact transistor o
between a PNP and an NPN transistor? One of these ques
tions can be answered immediately. Junction and point
contact transistors are almost identical in operation. There
fore, all discussion will be directed to junction transistors
but it is understood that it applies to both types.

Biasing

The PN junction establishes a barrier voltage in solid
state diodes. In the junction transistor, two such PN junc
tions are established, each with its own barrier voltage. I
these PN junctions are properly biased, the transistor cai
be made to operate as an amplifier. The proper method fo
biasing an NPN transistor is discussed next.

BIAS FOR NPN TRANSISTOR AMPLIFIER

NPN
EMITTER TRANS|STOR COLLECTOR

N

N-TYPE |P-TYPE] N-TYPE

B
BASE
FORWARD BIAS REVERSE B1AS

EMITTER COLLECTOR
CURRENT CURRENT
The figure shows an NPN transistor biased properly t
operate as an amplifier. Addition of certain resistors (whicl
you will see later) would complete the picture.

Q35. A transistor is a single semiconductor crystal with
— —— PN junctions.

Q36. A transistor can perform the same function as a

Q37. P-type semiconductor material sandwiched be-
tween two pieces of N-type material forms an
— — — transistor.
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A35. A transistor is a single semiconductor crystal
with two PN junctions.

A36. A transistor may perform the same function as a
vacuum-tube triode.

A37. P-type semiconductor material sandwiched be-
tween two pieces of N-type material forms an
NPN transistor.

In the arrangement on the preceding page, a forward bias
is applied between the base and the emitter. This results in
emitter current. A reverse bias is applied between the col-
lector and the base. This results in a flow of collector current
that is nearly equal to the emitter current. The reason for
this seeming contradiction is that the base is very thin—Iless
than one-thousandth of an inch.

Before continuing, it is time to learn a few more short-
hand notations used when referring to transistors:

B—Base
E—Emitter
C—~Collector
I,—Base current

I.—Emitter current Note:
I.—Collector current these are all
Va—Voltage from emitter to base average values

V..—Voltage from collector to base

Current Flow in a Biased Transistor

The figure on the next page shows the electron and hole
flow in a biased NPN transistor. With the emitter-base
junction forward biased, electrons in the emitter drift into
the base to combine with the holes in the base. For each
combination an electron enters the emitter from V.. At
the same time, an electron leaves the base (creating another
hole) and returns to V... Thus there is electron flow in the
emitter and hole flow in the base.

Since the base-collector junction is reverse-biased, very
little current will flow through it. This current is produced
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by minority carriers—hole flow in the N-type collector ar
electron flow in the P-type base—due to V...

Why is I. almost equal to I.? Since the base is very thi
there is not a sufficient number of holes in the base regic
to combine with the large number of electrons coming fro
the emitter. These excess electrons pass through the bas
and on to the collector due to the presence of V., The re
son why these electrons are not stopped by the collector-bas
varrier voltage is that there is a strong positive voltag
ittracting them. This voltage is due to the series combin:

CURRENT IN A BIASED NPN TRANSISTOR

N P N
le EMITTER BASE COLLECTOR il

.~ N e =
I,

FCRWARD BIAS REVERSE BIAS
=i} 1|t
Ven Veb
2 e ——— g
HOLE FLOW ELECTRON FLOW

ion of V., and V.. The major portion of I. is due to th
lectron flow from emitter to collector. Notice that currer
low in the base is due to both electron and hole flow. Thu:
here are current flows indicated in both directions. I, is th
ifference between these two currents.

Q38. The emitter-base junction of a transistor amplifier
must be - —_ _ _ _ _ biased and the collector-base
junction must be — — — _ __ _ biased.

Q39. Under these conditions collector current is (equal
to, slightly less than, more than) emitter current.

Q40. This is explained by the fact that not enough
_____ exist in the base to combine with all the
_________ coming from the — — _ _ _ _ _ .,

Q41. Identify the following shorthand notations: I,, I
I, V., and V.

s
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A38. The emitter-base junction must be forward-biased
and the collector-base junction reverse-biased.

A39. Under these conditions collector current is slightly
less than emitter current.

A40. This is explained by the fact that not enough
holes exist in the base to combine with all the
electrons coming from the emitter.

A4l1. I,—Base current
I.—Collector current
I.—Emitter current
V.—Voltage from emitter to base
V.—Voltage from collector to hase

<

| All average
values

Biasing PNP Transistors

The difference in operation between PNP and NPN tran-
sistors is that holes are the majority carriers in the PNP
transistor. Proper bias for a PNP unit is achieved by using
“negative” voltage polarities—just the opposite of those
used for an NPN transistor. However, the bias between
emitter and base is still forward bias and the bias between
collector and base is still reverse bias. Since the emitter is
P-type and the base is N-type germanium, a battery with its
positive terminal connected to the emitter will forward-bias

CURRENT IN 4 BIASED PNP TRANSISTOR

P N P
e EMITTER [BASE] _ COLLECTOR I
r E C ﬁ
FORWARD BIAS Ib1 B REVERSE BIAS
o el
S+ ]||||rL
Veb Veb
HOLE FLOW ELECTRON FLOW

the emitter-base junction. In a similar fashion, a battery
whose negative terminal is connected to the P-type collector
will reverse-bias the collector-base junction.
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When so biased, the transistor conducts. The emitter,
being a P-type semiconductor, releases holes to combine with
electrons in the base. For each combination an electron in
the emitter enters the positive terminal of the bias battery.
This leaves a hole to migrate toward the base. At the same
time, an electron from the negative terminal of the battery
enters the base. Notice that electrons, and not holes, flow
in the external circuit.

Because the base is thin, many more emitter holes exist
than base electrons. The excess holes are drawn to the nega-
tive battery terminal connected to the collector.

HOW A TRANSISTOR AMPLIFIES

Recall how the control grid in a vacuum-tube triode has
a much greafer control of plate current than the plate. A
transistor is capable of amplification because of a similar
arrangement. The base in the transistor acts to control
current through the transistor in much the same fashion
as the grid controls current in the triode.

Consider another arrangement of the transistor. This
arrangement is similar to the one showing a properly
biased NPN transistor. The only difference is that the

GROUNDED-EMITTER CIRCUIT

Iel _].!, %//// v llc

Vpe ———

\

Vee
Atk
reverse bias between collector and base is provided by V..
in series with but opposing V,,., and V., is large compared
to Vi.. Thus, V.. replaces V,, in series with V,. This is
called a grounded-emitter circuit.

Q42. Bias polarities for a PNP transistor are the
________ of those for an NPN transistor.

Q43. The base in a transistor has an action similar to
the - — — _in a triode.
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Your Answers Should Be:

A42, Bias polarities for a PNP transistor are the oppo-
site of those for an NPN transistor.

A43. The base in a transistor has an action similar to
the grid in a triode.

Triode Amplifier Versus Transistor Amplifier

The grounded-emitter circuit mentioned on the previous
page is the most common arrangement for a transistor
amplifier. Let’s compare it with the most common triode
circuit, the grounded-cathode amplifier. You can see from
the figure where this amplifier gets its name.

BASIC AMPLIFIERS

I
P VOLTAGE
GAIN
FORMULA

£y =

aEp
VOLTAGE GAIN » ——
a Eg

CURRENT
GAIN
FORMULA

AIC

CURRENT GAIN =

aT,

Compare the two circuits shown in the figure. The triode
is composed of a cathode (K) that emits electrons; a plate,
or anode, (P) that collects the electrons; and a grid (G)
that controls the flow of electrons to the plate. The tran-
sistor is composed of an emitter (E) that supplies electrons,
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collector (C) that collects the electrons, and a base (B)
hat controls the flow of electrons. The transistor base is
ery thin, and the vacuum-tube grid has a fine-wire con-
truction. Each of these elements, therefore, allows accel-
rated electrons to pass through. However, each has great
ontrol over the number of electrons that actually reach the
ollector of electrons (the plate or collector).

The gain of a triode is determined as follows. The change
1 plate voltage necessary to produce a change in plate cur-
ent is compared with the change in grid voltage that pro-
uces the same change in plate current. In the transistor
he forward bias (V,.) serves the same function as the
egative bias in the triode. Instead of a voltage gain, how-
ver, a current gain will be measured. The symbol for cur-
ent gain is the Greek letter 8. To obtain this current gain,
.and I, are recorded for a particular V,.. V,. is changed
nd the new I. and I, recorded (V.. is held constant). Cur-
ent gain is then calculated by dividing the change in I. by
he change in I,. g is often called hy,.

Another parameter of the transistor (beta is a parameter
ke mu in the triode tube) is alpha («). Alpha is the ratio
f the change in collector current to the corresponding
hange in emitter current, when the collector voltage is
onstant. Another symbol for « is hy,. It has been shown
hat under most biasing methods the collector current is
lightly less than the emitter current (due to the base draw-
1g some of the current from the emitter). Therefore the
atio of Al. and Al must be less than one. For example, if
he collector current changes 4.8 ma and the emitter cur-
ent changes 5 ma, then the base current must change 0.2
1a. Calculate alpha as follows:

Al, 4.8 ma — 096

Q4. A o o ___ transistor config-
uration corresponds to a grounded-cathode triode
amplifier.

Q45. The numerical value of alpha is — ——_. _—___

Q46. If I, is 100 xa when I. is 1.0 ma, and I, is 50 na
when I, is 0.5 ma, what is g?
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Your Answers Should Be:
A44. A grounded-emitter transistor configuration cor-
responds to a grounded-cathode triode amplifier.
A45. The numerical value of alpha is less than one.
Ad6.
Al 1.0 ma — 0.5 ma 0.5 ma

f="A=

= =10
Al 100pa — 50ua 50ua

Transistor Amplification

How can a current gain of less than one result in ampli-
fication? The answer is that a power gain is realized. The
reason for this can be found in the values of the input and
output impedances (resistances) of the transistor. The input
resistance of the forward-biased, emitter-base junction is
low. The output impedance of the reverse-biased, collector-
base junction is very high. Consider the formula for power:

P = IR

If you compare the input and output circuits of the tran-
sistor in terms of their power consumption, you will see.that
there is a power gain. Consider a transistor with an emitter-
base resistance of 100 ohms and a collector-base resistance
of about 1 megohm. Since the collector and emitter currents
are very nearly the same, the difference in the power pro-
duced by each will depend largely on the resistance. Thus,
the power in the collector circuit will be much larger than
that in the emitter circuit. The transistor is capable of
matching low-resistance circuits to high-resistance circuits
and providing a power gain. It is this transfer of resistance
that gives the transistor its name. Contracting transfer and
resistor gives transistor.

BASIC TRANSISTOR AMPLIFIERS

NPN or PNP transistors can also be used as grounded-
collector and grounded-base amplifiers. The three basic
transistor amplifiers can be compared with the three basic
vacuum-tube amplifiers—the grounded-cathode, grounded-
grid, and grounded-plate.
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“ommon-, or Grounded-, Base Amplifier
Shown below are an NPN, common-base amplifier and its
racuum-fube equivalent, the grounded-grid amplifier. The
»ase and grid are grounded. The input signal is applied to
COMPARISON OF AMPLIFIERS
£, ~C

Cf% OUTPUT
INPUT
—o0

GROUNDED BASE

_‘I .

GROUNDED GRID

the emitter in the common-base circuit, and to the cathode
in the grounded-grid circuit. The output signal is taken from
the collector and the plate. The input and output signals of
these amplifiers have the same polarity ; that is, they are in
phase. The common-base circuit is used mostly as a voltage
amplifier. It has these characteristics:

The input impedance is low, about 60 to 180 ohms.
The output impedance is high, about 0.5 to 1.0 megohm.
Current gain is less than one.

Voltage gain is medium, about 150.

Power gain is medium, about 450.

S e

No phase reversal occurs.

Q47. Phase shift in a grounded-base amplifier is - — - —.
Q48. The voltage gain in a grounded-base amplifier is

Q49. In a grounded-base amplifier, the input impedance
is ———, and the output impedance is — —— ..
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Your Answers Should Be:

A47. Phase shift in a grounded-base amplifier is zero.

A48. The voltage gain in a grounded-base amplifier is
medium.

A49. In a grounded-base amplifier, the input impedance
is low, and the output impedance is high.

Common-, or Grounded-, Emitter Amplifier

The figure below shows a common-emitter amplifier and its
vacuum-tube equivalent, the grounded-cathode amplifier.
The emitter and cathode are grounded. The input signal is
applied to the base and the grid, respectively, and the ampli-
fied output is taken from the collector and the plate, respec-

COMPARISON OF AMPLIFIERS

OUTPUT

L.
GROUNDED EMITTER

—0

RL

OUTPUT

[
GROUNDED CATHODE
tively. A phase reversal of 180° occurs between the input
and the output. This phase reversal will be explained in the
chapter on triode amplifiers. The common-emitter amplifier
has these characteristics:

1. Input impedance is low, about 700 to 1,000 ohms.

2. Output impedance is high, about 50,000 ohms.
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3. Current gain is about 50.
4. Voltage gain is high, about 500.
5. Power gain is very high, about 800.
6. Phase reversal occurs.
Common-, or Grounded-, Collector Amplifier

The figure shows a common-collector amplifier and its
vacuum-tube equivalent, the grounded-plate amplifier. Notice
that the collector and plate are not at DC ground, but at AC
ground, due to the large capacitor bypassing the battery.
The input signal is applied to the base and grid, respectively.

COMPARISON OF AMPLIFIERS

E O

SR OUTPUT

=T T T )
-

" GROUNDED COLLECTOR

K O

R
§ L OUTPUT

T
. o
GROUNDED PLATE

The output signal is taken from the emitter and cathode,
respectively. This circuit is also called an emitter follower,
and its equivalent is called a cathode follower. The charac-
teristics of the emitter-follower amplifier are summarized
on the next page.

INPUT

3

il
1

Q50. A common-emitter amplifier produces a phase shift
of .

Q51. The voltage gain of a common-emitter amplifier is
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Your Answers Should Be:

A50. A common-emitter amplifier produces a phase
shift of 180°.

A51. The voltage gain of a common-emitter amplifier
is high.

Emitter-Follower Characteristics

The gain of an emitter-follower and a cathode-follower cir-
cuit is always less than one. These circuits are usually used
to match impedances between two circuits. The common-
collector amplifier has these characteristics:

1. Input impedance is very high, about 300K to 600K.

2. Output impedance is low, about 100 ohms.

3. Current gain is about 50.

4. Voltage gain is less than 1.

5. Power gain is low, about —250. (The negative sign
means that power is consumed by R,.)

6. No phase reversal occurs.

TRANSISTOR CHARACTERISTICS

The performance of transistors, like solid-state diodes, is
affected by temperature. A change in temperature varies
the junction resistance. From the study of diodes you
learned that the PN junction has a negative temperature
coefficient. This changes the junction bias and the current
flow across the junction and therefore affects transistor per-
formance. For this reason, manufacturers list operating
temperatures for their transistors.

TRANSISTOR CHARACTERISTIC CURVES

Do you remember how to obtain information from the
family of curves associated with the vacuum-tube amplifier ?
Transistors have similar curves. The figure shows the fam-
ily of curves for both a pentode amplifier and an NPN-type
transistor connected as a common-emitter amplifier. Notice
the correspondence between I, and I, E, and V,, and E, and
I,.
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. The emitter follower is best used for what pur-

pose?
is most used as a

used as a power amplifier.

. Use the V.1, curves to obtain beta.
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Your Answers Should Be:

A52. The emitter follower is best used to match high-
impedance circuits to low-impedance circuits.

A53. The common-base circuit is most used as a voltage
amplifier.

A54. The common-emitter circuit may be used as a
power amplifier.

A33. ‘ 0

o tma)
g
-

vl

- 0.3 CHARACTERISTIC
% CURVES
g BASE
3 w4 0.2 CURRENT
3 /- lb (ma)
S 19 md -0.1 ma
S ==
=
g

12ma - : —

1 2 3 4 5 6
COLLECTOR VOLTS -v

Al 19 — 12 ma 7 ma
_ " = = =T0

A Al 0.2 — 0.1 ma 0.1 ma

Notice that this method is almost identical to the

method used to obtain parameters from vacuum-

tube curves.

TRANSISTOR SPECIFICATION SHEETS

Most transistor manufacturers present transistor infor-
mation on specification sheets. These sheets are the equiva-
lent of a tube manual. The figure on the next page shows
some of the typical data supplied.

Each manufacturer selects some of his own special elec-
trical specifications for presentation on these data sheets.
However, many of them are alike for various manufacturers.
Notice that the temperature at which these specifications
were obtained is mentioned. Many of these specifications
differ at other temperatures. The maximum values listed
are limiting values. Above these values transistor life and
performance are impaired.

114



AUDIO-FREQUENCY AMPLIFIER

2N X X X JUNCTION TRANSISTOR

TYPICAL TRANSISTOR DATA SHEET

i'x‘TN‘i -
/\
g &Y,
o
o
— o
S E
vy
dJdn=
oO<=
Qo owd
=
=}
=<
vy
= 3 s
< = s =
' = x = =
- & TR o
< = 3
o = -
< = &o =<
P> - =
< = o=
X 7 —
g d4 8 S
<< |
= 3 b | B
g
o
=
wv
- 2
o (=}
E AL
= Z X >N
= e
S =
= o
e
x
[T]
-l
=

Q56. Transistor data sheets give
specifications.

TYPICAL CIRCUIT OPERATION AT 250C

DC COLLECTOR
CURRENT ma

DC COLLECTOR
VOLTS

LOAD
IMPEDANCE

INPUT
IMPEDANCE

CIRCUIT *

AVERAGE CHARACTERISTICS AT 250C

NOI SE FACTOR db

POWER GAIN db

CURRENT
AMPLIFICATION
FACTOR

BASE
RESISTANCE

COLLECTOR
RES{STANCE

EMITTER CURRENT
ma

COLLECTOR
VOLTAGE

MAX COLLECTOR
CURRENT ma

MAX COLLECTOR
VOLTAGE

MAX JUNCTION
TEMP O¢

C COMMON COLLECTOR

*E COMMON EMITTER
B COMMON BASE



Your Answer Should Be:

A56. Transistor data sheets give electrical and mechan-
ical specifications.

WHAT YOU HAVE LEARNED

1. Semiconductors are materials that are neither good
conductors nor acceptable insulators.

2. Transistors and solid-state diodes replace vacuum tubes
because they are smaller, weigh less, are more rugged,
use less power, and have a longer useful life.

3. Intrinsic germanium has no impurities.

4. When an electron leaves a covalent bond, the space it
leaves is called a hole.

5. Holes behave as though they were positively charged
particles.

6. Adding impurities to intrinsic semiconductors is known

as doping. In a semiconductor doped with N-type im-

purities, the electrons serve as majority current car-

riers. In a semiconductor doped with P-type impurities,
the holes serve as the majority current carriers.

7. The PN junction establishes a barrier region that pre-
vents recombination of holes and electrons.

8. Current flows through a forward-biased PN junction
but not through a reverse-biased PN junction.

. Transistors function like valves to amplify signals.

10. The emitter, base, and collector of a transistor corre-
spond to the cathode, grid, and plate of a triode tube.

11. The collector-base junction must be reverse-biased. The
base of the transistor is very thin, so there aren’t
enough majority carriers in the base to combine with
the majority carriers in the emitter. The excess major-
ity carriers are drawn to the collector by the voltage
connected to the collector terminal.

12. Transistor current gain (measured from collector to
base) is called beta (g8) and may be quite large. Another
current gain (measured from emitter to collector) is
called alpha (a) and is usually less than one.

<o
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Power Supplies

In this chapter you will

What You learn how diodes are used
. to change AC to pulsating
Will Learn DC. You will learn how fil-

ters are used to provide DC
that is free from the variations of the original AC. You
will also learn how regulated power supplies provide
nearly constant DC output.

PURPOSE OF A POWER SUPPLY

Some source of electrical power is required for the opera-
tion of all electronic equipment. This can be a prime power
source such as a battery or a generator. Most electronic
equipment, however, cannot make direct use of prime power
sources. For such equipment it is necessary to convert the
output of a prime power source into an electrical form suit.
able for the particular piece of equipment. The devices usec
to do this are known as power supplies.

COMPONENTS OF A DC POWER SUPPLY

The components of a DC power supply are the voltage
control, the rectifier, and the filter. The voltage contro
serves to adjust the output of the power supply so that i
is correct for the circuits that the power supply feeds. The
rectifier serves to change the AC voltage into a pulsating
DC voltage. (A rectifier may be a vacuum-tube diode, :
semiconductor diode, or a metallic-oxide rectifier.) The filte:
changes the pulsating DC into a smooth DC.
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COMPONENTS OF 1 DC POWER SUPPLY

The basic functions of a power supply are to rectify and
filter. The voltage-control function is actually incidental to
the operation of the power supply. Once you learn to sep-
arate the rectifier and filter circuits from the power supply,
you will see that the leftover components are in the voltage-
control portion.

THE RECTIFICATION PRINCIPLE

The rectification principle is very simple. If it is desired
to change an AC voltage to a pulsating DC voltage, a unidi-
rectional current-control device must be used. The diode is
such a device. Any device that accomplishes this result is
called a rectifier.

RECTIFICATION PRINCIPLE

CURRENT
FLOW
K UNIDIRECTIONAL
CONTROL
- S — ]

This simple principle is shown above. An AC voltage is
applied to a unidirectional current-control device. Current
flows only during the positive portions of the input signal.
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The output voltage is therefore composed of only the posi-
tive portions of the input. This output is called pulsating
DC.

The two most common rectifiers in use are the full-wave
and half-wave. The differences between the two are obvious
from the figure. When an AC voltage is applied to a half-
wave rectifier, only half of each cycle is made available to
the load. You will see later that not only is this type of
rectification inefficient, but it also makes it more difficult
to obtain the pure DC voltages required by some electronic
circuits.

TYPES OF RECTIFIERS

HALF-WAVE
RECTIFIER

FULL-WAVE
RECTIFIER

When AC voltage is applied to a full-wave rectifier, the
load receives current during both half cycles. Notice that
the negative half cycles have been inverted so that all the
half cycles are positive at the output of the rectifier. This
type of pulsating DC is much easier to smooth (filter) than
the output of the half-wave rectifier. Thus, smaller and less
expensive components can be used in the filter section.

Q1. An AC voltage is converted into a DC voltage by a

_______ and ————__.

Q3. The component of a power supply that changes AC
voltage to a pulsating DC voltage is the

Q4. The component of a power supply that smooths out
pulsating DC into almost pure DC is the — — _ _ __.



Your Answers Should Be:

Al. An AC voltage is converted into a DC voltage by a
rectifier.

A2, The two major functions of a power supply are to
rectify and filter.

A3. The component of a power supply that changes AC
voltage to pulsating DC is the rectifier.

A4. The component of a power supply that smooths out
pulsating DC to become almost pure DC is the filter.

FILTERING ACTION

The function of the filter is to smooth out the pulsating
DC and provide an almost pure DC. You can see in the
figure that the actual output is not quite pure DC. The
amplitude of the ripple is the factor that determines how

FILTER ACTION

OUTPUT OF
HALF-WAVE +

z\ /\RECHFIER ~—
S sy [T )

PULSATING DCWITH
DC RIPPLE
e’ ayt
0 ] o [
OUTPUT OF
FULL-WAVE
RECTIFIER

close the output is to DC. The higher the amplitude of the
ripple voltage, the farther the output is from DC.

VOLTAGE CONTROLS

Several types of voltage controls are used in power sup-
plies. The figure on the next page shows the locations they
may have in a power supply. The types of voltage control
can be roughly divided into two classes—automatic and
manual., Either type serves the same function, to supply
the correct voltage to the load.

120



The voltage control used at point 1 is the power trans
former. It may be some sort of variable transformer tha
can be manually controlled to provide the desired outpu
voltage. Or it may be a power transformer with severa
windings, each of which provides a different voltage.

CONTROL CIRCUIT LOCATIONS

,1 RECTIFIER -0’ FILTER 3) LOAD -
AC DC

VOLTAGE
CONTROL

The power transformer in the figure below has an inpu
winding (1 and 2), a 5-volt filament winding (5 and 6) fo
the rectifier, a 6.3-volt filament winding (7 and 8) for the
vacuum tubes in the equipment, and two step-up voltag
windings to supply voltage to the rest of the load. One o

l'()" 'ER TRANSFORMER

150VAC
@

117VAC

these windings (3 and 4) provides 150 volts AC, and th
other (9, 10, and 11) provides 200 volts AC with a cente;
tap. The use of this center tap will be explained later.

Q5. The function of a filter is to — — — — _ _ pulsating DC.
Q6. Voltage controls can be either — — — _ _ _ __ _ or
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Your Answers Should Be:
A5. The function of a filter is to smooth pulsating DC.
A6. Voltage controls can be either automatic or manual.

The type of voltage control used at point 2 (see the figure
near the top of the preceding page) is capable of making
automatic voltage changes. This is accomplished by using
various types of rectifier circuits that may double, triple,
or even quadruple the input voltage.

The type of voltage control used at point 3 can vary the
output voltage either automatically or manually, and is
called a regulator circuit. Its main function is to maintain a
steady output voltage from the power supply. A power sup-
ply using a regulator is called a regulated power supply.

UNREGULATED POWER-SUPPLY ACTION

o—_
UNREGULATED
POWER
SUPPLY

115VAC

UNREGULATED
POWER
SUPPLY

150vDC

~

The figure shows an unregulated power supply fed by a
line voltage of 115 volts AC. It provides an output voltage
of 140 volts DC to its load. Now suppose the line voltage
changes to 120 volts AC.

When there is an increase in the line voltage, there is an
increase in the output voltage. In the figure it happens to
be an increase of 10 volts DC. Many electronic circuits are
not affected by this much change. Others are affected only
slightly. However, many circuits are disturbed considerably
by this type of change, and a voltage regulator must be
used to correct it.
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The power supply below has a voltage regulator. When
he line voltage increases 5 volts, the output voltage remains
t 140 volts DC. Changes in the load current will also change
he output of a power supply. Voltage regulators are de-

REGULATED POWER-sSUPPLY ACTION

[ S—
REGULATED
POWER
SUPPLY

115VAC

IN OUTPUT
VOLTAGE

REGULATED
POWER
SUPPLY

igned to prevent changes under these conditions as well
Notice that many voltage regulators can be manually con.
rolled, incorporating an adjustment used for selecting @
articular voltage output.

VACUUM-TUBE AND SEMICONDUCTOR RECTIFIERS

A diode is sensitive to the polarity of an applied voltage
\ positive voltage applied to the plate, or anode, causes ¢
liode to conduct readily, while a negative voltage appliec
o the same point results in no conduction (in the case ol
he vacuum diode) or very slight conduction (in the case
f a semiconductor). It is this unidirectional property thaf
nakes a diode useful as a rectifier.

Q7. In an unregulated power supply, the output voltage
_______ when the input voltage changes.

Q8. The output voltage of an unregulated power supply
(changes, does not change) when the load current
changes.

Q9% A o . __ is used to keep the
output voltage of a power supply constant.

Q10. A diode conducts only when its plate, or anode, is
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Your Answers Should Be:
A7. In an unregulated power supply, the output volt-
age changes when the input voltage changes.
AS8. The output voltage of an unregulated power sup-
ply changes when the load current changes.
A9, A voltage regulator is used to keep the output
voltage of a power supply constant.
A10. A diode conducts only when its plate, or anode, is
positive.

Half-Wave Rectifier Circuits

A half-wave rectifier converts an AC voltage into a pul-
sating DC voltage. It does this by removing either the posi-
tive or negative half cycles from the input voltage. In other
words, only half of each sine-wave cycle is used to provide
power to the load. It can readily be seen that this type of
supply is relatively inefficient.

HALF-WAVE RECTIFIER

e (R
) o
+ [
0 /\/\] Ry = LOAD RESISTOR
- ‘ - 0 [\—/\—?
Tl I v
—4- —0 \\_, 0

Above is a typical half-wave rectifier with a power trans-
former in the input. Notice the dots at the top of each
winding of T,. These dots indicate that the transformer is
wound in such a fashion that the voltages at the ends of
the windings marked with the dots are in phase with each
other; when the top of the primary is positive, the top of
the secondary is also positive.

When the positive half cycle of the input voltage is
applied to the primary winding of T,, there is a positive
voltage applied to the anode of semiconductor CR,, causing
it to be forward-biased. CR, then conducts, causing a cur-
rent flow and a voltage drop across the load resistor (R;).
During the negative half cycle, CR, is reverse-biased and
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ery little current flows. There is very little voltage dropped
.cross R;, during this half cycle.

A half-wave rectifier can also be made using a vacuum-
tube diode. Such a circuit is shown in the figure below. The
small secondary winding is a filament winding to supply
heating current to the filament of V,. (Notice that this
winding was not needed for the semiconductor diode on the
previous page.) Observe the negative voltage output shown
in the figure. This is obtained by connecting the diode so
that it permits current to flow down through the load
resistor (Ri). Therefore, the diode plate is connected to the
top of Ri. The bottom of R.. is connected to the bottom of
T,, and the cathode of V, is connected to the top of T,. The
diode could just as easily be connected in the reverse direc-
tion to give the opposite polarity.
HALF-WAVE VACUUM-TUB

1 FILAMENT
1 WINDING

0 117 0
;];;VAC% §"’
C RL
o

In its operation, this circuit is very similar to the semi-
conductor half-wave rectifier. On the positive half cycles, a
positive voltage is applied to the cathode of the diode, and
the diode will not conduct. On the negative half cycles a
negative voltage is applied to the cathode, and the diode
does conduct. Current flows down through Ry, producing an

output of the polarity shown. Thus. only negative half cycles
appear at the output.

Q11. A half-wave rectifier passes current to the load
during (one half, both halves) of each cycle of
applied voltage.

Q12. A half-wave rectifier can be made using a
_____________ Of c e e ———— diode.

Q13. Output-voltage polarity depends on the connections
tothe - ————-

E RECTIFIER
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Your Answers Should Be:

All. A half-wave rectifier passes current to the load
during one half of each cycle of applied voltage.

A12. A half-wave rectifier can be made using a semi-
conductor or vacuum-tube diode.

A13. Output-voltage polarity depends on the connec-
tions to the diode.

Full-Wave Rectifier Circuits

A full-wave rectifier differs from a half-wave rectifier in
that it utilizes both halves of the input-voltage cycles for its
pulsating DC output voltage. Such a rectifier is shown in
the figure below.

FULL-WAVE RECTIFIER (POSITIVE HALF CYCLE)

Two diodes are employed in this circuit. A special trans-
former is used with its center tap connected to one side of
R, and to ground. When the dot side of T, is positive with
respect to the center tap, V, will conduct. The plate of V.
is connected to the other end of T;, which is negative with
respect to the center tap. Thus V. will not conduct. The
output of the circuit is as shown in the figure. Compare this
output with that of the half-wave rectifier.

On the negative half cycle, the top of T, is negative with
respect to the center tap, so V, will not conduct. The bot-
tom of T, is positive with respect to the center tap, and V.
will now conduct. Notice the direction of current flow—
through V., to the bottom of T,, out of the center tap, up
through R;, and back to the cathode of V.. Current flows
through R, in the same direction as it did for the positive
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half cycle. This results in the output half cycles all being
positive. The effect is just like passing the positive half
cycles and inverting the negative half cycles. The result is
the waveform shown in the figure.

FULL-WAVE RECTIFIER (NEGATIVE HALF CYCLE)

HALF CYCLES
CONDUCTED
BY Vy

HALF CYCLES
CONDUCTED
BYV,

Notice the difference between the pulsating DC from a
half-wave rectifier and from a full-wave rectifier. The varia-
tion in the output from the half-wave rectifier has half the
frequency of the variation from the full-wave rectifier.

A full-wave rectifier can, of course, be made using semi-
conductor diodes. The circuit below shows this. Although
the position of R;, on the diagram has been changed, the
circuit is still the same.

FULL-WAVE SEMICONDUCTOR RECTIFIER

=
g
LB

Q14. A full-wave rectifier uses a transformer with a
____________ secondary.

Q15. A full-wave rectifier conducts during (one half,
both halves) of the applied-voltage cycle.
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Your Answers Should Be:

Al4. A full-wave rectifier uses a transformer with a
center-tapped secondary.

Al5. A full-wave rectifier conducts during both halves
of the applied-voltage cycle.

Bridge Rectifier Circuit

There is a type of full-wave rectifier circuit that does not
require a transformer with a center tap. Instead, it uses
four diodes. This circuit is called a bridge rectifier circuit.

BRIDGE RECTIFIER (POSITIVE HALF CYCLE)

On the positive half cycle, current flows through CR;, up
through the load resistor, and back through CR,. CR. and
CR, are reverse-biased and act like open switches.

BRIDGE RECTIFIER (NEGATIVE HALF CYCLE)

CONDUCTED
BY CR3 & CR;

CONDUCTED
BY CR; & CRy

The figure above shows the current direction for the nega-
tive half cycle.
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The bridge rectifier is usually used in power supplies that
must deliver a large amount of current. Since the usual
semiconductor diodes are not adequate to carry these large
currents, special selenium or copper-oxide metallic rectifiers
are usually used.

FILTERS

The filter is the section of a power supply that smooths
the pulsating DC to make it almost pure DC. The types of
filters most commonly used are shown below. As you see,
filters are simply circuits made up of resistors, capacitors,
and inductors in various combinations. The operation of
filters depends on the ways that L, C, and R affect changing
voltages and currents.

FILTER CIRCUITS AND COMPONE

CAPACITIVE L-SECTION n-SECTION
FILTERS FILTERS FILTERS

bR AR

o

[}

Q16. A bridge rectifie

wave) rectifier.

Q17. What are the three types of filters most commonly
used?

CAPACIT(
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Al6. A bridge rectifier is a type of full-wave rectifier.

A17. The three types of filters most commonly used are
the: 1. capacitive filter, 2. L-section filter, and 3.
= (pi)-section filter.

The Capacitive Filter

Basically, the capacitive filter is simply a capacitor con-
nected in parallel with the load resistance. As the pulsating
DC voltage from a half-wave or full-wave rectifier is applied
across the capacitor, it charges to the peak applied voltage.
If there were no load resistance connected across the output,
the capacitor would remain charged to the peak voltage.

CAPACITIVE FILTER ACTION

DISCHARGE
CURRENT

AN > : VA :
0 _L 5 1]
INPUT FROM CHARGE hd R OUTPUT TO
HALF-WAVE CURRENT BT L LOAD
RECTIFIER
¢ *—O

O

In practice, there is always a load resistance connected
across the capacitor. Between peaks, the capacitor dis-
charges through the load resistance, and the voltage grad-
ually decreases. The amount the voltage decreases before
the capacitor is charged again by a peak in the pulsating
DC is called ripple voltage.

The amount of capacitor discharge between voltage peaks
is controlled by the RC time constant of the filter capacitor
and the load resistance. If the load resistance is large and
the capacitance is large, the ripple voltage is small; the
pulsating DC has been smoothed out until it is almost a
pure, constant DC voltage.

Variations in the output voltage are not desirable because
they affect the operation of vacuum-tube or transistor cir-
cuits receiving the DC. The increased ripple voltage caused
by reduced load resistance is one undesirable feature of the
capacitive filter.
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A second undesirable feature of a capacitive filter is the
large charging current. This excessive current flows into
the capacitor to charge it when the power supply is first
turned on. This initial current is often called a surge cur-

CAPACITIVE FILTER CHARGE AND DISCHARGE
DISCHARGE

RIPPLE A

VOLTAGE Y

CHARGE

rent. Over a period of time, surge currents can cause injury
to fuses and rectifiers, resulting in eventual burnout. Each
surge current can cause part of a fuse to melt slightly, for
example, until it finallv burns out. The same thing can
happen to the rectifier. A small surge of current flows
through the rectifier during each cycle to recharge the par-
tially discharged capacitor. Under certain conditions these
charging surges can become large enough to damage a diode.
The remaining two types of filters have components to reduce
the effect of ripple-voltage variations and surge currents.
Q18. What will happen to the RC time constant of the
capacitor and load resistance if the load resistance
is decreased?
Q19. If the load resistance is decreased, the filter capac-
itor wili discharge (more, less) rapidly.
Q20. What will happen to the amount of ripple voltage
if the load resistance is decreased?
Q21. The large current that flows for a short time
to charge the capacitor is called a(n) —____
Q22. If a load resistance is not connected across the

filter capacitor, what will happen to the output
voltage?
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Al18. If R, is decreased, the RC time constant will be
shorter.

A19. If the load resistance is decreased, the filter capac-
itor will discharge more rapidly.

A20. The amount of the ripple voltage increases as the
load resistance of a capacitive filter is decreased.

A21. The large current that flows for a short time to
charge the capacitor is called a surge current.

A22. If a load resistance is not connected across the
filter capacitor, the capacitor will charge to the
peak value of the filter input voltage and the out-
out voltage will remain at this value.

L.-Section Filters

An L-section filter reduces surge currents by using a cur-
rent-limiting resistor or inductor. This limiting resistor or
inductor is connected in series with the capacitor. A limit-
ing resistor controls surge currents by introducing an RC

-SECTION FILTER WITH SERIES RESISTOR

AWA —
0 - & RL 0-

O . » -0

time constant to slow the charging of the capacitor.

When an inductor is used as the series element, the surge
currents are reduced in a different manner. The inductor
opposes a change in current by creating a counter emf. As
a result, the surge current is greatly reduced and the
capacitor charges more slowly.

An inductor used in an L-section filter also adds to the
filtering action of the capacitor. The inductor reacts to
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changes in current caused by the ripple voltage the same
way it reacts to the surge current. The counter emf tends
to cancel out the effects of the ripple voltage.

The operation of the L-section filter can also be explained
in terms of reactance. In a simple capacitive filter, and in
an L-section filter with a limiting resistor, the filtering
action is the result only of the reactance of the capacitor
(X,). The capacitor presents a low reactance to AC and a
very high reactance to DC. The AC part of the input is
therefore bypassed through the capacitor, but the DC part
goes directly to the load.

L-SECTION FILTER WITH SERIES INDUCTOR
L

|

e O

To understand the L-section filter with an inductor, the
reactance of the inductor must also be considered. The react-
ance is high for AC, but it is nonexistent for DC. The
inductor presents a high reactance to the AC current pro-
duced by the ripple voltage. The inductor therefore tends
to block this current. It presents zero reactance to the DC
and allows it to pass readily. The AC that is not blocked
by the inductor is mostly bypassed by the capacitor.

()23. In an lL.-section filter, AC ripple can be blocked by
an) c—————__.

Q24. In an L-section filter, AC ripple can be bypassed
by a(N) - - .

Q25. An L-section filter with a limiting resistor is
(more, less) effective than one with an inductor.

Q26. An inductor has a ———— reactance for AC
than for DC.
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A23. In an L-section filter, AC ripple voltages can be
blocked by an inductor.

A24. In an L-section filter, AC ripple voltages can be
bypassed by a capacitor.

A25. An L-section filter with a limiting resistor is less
effective than one with an inductor.

A26. An inductor has higher reactance for AC than for
DC.

Pi-Section Iilters

A pi-section filter has three elements—a shunt input
capacitor, a series choke (inductor), and a shunt output ca-
pacitor. As the input voltage reaches the first capacitor, the
capacitor bypasses most of the AC ripple current to ground.
This presents a smoother waveshape to the choke. The
choke presents a high inductive reactance to the AC ripple

PI-SECTION FILTERS

L R
oy To== o l W l —o
C_L CJ_ c CT
With Choke (L) With Resistor

current and tends to block it. To put it another way, the
choke opposes a change in current, and so it acts to smooth
the current passing through it. Finally, the second capacitor
is designed to bypass to ground any remaining AC compo-
nents. The resulting output is a smooth DC voltage.

To save money, the choke is sometimes replaced with a
resistor. This results in less smoothing action. A pi-section
filter using a resistor depends for some of its effectiveness
on the long time constant of the series resistor and the out-
put capacitor. If this time constant is much longer than the
period of the AC ripple, the output capacitor will charge

134



nd discharge very little during any one pulse of the ripple
oltage. The waveshape will then be smoothed out. How-
.ver, the resistor also consumes power. This is an important
-onsideration in a power-supply circuit.

REGULATED POWER SUPPLIES

Regulated power supplies are those that keep the voltage
(or current) supplied to the load constant, even if the power-
ource voltage fluctuates or the load changes.

Basically, the voltage-regulator part of a regulated power
supply is a variable resistance that automatically changes
is the output voltage changes. (For simplicity, no filter is
shown in the figure.)

/OLTAGE REGULATORS REPRESENTED AS VARIABLE RESISTORS

e %

IN SHUNT WITH POWER SUPPLY IN SERIES WITH POWER SUPPLY

A shunt voltage regulator combines with the resistance of
the power supply itself, or with an additional resistor, to
form a voltage divider. As the shunt resistance increases,
mote voltage appears across it as an output to the load. As
the shunt resistance decreases, less voltage appears across
it.

The series voltage regulator forms a voltage divider in
series with the load resistance. As the series resistance
increases, less voltage appears across the load resistance. As
the series resistance decreases, more voltage appears across
the load.

27. What are the three elements of a pi-section filter?

Q28. A pi-section filter with a resistor gives (better,

poorer) filtering action than one with a choke.

)29. A voltage regulator may be compared to a
________ resistor.



Your Answers Should Be:

AZ27. The three elements of a pi-section filter are a
shunt input capacitor, a series choke or resistor,
and a shunt output capacitor.

A28. A pi-section filter with a resistor gives poorer fil-
tering action than one with a choke.

A29. A voltage regulator may be compared to a vari-
able resistor.

The resistance of a shunt voltage regulator increases when
the output voltage decreases. It decreases when the output
voltage increases. Thus, it automatically returns the output
voltage to normal. Similarly, the resistance of a series volt-
age regulator increases as the output voltage increases and
decreases as the output voltage decreases.

There are several ways of achieving resistance that varies
with output voltage. One of these is the gaseous voltage-
regulator (VR) tube. This is a diode filled with a current-
conducting gas. As the voltage applied across this tube
increases, the gas becomes more ionized, and the resistance
of the tube decreases. This type of tube can be used as a
shunt voltage regulator.

SIMPLE VR-TUBE VOLTAGE REGULATOR

4+«
O+
POWER
SUPPLY
VR REGULATED
TUBE VOLTAGE
—c ’ 0 —

The limiting resistor in series with the VR tube is selected
to limit the current through the tube to a safe value. Gas-
eous voltage regulators keep the output voltage constant to
within about 19/ . They come in a number of specific voltage

136



ratings. To change the constant output voltage, it is neces-
sary to change the tube. To obtain higher voltage ratings,
VR tubes can be connected in series so that only part of the
output voltage appears across each one.

The regulated voltage from a VR-tube regulator is fixed
in value. Vacuum tubes are often used where it is desirable
to vary the value of a regulated voltage.

VACUUM-TUBE VOLTAGE REGULATOR

REGULATED
Dscuﬁgw g RL<S "VOLTAGE

VR
TUBE

A vacuum-tabe circuit can be used as a series voltage
regulator. The current passing through the tube from cath-
ode to plate depends on the grid bias. Another way to say
this is that the resistance of the tube depends on the grid
bias. Therefore, by varying the voltage on the grid, the tube
resistance can be changed as necessary.

A source for the grid bias is needed. This may be a bat-
tery or it can be a VR regulator connected to the power
source. A potentiometer in the grid circuit makes it possible
to adjust the bias.

If the voltage of the power source rises, the voltage at the
cathode of the triode also increases. This causes an increase
in the negative grid bias and reduces the current through
the tube, effectively increasing the plate resistance. The
output voltage is thus reduced. If the power source voltage
drops, the opposite action takes place. This circuit will also
compensate for changes in load resistance. A transistor
instead of a tube can be used in a similar circuit.

Q30. The resistance of a shunt voltage regulator de-
creases as the output voltage — — —— — _ __ _,

Q31. The resistance of a series voltage regulator
_________ as the output voltage decreases.
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A30. The resistance of a shunt voltage regulator de-

A31l. The resistance of a series voltage regulator de-

creases as the output voltage increases.

creases as the output voltage decreases.

10,

11.

12.

13.
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WHAT YOU HAVE LEARNED

. Power supplies are most often used to convert AC

voltages into DC voltages.

. The components of a DC power supply are a voltage

control, rectifier, and filter.

. A power transformer provides AC at desired voltage

values as an input to a power supply.

. A diode (or combination of diodes) is used to convert

AC into pulsating DC.

. There are basically two types of rectifiers—half-wave

and full-wave.

. A bridge rectifier is one type of full-wave rectifier; an-

other type uses two diodes.

. The filter smooths out the pulsating DC and provides

almost pure DC.

. Three of the most commonly used filters are capacitive,

L-section, and pi-section.

. The AC component of the filtered DC is called ripple

voltage.

Voltage regulators are used to provide fairly constant
DC.

Voltage regulators make adjustments in the power-
supply output voltage by varying the resistance of
vacuum tubes and/or transistors.

Voltage regulators are connected in series or in parallel
with the load resistance.

Gas tubes and triodes are two common devices used to
provide a variable resistance in regulator circuits.
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Amplifiers and

Oscillators
You will now learn how
What You vacuum tubes are used
. in practical amplifier cir-
lll LB(U’N cuits, and receive more

practice in using tube-char-
acteristic curves. You will find out how to develop
equivalent circuits for tubes and learn something about
biasing circuits. You will discover the difference hetween
voltage and power amplifiers. The common methods of
coupling a series of single-tube amplifiers to produce a
multistage, or cascaded, amplifier will be discussed. You
will hecome familiar with the way in which oscillators
generate AC voltages by the use of positive feedback.

WHAT IS AN AMI'LIFIER?

Amplifiers are probably the most common circuits in elec-
tronics. They are used everywhere, from radio receivers and
television transmitters to radar sets and giant computers.

Everyone knows what a high-fidelity audio amplifier does.
It takes a very weak signal from a phonograph pickup or
tape head and increases the amplitade of this signal until it
has enough strength to drive several large speakers.

All amplifiers increase the amplitude of an input signal
until it is large enough for the intended application. One of
the main functions of a television receiver is to amplify the
extremely weak signal voltages induced in the antenna
enough to produce an image on a picture tube.
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There are many different kinds of amplifiers. Some have
the main function of amplifying a signal voltage; these are
voltage amplifiers. Others are power amplifiers for driving
final loads. Some are designed for low frequencies; these are
DC and operational amplifiers. Others work best in the
audio-frequency (AF) range. There are radio-frequency
(RF) amplifiers designed for higher frequency ranges. Some
have a very narrow passband; they amplify only a narrow
range of frequencies. The amplifiers in a radio receiver are
an example of this type. They are concerned with amplify-
ing sine waves. Others, like the video signal amplifiers in
television sets, must have a fairly wide passband so that
complex waveforms are not distorted.

BASIC AMPLIFIER PRINCIPLE

DC POWER AMPLIFIER

You can see from this diagram that the amplifier does not
magically transform a low-power or low-voltage signal into
a larger one. You can’'t get more power out than you put
in. Instead, an amplifier controls the DC power from the
power supply according to the variations in the AC input
signal,

It is often desirable to have an output that is a reasonably
good dupucation of the input. But due to the limitations of
tubes and circuits, this is not always possible. When the
output does not follow the input exactly, there is distortion.
The amount of permissible distortion depends on the purpose
of the output signal. Distortion-free amplifiers are usually
complex and costly.
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Plate-Current Flow in an Amplifier

Now look at a simple vacuum-tube amplifier. This one
uses a triode, a tube with three elements—cathode, grid, and
plate. There is also a heater to keep the cathode at emission
temperature, but normally it is not considered as an active
circuit element.

BASIC TRIODE AMPLIFIER CIRCUIT

GRI D‘ PLATE
1
RL
CATHODE § 50K
u
= il |
i .|.||||||*h
Ec 25V Eg 300V

As the cathode is heated to emission temperature, it
begins to emit electrons into the space around it. A positive
voltage (E.) applied to the plate of the tube attracts the
negative elecirons., Electrons leave the 300-volt battery
from its negative terminal, flow into the cathode, are
emitted, and pass into the electron cloud. Then the electrons
are attracted to the plate and flow through the load resistor
back to the positive terminal of the battery. This is the
steady-state DC plate current (I).

The tube current flows in a loop, as shown, and encounters
several resistances on its way. These include the small
internal resistance of the battery, the resistance of the cath-
ode-plate path through the tube (plate resistance R,), and
the load resistance (R,). The sum of these three resistances
and the amount of the battery voltage determine the mag-
nitude of the plate current (I;). I, and the battery voltage
determine the DC-power input to the amplifier.

Q1. An amplifier has two inputs: a large - - ——_—__
input and a small - —_____ input.

Q2. The output of an amplifier is the —_— _____
input altered so that it resembles the — —_ ___
input.
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Your Answers Should Be:

Al. An amplifier has two inputs: a large DC-power
input and a small AC-signal input.

A2, The output of an amplifier is the DC-power input
altered so that it resembles the signal input.

P’late-Current Control

The amplifier circuit diagram shows a small negative volt-
age (E,) on the grid. The grid therefore has the effect of
repelling the negative electrons in the electron cloud sur-
rounding the cathode. Since the grid is closer than the plate
to the cathode, a small change in grid voltage affects plate
current as much as a large change in plate voltage. To put
it another way, a small grid voltage controls a large plate
current, making amplification possible.
Voltage Gain

The grid bias (E..) is adjusted in such a way that it allows
a small amount of plate current to flow when no input signal
is present. Now an AC input-signal voltage (e,) is intro-
duced. Suppose the DC grid bias voltage is —2.5 volts and
an AC signal that swings 2 volts in each direction (4 volts
peak-to-peak) is superimposed on it. The graph on the next
page shows how the plate current and voltage change with

AMPLIFIER WITH INPUT SIGNAL

GRID PLATE
\ R
CATHODE L
AC INPUT 50K
HEATER
SIGNAL 1 Loap
4VOLTS
eg (V) b ¥ [ResisTor
B
Il S angs
Ec 2.5v Eg 300v

the grid voltage for a particular type of tube used in the
circuit shown above. The plate current changes from 1.2 to
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1.8 milliamperes. This current, flowing through load resistor
R;, produces a change in voltage drop from 50,000 % 0.0012
— 60 volts to 50,000 % 0.0018 — 90 volts. The voltage drop
with just the DC bias applied (no signal input) is 75 volts.

T LTI T T T 71 1]

OPERATION

=z
= = e | | | |
= PLATE DC OPERATING PLATE _
., CURRENT | | POINT7 | | VOLTAGE / 0
3 “[18ma / / , =
———————————————— - —— - — — —] —-210 :
t O A o=
5 == ! { -+ 4 -+ 225 >
o | 1 =t
_1._21“8_ __________ __‘__:_--___ e — 4240 é
11— | 11 | - 4 4 — 250
‘ ! N }
| s
- |- < + + -t 4+ + + -
- ‘
‘ ’ :
| | j (1 | | '
-15 -10 -5 0 5
GRID VOLTS

Since the plate-battery voltage is 300 volts, the voltage
between plate and cathode will be 300 minus the load-resistor
voltage drop (neglecting the small battery resistance). Thus,
the plate voltage has a quiescent (no-signal) value of 225
volts, and with the 4-volt (peak-to-peak) input signal it
swings between 210 and 240 volts.

An AC signal with a peak of 2 volts was put into the
amplifier, and an AC output with a peak amplitude of 15
volts (12 of 240 — 210 volts) was produced. This AC output
voltage has 7.5 times the amplitude of the AC input volt-
age. This is a net voltage gain of 7.5.

Q3. In the circuit shown, the AC input signal is applied
to the — — — — of the tube.

Q4. The output voltage is produced by changes in the
____________ flow through the —___
resistor.
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A3. In the circuit shown, the AC input signal is applied
to the grid of the tube.

A4. The output voltage is produced by changes in the
plate-current flow through the load resistor.

PPhase Reversal

In the amplifier described on the previous pages, the plate
voltage is the difference between the plate-supply voltage
and the load-resistor voltage drop. Thus, when the load-
resistor drop is greatest, the remaining plate voltage is at
the lowest value. The load-resistor drop is greatest (the
plate voltage is the lowest) when the grid-signal voltage is
at its positive peak. When the grid voltage is at its negative
peak, the plate voltage is at its highest value. This means
then that a phase difference of 180° exists between the input
and output voltages.

TETRODES AND PENTODES

As you know, many tubes have more electrodes than the
three of the triode described so far in this chapter. The
tetrode (four-electrode) tube has a fourth element, called
the screen grid, between the control grid and the plate. This
tube was developed to overcome a particular shortcoming of
triodes.

One of the practical limitations of triode amplifiers is
that at higher frequencies the interelectrode capacitance
becomes important. This capacitance exists between cath-
ode and grid, between grid and plate, and between cathode
and plate, and is normally very small. As the input fre-
quency increases, the reactances of these capacitances de-
crease, causing undesirable effects. The capacitive coupling
from plate (output) to grid (input) is especially undesirable.
This capacitance can result in undesirable feedback, gain
reduction, and distortion. The screen grid of a tetrode acts
as an electrostatic shield between the grid and plate. In this
way it reduces the undesirable plate-to-grid capacitance to a
much lower value.

The pentode has a third grid placed between the screen
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grid and the plate. This fifth electrode is called the sup-
pressor grid. The purpose of the suppressor grid is to pre-
vent a form of reverse conduction which occurs in tetrodes.
When electrons strike the plate with enough velocity, the
force dislodges other electrons which bounce back toward
the screen grid. This secondary emission is, in effect, a
reverse current flow from plate to screen grid.

AMPLIFIERS WITH MULTIGRID TUBES

SUPPRESSOR
GRID
. é R
R, L
BYPASS = é
()eg .ﬂﬂ. (Ve ——
Ec L Ec
—— | =i — |t | st~
Eg Eg
Tetrode Pentode

The suppressor grid prevents this current from flowing.
It is electrically connected to the cathode, making it nega-
tive with respect to the plate, and thus repels any electrons
that try to travel from the plate to the screen grid. The
suppressor grid is actually a fairly coarse screen so that it
does not interfere with the main current flow between cath-
ode and plate.

Although tetrode and pentode characteristic curves differ
from those of the triode, the basic amplifier action is no
different. Throughout this chapter amplifiers will be ex-
plained in terms of triodes. It should be understood that,
according to the need, tetrodes and pentodes may also be
used as amplifiers.

Q5. The phase difference between input and output sig-
nals in the voltage amplifier just described is

Q6. The basic amplifier action of tetrodes and pentodes
(is, is not) the same as that of triodes.
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A5. The phase difference between input and output sig-
nals in the voltage amplifier just described is 180°.

A6. The basic amplifier action of tetrodes and pentodes
is the same as that of triodes.

BIASING

The graph on page 143 shows the plate current and volt-
age for any given grid voltage for one particular amplifier
circuit. A point on the curve indicates the DC bias voltage
applied to the grid. This is called the DC operating point.
or the quiescent point. With every amplifier circuit, this
point must be chosen correctly in order to have proper oper-
ation. For an accurate reproduction of the input signal, the
grid bias is usually chosen so that:

1. It is greater than the peak value of the signal; thus, the
signal-voltage swing never drives the grid positive with
respect to the cathode.

2. The entire signal-voltage swing operates over a linear
(straight) portion of the characteristic curve.

Both of the above rules are ignored in special types of
circuits. Normally, however, the grid is not driven positive
during any part of the input cycle. If this happens, the posi-
tive grid attracts electrons, and a current flows from cath-
ode to grid. This causes distortion because, during the part

DIP DUE T0
GRID CURRENT
DISTORTED
PLATE-CURRENT
WAVEFORM

of the cycle when grid current flows, the amount of current
flowing to the plate is diminished by the amount of the
grid current. Therefore, as far as the plate is concerned,
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there is a dip in the waveform, and the waveshape is dis-
torted. Also. the total power developed at the plate is made
smaller, resulting in an overall power loss. If rule 2 is vio-
lated and the tube is operated on a curved portion of its
characteristic curve, the output wave will be distorted, as
shown below. The positive and negative halves of the input

DISTORTION DUE TO NONLINEAR OPERATION

PLATE |
CURRENT

INPUT WAVESHAPE

signal are equal, but because of the shape of the curve, the
positive and negative halves of the output are quite unequal,
()7. What are the two rules for determining a suitable
DC grid-bias voltage?
()8. The DC voltage applied to the grid is called — — — —
9. Indicate on the curve shown below where a suitable
DC operating point might be located.

PLATE CURRENT

"~ GRID VOLTAGE
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A7. The DC grid voltage should be greater than the
highest voltage of the AC signal. The DC voltage
plus the signal voltage should be on a straight-line
portion of the plate-current-grid-voltage curve.

AS8. The DC voltage applied to the grid is called grid
bias.

A9.

LINEAR
PORTION

PLATE CURRENT

GRID VOLTAGE

The DC operating point should be located on the
linear portion of the curve.

LOAD LINE

A convenient way to analyze an amplifier is with a load
line drawn on the plate-characteristic curves of the tube.
These curves relate plate current (I,) to plate voltage (E,)
for different values of grid voltage (E,).

The load line is drawn as follows. A point corresponding
to the value of the plate-supply voltage (E;) is selected on
the horizontal axis. Another point is marked on the vertical
axis at a value of I, equal to the plate-supply voltage divided
by the effective value of the load resistance. The load line
joins these two points.

These points represent the theoretical extremes the tube
could reach. If the grid voltage is such that no current can
flow, I, is zero, and all of voltage E, appears across the
tube. This is the point on the X axis. If the grid voltage
is such that the tube conducts so heavily as to have zero
resistance, the plate current is limited only by the load re-
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sistance, and there is no voltage drop between plate and
cathode. This is the point on the Y axis. This point, of
course, is only theoretical. The tube is never a perfect con-
ductor, so it can never reach that point on its load line.
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Changing the plate-supply voltage changes the position of
the load line. Changing the load resistance changes the slope
of the load line.

Q10. One end of a load line passes through the point on
the horizontal axis corresponding to the — —— _ _
______ voltage.

Q11. The other end of the load line passes through a
point on the vertical axis corresponding to what
value of plate current?

Q12. How does changing R, and E,, affect the load line?
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A10. One end of a load line passes through the point
on the horizontal axis corresponding to the plate-
supply voltage.

All. The other end of the load line passes through a
point on the vertical axis corresponding to a value
of plate current equal to the plate-supply voltage
divided by the load resistance.

A12. Changing R, changes the slope of the load line.
Changing E,; changes the position of the load line.

Operating Point

By marking the load line with the point corresponding to
the negative bias applied to the grid, the operating point of
the tube is found. This point gives the values of E,, I, and
E, with no input signal applied.
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If the amplitude of the AC input signal is known, it can
be marked off along the load line, as shown in the figure.
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By running vertical and horizontal lines from the two peak
E, points (points A and C in the figure), the corresponding
plate current and voltage can be determined.

In the diagram shown, the plate-supply voltage is 400 volts
(point X). The quiescent operating point (B) shows that
the DC grid bias is —35 volts. A signal having a peak value
of 30 volts produces swings of grid voltage from —5 to —65
volts, causing variations of plate current from 10 to 50
milliamperes. The plate voltage swings from 150 to 350
volts.

The slope of the load line depends only on the value of the
effective load resistance (R;). This resistance may be a
parallel combination of a load resistor and a grid-leak re-
sistor. Or it may be an equivalent value from the primary
of a coupling transformer. In any case, the points for the
load line are always calculated as if the load resistance were
a single resistor in the plate circuit.

The figure below shows a set of characteristie curves for
a tube. Suppose the B voltage is 400 volts and the load
resistance is 40K.
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Q13. Draw the load line.

Q14. If the grid bias is 10 volts and the AC signal
voltage has a peak value of 1 volts, draw lines to
show the limits of plate current and plate voltage.
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A13. The load line should connect these two points:

Il’ = 0, Eu = 4OOV; Ip = 10 ma, E]; =0

Al4. Plate current varies between 2 ma and 5 ma,
approximately. Plate voltage varies between 200V
and 310V, approximately.

PLATE MILLIAMPERES

PLATE vOLTS

AMPLIFIER CLASS

The class of an amplifier depends on the grid-voltage
range. A class-A amplifier is one in which the grid is never
driven positive or to cutoff by the signal voltage. This means
that grid current does not flow during any portion of the
cycle, and no power is consumed in the grid circuit.

A class-B amplifier is one in which the grid is biased at
or very near cutoff. The tube conducts during approximately
half of the cycle (usually a little less than half). Grid cur-
rent may flow during a part of the conduction period.

A class-C amplifier is one in which the grid voltage is
beyond cutoff for most of the cycle but goes positive on
positive signal peaks. Grid current flows on these positive
signal peaks.

Class-B and class-C amplifiers, as you see, violate the usual
rules for establishing a DC operating point. These ampli-
fiers are used when it is unnecessary to obtain accurate
reproduction of the entire input signal.
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EQUIVALENT CIRCUITS

It is difficult to analyze an amplifier circuit because vac-
uum tubes are complex circuit elements. A convenient way
of analyzing vacuum-tube circuits is by substituting an
equivalent circuit made up of conventional elements for the
tube. For the purpose of the analysis, the equivalent circuit
accurately represents the behavior of the tube as far as the
AC signal is concerned.

There are two basic equivalent circuits for a vacuum tube.
Either one can be used, depending on which is more con-
venient. These equivalent circuits make use of the concepts
of the constant-voltage generator and the constant-current
generator.

In Chapter 2 you learned about tube parameters. These
are the amplification factor, p (mu) ; the transconductance
(gw) in micromhos; and the plate resistance (r,) in ohms.
You also learned the relationship between these three quan-
tities: p = gu X 1.

Constant-Voltage Generator

The equivalent circuit with a constant-voltage generator
represents a vacuum tube as a voltage source of — e, volts
in series with a resistance r,. The symbol e, represents the
signal voltage applied to the grid. The voltage at the output
terminals of this circuit depends on the load resistance (R;).
The output voltage e, is developed across R,.

EQUIVALENT CIRCUIT USING CONSTANT-
VOLTAGE GENERATOR

- ueg

Q15. What class of amplifier must be used when mini-
mum signal distortion is desired?

Q16. What is an equivalent cireuit?
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A15. A class-A amplifier must be used when minimum
signal distortion is desired.

A16. An equivalent circuit is a circuit made up of con-
ventional elements and used to represent a vac-
uum-tube circuit.

Constant-Current (Generator

The constant-current generator representation uses a con-
stant-current source. This source generates a current of
g.e, amperes. (Remember that I E R, and conductance
= 1 R.) The total current is i, the plate current. This
current source is always in parallel with r,, and the entire
circuit is connected to a load (R;).

" "Im € L EQUIVALENT CIRCUIT
® ) R 2 USING CONSTANT-
CURRENT GENERATOR

The two equivalent circuits produce the same results.
Usually, when dealing with currents you will want to use
the constant-current circuit. When dealing with voltages,
the constant-voltage circuit is usually most convenient.

One word of caution—the two equivalent circuits can be
used safely only for small values of signal voltage. This is
because they are based on linear tube-characteristic curves,
Actual tubes do not have straight-line characteristics. When
the circuit is operating over a wide range of voltages, the
straight-line approximation is no longer correct.

GAIN AND LOAD RESISTANCE

The voltage gain, or amplification, of an amplifier circuit
is given by the formula:

amplification — %
L b

154



With a given tube, the only variable in this formula is the
load resistance (R,;). If the plate resistance is increased,
the gain will be increased; but it can never become greater
than the ideal amplification factor (k) of the tube. It will
approach this value as R; becomes appreciably larger than
the plate resistance (r,).

VOLTAGE AND POWER AMPLIFIERS

To obtain high amplification of voltage, a load resistor
that is large compared to r, must be used. However, as the
value of the load resistor is increased, the output voltage
across it rises more and more slowly. Finally, any further
increase of R, produces only a negligible increase in output
voltage. This is because the tube begins to operate on a
nonlinear portion of the grid characteristic curve as the
load resistance is increased. This, as you have seen, results
in a low output and produces distortion. The best value of
load resistance is normally one that will give a reasonable
amount of gain. A load with a resistance about four times
that of the plate resistance of the tube is usually a satis-
factory value.

Maximum power is obtained from the output of a vacuum-
tube amplifier when the value of the load resistance is equal
to r,. However, distortion of the output signal occurs when
this value of load resistance is used. For triodes, the best
balance between power output and distortion exists when R;,
is two to four times r,. For pentodes, the best value for
R, is about one tenth of r,.

Q17. If a triode tube bheing used as an amplifier has a
plate resistance of 32,000 ohms and a load resist-
ance of 68,000 ohms, it is probably being used to
produce an output of maximum __—___ , with
minimum — - - — _ _ ___ _,

Q18. What is the amplification of a circuit if the tube
has a . of 100, a plate resistance of 32,000 ohms,
and a load resistance of 50,000 ohms?

Q19. What is the gain if R; is increased to 100,000
ohms?

Q20. What is the gain if R, is increased to 1 megohm?
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Al7. If a triode tube being used as an amplifier has a
plate resistance of 32,000 ohms and a load resist-
ance of 68,000 ohms, it is probably being used to
produce an output of maximum power with mini-
mum distortion.

Al8. Gain — — #Ri 100 X 50,000 _

R, + r, 50,000 + 32,000
A19. Gain = 76
A20. Gain = 97

AUTOMATIC GRID BIAS

In the amplifier circuits shown so far, a battery (E,) has
been used to provide the small negative voltage for grid
biasing. This is not always a practical arrangement, how-
ever. It is also possible to get the bias voltage from a
resistance voltage divider in the power supply. The voltage-
divider method and the battery method provide what is
known as fixed bias.

In practical circuits, another common method of supplying
grid voltage is by automatic bias. One type of automatic

CIRCUIT USING CATHODE-BIAS RESISTOR

i

é
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bias is provided by the use of a cathode-bias resistor. The
circuit for this is shown above. There are other types of

automatic bias that work on similar principles.
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In the circuit shown, the full cathode current flows
hrough resistor Ri;. The cathode current in a triode circuit
quals the plate current. In a tetrode or pentode circuit the
athode current is the sum of the plate and screen-grid
urrents.

Current through Ry results in a voltage drop which makes
he cathode more positive than the negative end of the
)late-supply voltage to which the grid is connected. This is
he same thing as making the grid negative with respect
0 the cathode.

If the desired grid-bias voltage and the total cathode cur-
‘ent are known, the required value of resistor R, can be
alculated. For example, if E. is to be —5 volts and the
athode current for this grid bias is 0.25 milliampere, the
ralue of R is:

E. 5V
Ry — I, 025ma
In this arrangement the bias voltage depends on the
xmount of the cathode current. The current, in turn, de-
bends on the plate voltage of the tube. As the plate voltage
ncreases, the bias automatically increases (becomes more
1egative). As the plate voltage is reduced, the bias becomes
ess negative. This is why this circuit is called an automatic
viasing circuit.
However, it is not desirable to have the bias affected by
1 continuously varying signal voltage. Therefore, biasing
-esistor Ry is bypassed with capacitor C, so that the AC
omponent of the cathode current has no effect on the bias
voltage. Capacitor C, is chosen so that its reactance at the
signal-voltage frequency is small compared to Ry, usually
wbout one tenth. DC current must pass through Ry because
he capacitor appears as an open circuit to DC. However,
the AC signal component can pass through C; ten times
mnore easily than through the resistor. The AC voltage across
the resistor is therefore very small. The cathode is then at
rround potential as far as AC is concerned.

= 20K

Q21. How does a cathode-bias resistor produce grid
bias?

Q22. Why is a capacitor placed across a cathode-bias
resistor?
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A21. The flow of cathode current through the cathode-
bias resistor causes a voltage drop which makes
the cathode positive with respect to the grid. This
is the same as making the grid negative with
respect to the cathode.

A22, The capacitor across the cathode-bias resistor
prevents a signal-frequency voltage from appear-
ing across the resistor.

Effect of Cathode Bias

When using a cathode-bias resistor, it is necessary to have
a plate-supply voltage higher than needed with fixed bias.
The grid-bias voltage is, so to speak, taken from the plate-
voltage supply by a voltage divider consisting of the biasing

RESISTANCE
VOLTAGE
OF TuBE } ACROSS TUBE

PLATE-VOLTAGE
SUPPLY

BIAS R
VOLTAGE K

resistor and the DC plate resistance of the tube. The plate
voltage as seen by the tube is only that part of the supply
voltage appearing across the plate resistance. Therefore, the
plate-voltage supply must provide the bias voltage in addi-
tion to the plate voltage.

MULTISTAGE AMPLIFIERS

In many applications a single-tube amplifier cannot pro-
vide all the amplification that is required. It is then neces-
sary to connect two or more amplifier circuits (called
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stages) one after the other. Each stage then amplifies the
output of the preceding stage, until the desired amount of
amplification is reached. This happens, for example, in tele-
vision receivers that have several IF amplifiers connected in
sequence. This arrangement is sometimes called a cascaded
amplifier.

CASCADED AMPLIFIER

AMPLIFIER STAGE

AMPLIFIER STAGE OUTPUT

In a multistage amplifier chain, voltage amplifiers are
generally used for all but the output stage. In this way
only very small currents are handled. The signal is grad-
ually developed to a higher voltage but with very little
power. Only in the last stage is the signal converted into
the necessary power output.

When several amplifier stages are coupled together, it is
necessary to have some means of connecting them for max-
imum signal transfer without affecting the biasing of the
individual tubes.

There are four main ways of coupling vacuum-tube ampli-
fier stages. These are resistance-capacitance, impedance-
capacitance, transformer, and direct coupling. The first two
use a coupling capacitor to block the DC; the third accom-
plishes the same thing with a transformer.

Some special amplifiers are designed to amplify very low
frequencies, even down to zero cps (DC). The stages of
these amplifiers are coupled directly, because a coupling
capacitor or transformer would block DC and very low-fre-
quency signals,

Q23. In an amplifier having a cathode-bias resistor the
plate voltage is less than the plate-supply voltage
by the amount of the - —— . _ _ _ __ ___.

QQ24. What are the four ways of coupling vacuum-tube
amplifier stages?
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A23. In an amplifier having a cathode-bias resistor the
plate voltage is less than the plate-supply voltage
by the amount of the bias voltage.

A24. The four ways of coupling vacuum-tube ampli-
fier stages are resistance-capacitance, impedance-
capacitance, transformer, and direct coupling.

Impedance Matching

When coupling two amplifier stages together, or an ampli-
fier stage and an output device such as a speaker, it is
important to consider the output and input impedances
involved.

Consider, for example, the coupling of an amplifier to a
speaker. A vacuum-tube amplifier is a device that operates
best at a rather low current level and a rather high voltage
level (in the plate circuit). On the other hand, a speaker is
a device that operates with high current and low voltage.
Another way of saying this is that the amplifier has a high
output impedance but the speaker has a low input impedance.

For maximum transfer of energy between two stages (or
other electrical circuits), it is necessary that the output and
input impedances be matched (made equal). If they are not
equal, they can be matched by an impedance-matching
network.

Remember that this applies only to energy transfer and
not to voltage transfer. When coupling a voltage amplifier
to the following stage, it is desirable to make the load
resistor as high as practical, even though this does not
result in maximum power transfer.

Resistance-Capacitance Coupling

Resistance-capacitance coupling is the most common and
simplest manner of cascading amplifier stages. RC-coupled
amplifiers are used in audio systems, video amplifiers, oscil-
loscopes, radar systems, etc.

Coupling between stages of an RC-coupled amplifier is
accomplished by taking the changing voltage across the
load resistance of one stage and connecting it through a
coupling capacitor (C.) to the grid of the tube in the next
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stage. The high DC plate voltage of the first stage is blocked
by C.. The proper value of C. is determined by the lower
limit of the range of frequencies to be amplified. If C. is
too small, it will block the lower frequencies in the desired
signal range.

RESISTANCE-CAPACITANCE COUPLED AMPLIFIER

I

Resistor R, is called the grid-leak resistor. This resistor
serves to keep the grid at ground potential, thus preserving
the voltage difference between the grid and cathode. This
resistor actually serves a dual purpose, also being used as
the component across which the signal voltage from the
preceding stage is developed.

Resistor R,, is called the load resistor, as before. How-
ever, notice that R;, is not the entire load seen by the first
tube. It has the combination of C. and R, in parallel with
it. The true load impedance is, therefore, always smaller
than R;..

An RC-coupled amplifier is sensitive to frequency. One
reason is that the reactance of C,. varies with frequency.
Another reason is that every circuit has several stray (unin-
tentional) but unavoidable capacitances. At high frequen-
cies these capacitances have low reactance values and begin
to play a part in the circuit performance.

Q25. If two impedances are not the same, they can be
matched by using a(n) —— —— — ___ _

Q26. Impedance matching is usually not employed when
coupling a ————— . . ______ stage to
the following stage.

Q27. In an RC-coupled amplifier, the true load is (equal
to, less than, greater than) R,.
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A25. If two impedances are not the same, they can be
matched by using an impedance-matching net-
work.

A26. Impedance matching is usually not employed when
coupling a voltage-amplifier stage to the following
stage.

A27. In an RC-coupled amplifier, the load seen by the
tube is less than R, .

Effect of Frequency in RC Coupling

In order to analyze a circuit accurately, the changing
reactances previously mentioned must be taken into account.
Since these reactances vary with frequency, a separate anal-
ysis must be made for the low, intermediate, and high fre-
quencies. For each frequency range an equivalent circuit is
chosen that will be a fairly accurate representation of the
behavior of the amplifier. Remember that equivalent-circuit
analysis is valid only for reasonably small signals. The three
equivalent circuits for an RC-coupled triode amplifier de-
signed to operate in the audio range are shown in the fol-
lowing three illustrations.

" LOW-FREQUENCY
l EQUIVALENT CIRCUIT

0

In the low-frequency range (up to 1,000 cps) no stray
capacitances need be considered, but the coupling capacitor
C. has a sizable reactance. The circuit above applies. Simple
circuit techniques can be used to determine the voltage e,,
which appears at the grid of the next stage.

WV i ’ -0
p T

MEDIUM-FREQUENCY
Q% “ueg R, Rg l EQUIVALENT CIRCUIT
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The middle-frequency range is one in which coupling
capacitor C,. can be neglected because it has a very small
reactance compared to R,. The stray capacitances likewise
do not show any appreciable effect in this range.

HIGH-FREQUENCY EQUIVALENT CIRCUIT
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In the high-frequency range, three unwanted capacitances
become important. They are the plate-cathode capacitance
(C,i), the stray capacitance of the wiring (C,), and the
capacitance of the input circuit of the second stage (C,;).
Since the equivalent circuit is a parallel one, all three capaci-
tances may be combined into a total stray capacitance (C;).

The graph below shows how the gain of a typical RC-
coupled amplifier varies as the signal frequency changes.

GRAPH SHOWING RELATIONSHIP CF GAIN TO FREQUENCY
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Q28. What factors affect the gain of an RC-coupled
amplifier at different frequencies?

Q29. To fully analyze the performance of an RC-coupled
amplifier, - — — _ _ frequency ranges must be con-
sidered.
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A28. At low frequencies the gain of an RC-coupled
amplifier depends on u, r,, R, R, and the react-
ance of C.. At middle frequencies the factors are
u T Ry, and R,. At high frequencies the factors
are u, r,, R, R, C,, stray capacitance, and the
input capacitance of the following stage.

A29. To fully analyze the performance of an RC-coupled
amplifier, three frequency ranges must be con-
sidered.

Impedance Coupling

In the resistance-coupled amplifier there is a sizable DC
voltage drop across the load resistor. This voltage drop is
sometimes undesirable because it requires a power supply
with a high voltage. The voltage drop can be minimized by
using an inductor in place of the load resistor. The inductor,
or choke, has low DC resistance but high reactance to AC.
This makes possible a plate-supply voltage only a little
higher than the plate voltage needed. The winding of the
inductor develops only a small voltage drop due to the
resistance of the wire.

IMPEDANCE-COUPLED AMPLIFIER

~ LOAD

INDUCTOR
Lo b

(it
A
=
'=]
A
o

In practice, impedance-coupled amplifiers are not often
used. They are most likely to be encountered in power-
amplifier circuits.
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The distributed stray capacitance between the turns of
the coil reduces the gain of the amplifier at the higher fre-
quencies. At low frequencies, the choke (inductor) has a
low reactance, thus causing a relatively small voltage drop
to be developed across it. At the same time, the coupling
capacitor has a very high reactance, preventing a good
transfer of signal to the next stage. These two factors
combine to reduce the low-frequency gain.

The choke is usually chosen to have a high impedance at
the frequencies to be amplified so that a high signal-fre-
quency voltage may be developed across it.

Circuit analysis and calculation of voltage gain for imped-
ance-coupled amplifiers are very similar to those for the
RC-coupled amplifier. The voltage-gain values obtained are
of the same general magnitude.

Transformer Coupling

Transformer coupling is a very popular method of cascad-
ing amplifiers. It has the same advantage as impedance
coupling in that no large DC drop appears across the pri-
mary winding of the transformer in the plate circuit. DC
isolation is achieved by the natural isolation provided be-
tween the transformer windings (a transformer can transfer
only alternating voltages).

Transformer coupling also has the advantage of good
impedance matching between stages. This makes maximum
power transfer possible. Transformer coupling is suitable
for use in power stages, such as in the output circuits of
audio amplifiers. The frequency response of a transformer-
coupled amplifier can be excellent using modern transformer-
design techniques. The major disadvantage of transformer
coupling is its relatively high cost as compared to other
coupling means.

Q30. The gain of an impedance-coupled amplifier at low
frequencies is (good, fair, poor).
Q31. A load inductor is also calleda — ——— —.

Q32. The impedance of the load inductor - — — — — — —
as the signal frequency decreases.

(333. Transformer coupling (is, is not) suitable for use
in power amplifiers.
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A30. The gain of an impedance-coupled amplifier at low
frequencies is poor.

A31. A load inductor is also called a choke.

A32. The impedance of the load inductor decreases as
the signal frequency decreases.

A33. Transformer coupling is suitable for use in power
amplifiers.

Now you will see how a coupling transformer is used in
an amplifier. The DC component of plate current flows
through the primary winding without inducing any voltage
in the secondary. But any fluctuations, such as AC currents,
flowing through the primary induce corresponding AC volt-
ages in the secondary winding connected directly to the grid
of the next tube.

TRANSFORMER COUPLING
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Since the tube is operated so that the grid is never driven
positive, no grid current flows and no power is taken from
the secondary winding. This means that no interaction takes
place between the secondary and the primary and, there-
fore, the primary does not have to deliver any power to the
secondary. The primary circuit sees only the impedance of
the primary winding, as if it were a single coil, and its value
can be chosen for the right value of reactance for maximum
gain in the first stage. The voltage developed across the
secondary winding depends on the turns ratio of the trans-
former. This voltage is equal to n./n; times the primary
voltage.
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The secondary voltage, and therefore the gain, can be
made quite high if the transformer winding ratio is high
enough. In the early days of radio, when available tubes
had very low amplification, transformers with high winding
ratios were used extensively to achieve more gain.

However, there is a practical limit to the winding ratio.
In order to achieve a high ratio, the secondary winding must
have a large number of turns. As the frequency of the sig-
nal goes up, such a winding has enough stray capacitance
to limit its high-frequency response. For a more uniform
(flatter) frequency response in high-quality amplifiers, the
turns ratio rarely exceeds 5 to 1.

It is important to connect the transformer correctly in a
transformer-coupled amplifier. One reason, of course, is that
the turns ratio must not be reversed. A more important
reason is that the secondary winding is not made to carry
any appreciable amount of current. But the primary does
have to carry considerable plate current. Connecting the
transformer into the circuit backwards may cause the sec-
ondary to burn out.

It is also important not to reverse the two leads of either
winding, especially where a wide range of frequencies is
concerned. The windings are wound in such a way that one
end has less capacitance to ground than the other. Color
coding is used to indicate the correct connections and should
always be followed.

The methods used to couple amplifier stages discussed so
far block all DC voltages and are for AC-signal use only. It
is sometimes necessary to amplify DC signals, however.

Q34. Only —_ flowing in the primary of a coupling
transformer induces signals in the secondary.

Q35. The primary circuit sees the impedance of the

Q36. The voltage developed across the secondary wind-
ing is equal to the primary voltage times the

Q37. A winding with a large number of turns has a
B0 oo ooooooooaao:s

Q38. Transformer leads in a transformer-coupled ampli-
fier (may, should not) be interchanged.
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A34. Only AC flowing in the primary of a coupling
transformer induces signals in the secondary.

A35. The primary circuit sees the impedance of the
primary winding.

A36. The voltage developed across the secondary wind-
ing is equal to the primary voltage times the turns
ratio.

A37. A winding with a large number of turns has a
large stray capacitance.

A38. Transformer leads in a transformer-coupled am-
plifier should not be interchanged.

DIRECT-CURRENT VACUUM-TUBE AMPLIFIERS

Direct-current vacuum-tube amplifiers are known inter-
changeably as direct-current amplifiers or direct-coupled
amplifiers (DC amplifiers for short). They are called direct-
coupled amplifiers because there is no capacitor or trans-
former between the output of one stage and the input of
the next, allowing DC signals to pass from stage to stage.
Special means must be used to prevent the high DC plate
potential of one stage from affecting the operation of the
grid circuit of the next stage.

LOFTIN-WHITE CIRCUIT

ol “ ik il
4ifo oo}
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One of the main difficulties encountered with DC ampli-
fiers is drift, the gradual change in output voltage without a
change in the input. It is, of course, desirable to have no
output voltage at all when the input is zero. Drift can be
caused by a gradual change in the values of circuit compo-
nents or even by replacement of a tube,.

The figure on the opposite page shows one of the most
common DC-amplifier circuits, the Loftin-White. Notice how
the grid bias is obtained by dividing the plate-supply volt-
age of the previous stage. In a practical circuit the batteries
are replaced by a resistor voltage divider in the main DC
power supply. Because of the complexity of the required
power supply. the tendency of the amplifier to drift, and the
necessity for compensating networks, DC amplifiers are not
used as widely as RC- or transformer-coupled units.

WHAT IS AN OSCILLATOR?

Oscillators are circuits that produce AC signals which have
various applications in electronic equipment. Oscillators
generate the radio-frequency carriers for radio and televi-
sion transmissions. The audio or video signal is then super-
imposed on the carrier. Every superheterodyne radio re-
ceiver employs a local oscillator, and some electronic organs
have a series of oscillators that produce different tone fre-
quencies. All these are sinusoidal oscillators; that is, their
output resembles a sine wave,

A second important class of oscillator circuits includes the
nonsinusoidal types—circuits that produce AC other than
sine waves. These types of oscillators are often called pulse
or square-wave generators. They include pulse generators
for radar, square-wave generators for television testing,
etc., sawtooth-wave generators in television display, marker
oscillators, and a host of others.

Q39. One of the most common direct-coupled amplifiers
isthe - ———_—_ _____ circuit.

Q40. In a DC amplifier the gradual change in output
voltage without a corresponding change in the
input is called - — — —_.

Q41. Why is a direct-coupled amplifier so named?

169



Your Answers Should Be:

A39. One of the most common direct-coupled amplifiers
is the Loftin-White circuit.

A40. In a DC amplifier the gradual change in output
without a corresponding change in the input is
called drift.

A41. A direct-coupled amplifier is so named because the
output signal of one stage is fed directly to the
grid of the next stage without going through a
coupling capacitor.

OSCILLATOR OPERATION

How does an oscillator work? Suppose an amplifier cap-
able of amplifying a desired frequency is turned on. With-
out any input there will, of course, be no output. Now con-
nect the output back to the input, in a sort of loop, making
sure that the phase relationship is such that this feedback
will reinforce, not reduce, any input to the amplifier.

Any small signal at the input terminals will be amplified,
fed back to the input, amplified again, and so on. The signal
keeps going around the loop. Since all electronic circuits are
frequency sensitive to some degree, this will happen only in
a certain range of frequencies. The circuit oscillates; that
is, it generates an AC signal without any external AC input.
The oscillations may even be started by a very small amount
of random noise in the tube.

There are two conditions for oscillation in a circuit. First,
a feedback from output to input in the correct phase is
required. This is known as positive feedback and may be
accomplished by various kinds of coupling networks. Second,
the amount of feedback must be enough to overcome any
internal losses in the circuit so that the oscillations do not
gradually die away.

It is important to keep in mind that the tube itself does
not oscillate; it merely amplifies. The actual oscillation
takes place in the resonant circuit that is part of the com-
plete oscillator circuit. That is to say, the circuit constants
determine the frequency of oscillation. The resonant circuit,
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also called a tank, functions like a flywheel rotating at its
natural speed. There are some losses caused by resistance
in the circuit. The power supply furnishes small amounts
of energy every cycle to replace these losses and keep the
oscillations going.

Thus, a basic oscillator has three necessary parts—the
oscillating system, which usually is a resonant tank circuit;
an amplifying device, such as a tube or transistor, to control
the small amounts of energy furnished during each cycle;
and a feedback system which may be either a circuit net-
work or the interelectrode capacitance of a tube.

FEEDBRACK OSCILLATOR

RESONANT

CIRCUIT AMPLIFIER

FEEDBACK

The type of oscillator discussed in this chapter produces
an output waveform that is considered to be a sine wave.
An oscillator producing such an output is sometimes called
a sinusoidal oscillator. You will learn about nonsinusoidal
oscillators later in this volume.

Q42. An oscillator can be made by adding — — — — —— . _
________ to an amplifier.

Q43. Another name for the resonant circuit in an oscil-
latoristhe - ——— _—______.

Q44. In what part of the oscillator do the actual oscilla-
tions take place?

Q45. What usually starts the oscillations in an oscillator
circuit?
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A42, An oscillator can be made by adding positive feed-
back to an amplifier.

A13. Another name for the resonant circuit in an oscil-
lator is the tank circuit.

A14. The actual oscillations take place in the tank
circuit.

A15. Random noise usually starts the oscillations in an
oscillator circuit.

Hartley Oscillator

One of the most common oscillator circuits is the Hartley.
The circuit shown below is a shunt-fed Hartley oscillator,
which has the advantage that all DC is blocked from the
oscillating tank circuit by capacitors.

Shunt-Fed Hartley Oscillator
C2

L3 l

L L4
OUTPUT ~ G
Ly Rg

L,

Nl

s

Cq
It
i\

B+

Random noise will produce small inputs to the parallel-
resonant circuit composed of L,, L., and C,. This is the
tank circuit. The noise input causes a circulating current
to build up in this loop at the resonant frequency. A large
current flows back and forth between the inductive and
capacitive components at this frequency with only a small
voltage applied. Notice that L., the lower half of the tapped
tank coil (coil with a center connection), is also in the AC
plate circuit. Thus, L. serves to couple the AC energy in
the plate circuit to the tank circuit by means of the mutual
inductance (transformer action) between the two coil halves
(L, and L.). This produces an oscillating tank circuit (made
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up of L, L. and C,) and an amplifier. The DC in the plate
circuit is blocked from the tank circuit by C,.

The oscillating voltage in the tank circuit is coupled to
the grid of the amplifier tube by RC coupling like that used
between amplifier stages. The coupling network is composed
of C. and R,. Notice that the grid signal is taken from one
end of the coil. The amplifier reverses the phase of this
signal and returns it to the opposite end of the coil, where
it is of the proper phase to increase the oscillations rather
than cancel them. Varying the capacitance of C; changes
the resonant frequency of the tank circuit and thus the out-
put frequency of the oscillator.

Colpitts Oscillator

The Colpitts is another common oscillator circuit. This
type of oscillator resembles the shunt-fed Hartley except
that a split capacitor is used instead of a tapped coil.

COLPITTS OSCILLATOR

,_
5
N
H
D
>
1,
- w
*— " N—4
e
w3
.||}—4L@
—
~N

~N
T
(]

—

=]

8 )

it

Cis, Ci, and L, make up the tank circuit. The resonant
frequency of the tank is changed by varying C,, and Ciy.
(These capacitors are usually on a common shaft so that
both of them can be adjusted at the same time.) The output
of the amplifier is introduced into the tank circuit through
capacitors C. and C,.. The tank-circuit voltage is introduced
into the grid of the amplifier by the coupling network con-
sisting of C3 and R,.

Q46. How is feedback obtained in a Hartley oscillator?

Q47. How does a Colpitts oscillator differ from a Hart-
ley oscillator?

Q48. How is feedback obtained in a Colpitts oscillator?
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A46. Feedback is obtained in a Hartley oscillator by
returning the amplifier output to part of the coil
in the resonant circuit.

A47. A Colpitts oscillator uses a split capacitor in the
tank circuit. A Hartley oscillator uses a split coil
in the tank circuit.

A48. Feedback is obtained in a Colpitts oscillator by
returning the amplifier output to part of the split
capacitor in the resonant circuit.

WHAT YOU HAVE LEARNED

—

- An amplifier is a circuit that acts like a valve, control-
ling a large amount of DC power to reproduce a small
AC signal input.

2. Tetrode and pentode amplifiers operate on the same
basic principle as triode amplifiers.

3. A DC operating point can be selected for a tube by
examining the grid-characteristic curves of the tube.

4. By drawing a load line on a set of plate characteristic
curves, values of plate current and plate voltage for
a given signal voltage can be obtained.

5. The grid never goes positive in a class-A amplifier.

6. For class-A amplifiers, grid bias should be such that
the signal voltage is always on a linear portion of the
grid characteristic curve.

7. Class-B amplifiers are amplifiers in which the tubes
conduct for about half the input cycle.

8. Class-C amplifiers are amplifiers in which the tubes
conduct for less than half an input cycle.

9. The greater the load resistance of a tube amplifier, the
greater is the voltage amplification.

10. The greatest power amplification is obtained when the
load resistance is equal to the plate resistance of the
tube.

11. An automatic grid-bias circuit varies grid bias as the
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6

Transistor Circuits

When you have finished

What You this chapter, you will
. know how to calculate the
Wlll Lea rn voltage and power gain of

a transistor amplifier. You
will understand several biasing arrangements and will
know how the appropriate biasing voltages and currents
are selected. You will learn about RC coupling, trans-
former coupling, direct coupling, and tuned coupling of
transistor amplifiers.

TRANSISTOR AMPLIFIERS

Like a triode vacuum tube, a transistor can amplify. This
means that it can control the flow of a large current by using
a small signal. An amplifier provides an output signal hav-
ing a greater amplitude than the input signal. Ideally, that
is all it does; it leaves the shape of the signal waveform
unchanged. If the output and input signals differ in any
way other than amplitude, the amplifier is said to introduce
distortion.

Amplification, or gain, is measured by comparing the out-
put to the input. Care must be taken to compare the same
quantities. The current gain is the output current divided
by (compared with) the input current. The voltage gain is
the output voltage divided by the input voltage. In order to
have amplification, gain must be more than one.

Any individual amplifier has quite different figures for
current gain, voltage gain, and power gain. In transistor
circuits, gain also depends on how the transistor is con-
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nected. It can be used in a common-emitter, common-base,
or common-collector circuit.

Current Gain

In the chapter on transistors you learned that in a com-
mon-emitter amplifier circuit, such as shown below, the

current gain is g =A—i". This is also called the common-

b
emitter, forward-current transfer ratio because, in a simple

common-emitter circuit, it represents the current gain of
the transistor (if the collector voltage is held constant).

COMMON-EMITTER CIRCUIT

‘bt ll 5

=i i ———
Vm Vce
As you know, « is the ratio of collector-current change to
Al

emitter-current change and is equal to==<. It is also called

the common-base, forward-current trangfer ratio. If the
transistor were connected in a common-base circuit, « would
represent its current gain (with the collector voltage held
at a constant value).

A transistor, when connected in a common-emitter circuit,
has a current gain of 8. This means that every change in
the input (base-circuit) current is magnified g times in the
collector circuit. Typical values of g range from 20 to 50. a
(also called hy,) and 8 (also called h,) are related to each
¢ ande—-—B_

other by the relations g — 1 T+
-_a

Voltage Gain

In order to convert current amplification into voltage gain,
it is necessary to know the resistances in the input and the
output circuits.
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In the diagram below, the load resistance is Ry, and R, is
the internal resistance of the AC signal source (e;). The
signal current in the base circuit is Al,. Using Kirchhoff’s
law in the base circuit, the AC voltage between base and
emitter is equal to the source voltage (e;) less the voltage
drop across R,, or e, — AL R,. The base-emitter voltage is
also AIlLR;, where R; is the input resistance of the transistor.
Remember that R; is a property of the transistor and not a
separate resistance in the circuit.

COMMON-EMITTER CIRCUIT WITH AC
SIGNAL SOURCE

Ly ¥
Rq
€g
=41 i1
Ve Vee

The voltage across load resistance R;, (which is a separate
property of the circuit) is AI.R;, where Al is the signal cur-
rent in the collector circuit.

The voltage gain can now be determined as the ratio of
the voltage across the load resistance to the input voltage

ALR:,  Note that %I-I— is not g
bdVj b
because the collector voltage must be constant when g is

measured.

between emitter and base, or

Q1. When an amplifier changes the characteristics of a
signal other than the amplitude, this is called

Q2. When measuring the gain of an amplifier, output
voltage must be compared with — — — _ _
_______ , or output current must be compared

Q3. To what is the voltage gain of a common-emitter
amplifier equal?
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Al. When an amplifier changes the characteristics of a
signal other than the amplitude, this is called
distortion.

A2. When measuring the gain of an amplifier, output
voltage must be compared with input voltage, or
output current must be compared with input cur-
rent.

A3. The voltage gain of a common-emitter amplifier is

ALR;,

equal to .
E ALR;

Signal Amplification

Now try to determine the voltage gain of a common-base
amplifier circuit. Again, the voltage from emitter to base is
e, minus the voltage across R, ; that is, e, — ILR,.. This is also

COMMON-BASE CIRCU/T WITH AC SIGNAL SOURCE

QJ‘-

Rq RL
’ Ve Vee
= —i)i]i=
equal to AI.R;. The voltage across the load resistor is Al .Rl.
The voltage gain in this case is AI"RL Note tha
AIeRi Ih

case is not « because the collector voltage does not remain
constant.

Input Resistance

The preceding gain formulas make use of transistor input
impedance R;. This is the AC base-to-emitter resistance. It
-\Vbe
Al

for the common-base circuit. Since Kirch-

can be written as R; = for the common-emitter circuit

Avao
I

]

and R; =
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hoff’s law halds true in the input-loop circuit, the source

voltage (e,) must be equal to the voltage drops across resist-

ance R, and across the transistor-input resistance. From

this, resistance R; can be figured as -‘% — R, for the com-
b

mon-emitter circuit and the common-base circuit. The input

resistance of a transistor is not a simple, fixed value that
can be measured with an ohmmeter.

Power Gain

The power gain of a transistor amplifier can be calculated
by multiplying the voltage gain by the current gain. The
power gain of the common-emitter amplifier is therefore:

(Ah)( ALR;.) _ (A_L)R_n
Alb albRi/ Alv/ Ri
The power gain of the common-base amplifier is:
( AI(‘)ER_I
AIE I{I
The various gain formulas for the different types of tran-
sistor amplifiers are shown in the following table.

Common Emitter

Common Base

Cturrent Gain ale ale
AIb AI[,

) . ale Ro Ale Ru
Voltage Gain N N
Power GGain (A_I‘)’& (Alc)ﬁ&

" INIVATY ale/ R

Q1. What happens to the voltage gain of a common-base
amplifier as the load resistance increases?

Q5. What effect would an increase in input resistance
have on the voltage gain of a transistor amplifier?

Q6. If you knew the current gain and the voltage gain
of an amplifier, how would you determine the power
gain?
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A4. An increase in load resistance causes an increase
in voltage gain, provided other factors do not
change.

A5. An increase in input resistance causes a decrease
in voltage gain, provided other factors do not
change.

A6. Power gain of an amplifier may be obtained by
multiplying the current gain times the voltage
gain,

OPERATING POINT

So far only the AC operation of transistor amplifiers has
been considered. In the chapter on semiconductor devices
you learned about transistor-characteristic curves of col-
lector current (I.) plotted against collector-emitter voltage
(V..) for different constant values of base current (I,).

s LOAD LINE FOR TRANSISTOR AMPUFIER ‘

v vt +4
J_LOADLINE,,%._,,‘.;.;. 1

oA A | -
/’ | =25
/’ 1 21 [ 1 OPERATING POINT

COLLECTOR CURRENT (ma)
P~
N
"\
|
|
[ |
| J .3 |
-

0
COLLECTOR VOLTAGE (V¢e)
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When designing a transistor amplifier, it is often impor-
tant to make certain that the transistor will operate on a
linear (straight-line) portion of the curve; otherwise, the
output will be distorted.

As with vacuum tubes, a set of transistor-characteristic
curves can be used to determine the points on the curves
between which it is desired for the transistor to operate.
The point at which the load line intersects a suitable base-
current line is chosen as the operating point of the tran-
sistor. This means that with no signal input (the quiescent
state of the amplifier), the collector current, collector-to-
emitter voltage, and base current will be at the values which
determine the point on the curves. When a signal input is
applied, the conditions change along a straight line passing
through the operating point. The greater the input, the
farther the operating conditions will swing from the oper-
ating point. The line along which the conditions move is the
load line. Its slope is determined by the value of the load
resistance. An example of an operating point and load line
is shown on the opposite page.

Notice how similar the determination of the operating
points for a transistor amplifier is to finding the operat-
ing points for a triode vacuum-tube amplifier.

Fixed Bias

Having determined from the curves where the operating
point should be, the correct voltages and currents must be
provided for operation at this quiescent point. This method
is similar to the one used with vacuum tubes. In that case,
the correct plate and grid-bias voltages were provided. In a
transistor, the biasing consists of supplying a forward-bias
voltage across the emitter-base junction and a reverse-
bias voltage across the base-collector junction. These junc-
tion biases are essential for proper transistor operation.

Q7. What is a load line?

Q8. The point on the load line which shows the oper-
ating conditions of the transistor with no signal is

the - ———_____ point.
Q9. The slope of the load line is determined by the
__________ of the - - — = . _.
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A7. Aload line is a line drawn on a set of characteristic
curves. It shows the path followed by the operating
point when a signal is applied.

A8, The point on the load line which shows the oper-
ating conditions of the transistor with no signal is
the operating point.

A9. The slope of the load line is determined by the
resistance of the load resistor.

To establish the operating point on the characteristic
curve, the correct values of collector voltage and emitter
current must be supplied. This can be done using only one
battery, as shown below, resulting in a fixed-bias circuit.

CIRCUIT FOR APPLYING FIXED BIAS

1

The base-bias voltage is obtained from resistor R,. The

resistance of R, is VLI_—& Since E,. is usually small com-

b
pared to Vy, it can be disregarded when determining biasing
voltages. So R, = 1173 I, is the chosen quiescent base-cur-

rent value. R, is usua?lly between 100K and 1 meg.

A disadvantage of the fixed-bias circuit is that the col-
lector current varies with temperature changes. In addition,
the current may not be the same for all transistors of the
same type. Generally, it is necessary to provide compensa-
tion for the temperature effects on I, which is a highly
temperature-sensitive quantity. As the temperature in-
creases, the collector current also increases. This tends to
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heat the transistor, thus causing a further current increase.
If this chain reaction is allowed to continue, a condition
called thermal runaway may occur, and the transistor will
be destroyed by excessive heat.

A temperature-compensating circuit is shown below. Al-
though its gain is not as great as that of the previous
circuit, it is more stable.

BIAS-STABILIZING CIRCUIT

Rc%llc
H= O OUTPUT
%Rb |
o—f =

"
ce _T_:VB

E
i I

\
| .
o Lo S O +

1

If 1. increases in the above circuit, the voltage drop across
R. increases. Since the supply voltage (V) is relatively
constant, E.. must decrease as the voltage across R, in-
creases. The base-emitter junction and R, are connected in
series across E... Therefore, the base current depends on
E... This means that as E. decreases, base current and
I. decrease, and the original increase in I, is opposed.

Q10. If the operating temperature of a transistor rises,
the collector current — — _ _ _ _ _ _ _,

Q11. On the diagram above, trace the circuit that pro-
vides the base current.

Q12. If 1. increases, the voltage drop across R.

Q14. If the emitter-base voltage decreases, what effect
will this have on the base current?

Q15. What effect will a decrease in the base current
haveon 1.7
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A10. If the operating temperature of a transistor rises,
the collector current increases.

All. The heavy line shows the base-current path.

I %Rc
! o

wg L

o— Ece =y, oureur
Fbe

o— - : —0

pt

A12. If I. increases, the voltage drop across R. in-
creases.

A13. If 1. increases, the voltage between emitter and
base decreases.

A1l4. If the emitter-base voltage decreases, this causes
the base current to decrease.

A1l5. The decrease in base current will tend to decrease
I.

Emitter Stabilizing Resistor

Another very common stabilizing circuit uses a resistor in
series with the emitter. Such a circuit is shown in the figure
on the next page.

R, and R. form a voltage divider across voltage supply
V., providing the base with a voltage V, — I{Rﬁ Vs.

1 2
(Current I, is assumed to be so small that it can be ne-
glected.) In order to have good compensation, V, must
remain unaffected by variations in I,. This is done by choos-
ing the resistance values so that the current through R,

and R, is much larger than I,.
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Resistor R. in the emitter circuit causes E,. to be reduced
if I. increases due to temperature changes. It does this
because when I. increases, the voltage across R. also in-
creases. When this happens, E,. is reduced because voltage
V. is very nearly constant. A drop in E,. then causes a
decrease in I, and in I..

CIRCUIT USING EMITTER STABILIZING
RESISTOR

O'VB
—f 0 OUTPUT
o—i¢
e lIC Tce
O -L O + VB

Capacitor C. is connected across R. to bypass the AC sig-
nal current. If this capacitor were not used, signal voltage
would be present across R,. If this happened, the action just
described would tend to reduce the gain of the amplifier.
This is one type of negative feedback and is the same action
that takes place in a triode amplifier in which the cathode
resistor is not bypassed.

Although tke input resistance of a common-emitter ampli-
fier is usually about 1,000 ohms, the voltage divider reduces
this to about 750 ohms.

Q16. Because of the voltage divider formed by resistors
R; and R., the voltage between base and ground
(V) will always equal

Q17. The voltage between base and emitter equals V,
minus the voltage drop across resistor

Q18. In the circuit above, what effect will an increase in
collector current have on the voltage between the
emitter and the base?

Q19. In the circuit above, what effect will an increase in
collector current have on base current?
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A16. Because of the voltage divider formed by resistors
R, and R., the voltage between base and ground
(V) will always equal
R.
R, + R
A17. The voltage between base and emitter will equal
V. minus the voltage drop across resistor R,.
A18. If the collector current increases, the voltage be-
tween the emitter and the base will then decrease.
A19. If the collector current increases, the base current
will then decrease.

Vi

TWO-STAGE AMPLIFIERS

Often a single-transistor amplifier will not give the neces-
sary amount of amplification. In this case, two or more
amplifiers can be connected together to form a two-stage,
three-stage, or longer chain. Each stage adds a share of
amplification to the total. For the purpose of explanation,
only two stages will be considered.

To have a two-stage amplifier, some method for feeding
the output of the first stage to the input of the second stage
is needed. In choosing an interstage coupling network, the
following factors must be considered.

Frequency response—The network must have an equal
effect on each of the desired frequencies. It is also some-
times necessary to filter out, or remove, all other frequen-
cies. The range of desired frequencies is called the passband.

Impedance matching—The network should present the
correct output impedance to the first stage for maximum
gain. It should also present the correct impedance to the
second-stage input so that maximum energy transfer can
take place,

Operating points—The two stages may require different
voltages, currents, and polarities to establish their best oper-
ating points. The interstage coupling network should be
such that the DC conditions in the separate stages are not
affected by each other.
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RC-Coupled Amplifiers
The simple, small-signal, audio-frequency amplifier shown
below has two stages with resistor-capacitor coupling. Each

of the two stages is stabilized by the familiar voltage-divider
method.

IO 00
R RS

% :-:~:-:=.-:':-'.;.-.::-'-°-:- '~.:~.

The output of the first stage is developed as a voltage
across the load resistor (R;) and is fed to the base circuit
of the second stage through coupling capacitor C.. This
capacitor represents an open circuit to all DC voltages. Thus,
the biasing circuits of the two stages are not influenced by
the DC voltages on the other elements.

The value of coupling capacitor C, determines the lower
limit of the passband of the complete amplifier. There is no
abrupt cutoff point. The response of the unit decreases grad-
ually as the frequency decreases. For practical purposes this
lower frequency limit is usually taken as the frequency at
which the capacitive reactance of C. equals the total resist-
ance in series with C.. This total resistance is the sum of
the output resistance of the first stage and the input resist-
ance of the second stage.

Q20. Which resistors stabilize the transistors in the
circuit above?
Q21. Can DC signals pass from stage to stage? Why?

Q22. The capacitor does not pass ——— frequencies
readily.
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A20. Resistors R, and R- provide stabilization.

A21. DC signals cannot pass from stage to stage be-
cause the coupling capacitor blocks them.

A22. The capacitor does not pass low frequencies
readily.

The gain of a two-stage amplifier is the product of the
gains of the individual stages. If something is increased 25
times and then the result of that increase is, in turn, in-
creased 25 times, the final result will be an increase of 625
times the original quantity. If each stage of a two-stage
transistor amplifier has a gain of 25, the total gain is 25 X
25 — 625.

The gain of each stage depends on its load resistance.
When a second stage is connected to the output, the effective
load resistance of the first stage is lowered. This is because
the load resistance is in parallel with the input resistance
of the next stage.

Suppose the load resistor of the first stage is 3,000 ohms
and the input resistance of the second stage is 1,000 ohms.
The effective load resistance of the first stage is the parallel
3,000 X 1,000__
3,000 + 1,000

750
1,000’
0.75. If the first-stage gain was 25 before the second stage
was added, then its actual gain is only 0.75 X 25 — 18.75
after the second stage is added.

combination of these two resistances, or

750 ohms. The first-stage gain is then reduced by or

Transformer-Coupled Amplifier

RC-coupled amplifiers are suitable for providing voltage
amplification when the gain does not need to be very high.
For somewhat higher gain, a transformer-coupled amplifier
can be used, such as the circuit shown on the next page.
Notice that the transformer does not pass DC. As with the
RC-coupled amplifier, the gain of a transformer-coupled
amplifier decreases at both the low- and high-frequency
ends of the frequency range.

In order to get maximum energy transfer from the first
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stage to the second, it is desirable to choose a coupling
transformer with a turns ratio that matches the output
resistance of the first-stage transistor (usually about 25K)
to the lower input resistance of the second-stage transistor
(about 1,000 ochms).

TRANSFORMER-COUPLED TRANSISTOR

AMPLIFIER
O -
s | TRANSFORMER {
i OUTPUT
o—
INUT S
O I % T -0 +

Suppose the output impedance of the first stage is 25K
and the input impedance of the second stage is 1,000 ohms.
What turns ratio would the coupling transformer need? In
a transformer, the impedance ratio is equal to the square of
the turns ratie. The required turns ratio may be calculated
as follows:

Ne  Zi 25,000

N2 Za 1,000

Ni_ \/23 5
N, V1 o1
The turns ratio should therefore be 5 to 1.
Q23. If the gain of each stage of an amplifier is known,

how would the gain of the amplifier be calculated?

Q24. When RC coupling is used between two stages,
what effect does adding the second stage have on
the gain of the first stage?

Q25. Transformer coupling permits ———_ _ __ gain
than RC coupling.

Q26. How can impedance matching between amplifier
stages be obtained?
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A23. The gain of an amplifier is calculated by multiply-
ing the gain values of the individual stages in the
amplifier.

A24. When RC coupling is used between stages, the
input impedance of the second stage is in parallel
with the load resistance of the first stage. This
reduces the load seen by the first stage and there-
fore reduces the gain of the first stage.

A25, Transformer coupling permits greater gain than
RC coupling.

A26. A coupling transformer can be used to match the
output impedance of the first stage to the input
impedance of the second stage.

Direct-Coupled Amplifiers

It is sometimes necessary to amplify signals that include
very low frequencies, even DC. Low frequencies and DC

DIRECT-COUPLED TRANSISTOR AMPLIFIER

O -

OUTPUT

INPUT L

o 3 0+
cannot be amplified when capacitors or transformers are
used for interstage coupling. But amplifiers can be coupled
without using capacitors or transformers. Connecting the
collector of the first stage directly to the base of the next
stage, as shown above, is known as direct coupling. Such
amplifiers are called direct-coupled amplifiers, direct-current
amplifiers, or simply DC amplifiers.

Coupling the collector of the first stage directly to the base
of the second stage presents several special problems. The
base of the second stage is placed at the same potential as
the collector of the first stage. Such an arrangement is
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acceptable only if the emitter and collector voltages of the
second stage can be adjusted to provide the required oper-
ating bias,

The fact that the biasing voltages of the two stages are
not isolated from each other makes for 4 more complicated
bower-supply circujt, This is because the operating point
for each stage must be adjusted without causing any intep-
action with the other stages. The power supplies must also
be very accurate and stable. A DC amplifier will amplify
DC voltages, so any power-supply variations will be trans-
mitted from stage to stage and thus affect the final output
of the amplifier.,

The DC amplifier is usually intended to deliver an output
that is proportional to the input signal. The amplification
should be constant, It js very important that when the input
is zero, the output is also zero, This is made difficult by the
fact that there are no blocking capacitors or transformers
between the Stages. Any change in the operating point of
one stage therefore affects all the other stages. Such a
change may be brought about by temperature variations,
which always affect the collector leakage current (I.) of a
transistor,

As a result, it js very important to use good temperature-
compensating and stabilizing cireuits in a DC amplifier.
Otherwise drift results, and the output is no longer strictly
proportional to the input.

The resistors shown in the emitter leads are used for
stabilization. There are no bypass capacitors because this
cireuit is used for low frequencies where the capacitors
would have g very high reactance and therefore would not
pass a signal,

Q27. Why are RC- and transformer-coupled amplifiers
not suitable for amplifying very low-frequency
signals?

Q28. When is it acceptable to connect the collector of
one stage of g transistor amplifier directly to the
base of the next stage?

Q29. When the input to a DC amplifier js zero, the out-
put should be _ _ _ __
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Your Answers Should Be:

A27. RC- and transformer-coupled amplifiers are not
suitable for amplifying very low-frequency signals
because the coupling capacitors or transformers
block these signals.

A28. The collector of one stage may be connected to
the base of a second stage if the emitter and col-
lector voltages of the second stage can bhe adjusted
to maintain the proper bias.

A29. When the input of a DC amplifier is zero, the out-
put should be zero.

Complementary Circuits

One way of coupling the stages of a DC amplifier takes
advantage of the fact that there are two types of transis-
tors—PNP and NPN. This type of circuit alternates the
two kinds and is known as a complementary circuit.

COMPLEMENTARY DC-AMPLIFIER CIRCUIT

Ta h2 > ]
3 -

t l QUTPUT

INPUT

In the NPN transistor of the first stage, the collector cur-
rent flows out of the transistor. In the base circuit of the
second-stage PNP transistor, the base circuit flows into the
transistor. If the NPN collector is coupled directly to the
PNP base, the current between them flows in the same direc-
tion. (For simplicity the power supplies are not shown on
the diagram.)
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It is sometimes necessary to have a first-stage collector
current that is considerably larger than the base current of
the second stage. This can be taken care of by bypassing
some of the current with a resistor, as shown below.

COMPLEMENTARY AMPLIFIER WITH
COLLECTOR CURRENT GREATER THAN
BASE CURRENT

Tuned Amplifiers

Tuned amplifiers amplify only a narrow band of frequen-
cies (i.e., a small frequency range as compared to the center
frequency). Thus, tuned amplifiers are selective.

Tuned amplifiers are used widely in communications appli-
cations, such as radio and television receivers, to amplify
RF and IF frequencies. Tuned amplifiers make it possible
to select one desired station from among a group of many
stations whose signals may reach the receiver. Tuned cir-
cuits make possible the separation of sound and picture
signals in a TV receiver. In transmitters, tuned amplifiers
are used to generate large amounts of power at the assigned
frequency of the station.

Q30. In the circuit on the opposite page, what is the
relationship hetween the base current of the second
stage and the collector current of the first stage?

Q31. What would be the purpose of a resistor between
the base of the second stage and ground?

Q32. Tuned amplifiers are designed to amplify only a
______ — —— - of frequencies.
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Your Answers Should Be:

A30. The base current of the second stage and the col-
lector current of the first stage are identical.

A31. A resistor between the base of the second stage
and ground would bypass some of the current so
that the base current of the second stage would be
less than the collector current of the first stage.

A32. Tuned amplifiers are designed to amplify only a
narrow band of frequencies.

Selectivity, or tuning, is achieved in tuned amplifiers by
using coupling networks that are essentially filters. That is,
they pass energy between stages only in a narrow frequency
band and reject signals at all frequencies outside this band.
These coupling networks are almost always parallel-resonant
(tuned) circuits. A parallel-resonant circuit has a high
impedance at and near its resonant frequency. The current
output of the first stage develops a voltage across the tuned
circuit only in a very narrow tuned band. Therefore the
following stage receives an input current only for signals
in this frequency band.

The same principle is used in vacuum-tube tuned ampli-
fiers. These are easier to build because tube amplifiers have
high input and output resistances. The problem is more diffi-
cult with transistors because they have a relatively low
resistance at both input and output. When a transistor
amplifier stage is coupled to a parallel-resonant circuit, the
low resistance of the transistor reduces the Q of the resonant
circuit. This reduces the selectivity.

This makes it necessary to design a circuit that will some-
how match the resistances of the stages and still leave the
effective Q of the coupling as high as possible for adequate
selectivity. Such a circuit is shown on the next page. This
is a single-tuned amplifier using a resonant circuit having a
tertiary (third) winding. The tuned circuit (L.C.) is trans-
former-coupled to the collector circuit of the first transistor
through windings L, and L.. It is coupled to the base circuit
of the second transistor through windings L. and L,. To
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secure the maximum energy transfer between stages, the
winding ratios must match the first-transistor output resist-
ance to the second-transistor input resistance.

Selectivity is provided in this circuit by tuned circuit
L.C.. When a signal at the resonant frequency is applied,
a large current circulates between the capacitor and inductor

TUNED TRANSISTOR AMPLIFIER

NESTERE

of the tuned circuit. Energy is easily transferred to L; by
transformer action. At all other frequencies the circulating
current is much less, and the energy transfer is very low.

In actual practice, it is also necessary to use other com-

ponents in transistor circuits. One of the component net-
works often used is for counteracting signal feedback from
output to input. Such components form what are known as
unilateralization networks.

()33. A parallel-resonant circuit has a — — — — impedance
at resonance,

()31. What effect does connecting a transistor-amplifier
stage to a tuned circuit have on the () of the tuned
circuit?

(35. Another name for a third winding is — — — —— — — _
winding.

()36. What determines the selectivity of a tuned ampli-
fier?

Q37%. Unilateralization networks are used to prevent
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Your Answers Should Be:
A33. A parallel-resonant circuit has a high impedance

A34. Connecting a transistor amplifier stage across a
A35. Another name for a third winding is tertiary
A36. The selectivity of a tuned amplifier is determined

A37. Unilateralization networks are used to prevent

at resonance.

tuned circuit lowers the ) of the circuit.
winding.

by the Q of the resonant circuit.

feedback.

10.

11.

12.
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WHAT YOU HAVE LEARNED

. The voltage gain of a transistor amplifier depends on

its current gain and on the ratio of its load resistance
to its input resistance.

. The input resistance of a transistor amplifier is a prop-

erty of a particular circuit.

. An operating point for a transistor is selected by draw-

ing a load line through a set of characteristic curves.

. To maintain the desired operating point, the appro-

priate base current, collector-emitter voltage, and col-
lector current must be provided.

. A fixed-bias circuit uses a single power source and

voltage-dropping resistors.

. Voltage-divider stabilizing circuits can compensate for

the effects of temperature changes.

. The low-frequency response of an RC-coupled amplifier

is limited by the coupling capacitor.

. RC coupling passes only AC signals.
. Transformer coupling affects the frequency response of

the amplifier and passes only AC.

DC coupling will pass low-frequency or DC signals but
complicates the biasing arrangements in doing so.
NPN and PNP transistors can be combined in a DC-
coupled amplifier to simplify the biasing problems.
Parallel-resonant circuits are used in tuned amplifiers.
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Pulse Circuits

In this chapter you will

What You learn how pulse circuits
. differ from sine-wave cir-
Wlll Lea rn cuits. The importance of

transient response in pulse
circuits will be discussed. You will discover how pulse
circuits can count, add numbers, shape waveforms, and
act as switches. You will learn to recognize these cir-
cuits and how to diagram some of them. You will also
learn some of the applications for pulse circuits.

WHAT ARE PULSE CIRCUITS?

You have already learned about power-supply circuits, in
which AC is converted to specific DC voltages. You have
also studied amplifier and oscillator circuits that are designed
to generate and amplify sine-wava signals. These circuits
are used extensively in electronics, especially in radiocom-
munications, television, and the reproduction of sound.

By contrast, pulse circuits are designed to handle nonsi-
nusoidal signals. Typical signals found in pulse circuits are
square waves, sawtooth waves, spike voltages, and wide rec-
tangular pulses. Pulse circuits are used to count and perform
mathematical operations; for switching, for example in dial-
telephone systems; and to synchronize the operation of other
circuits. In television and radar, for example, many differ-
ent circuits must be turned on and off at exactly the same
moment for the system to operate properly.

All pulse waveforms are actually complex combinations of
sine-wave frequencies. This means that the frequency re-
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sponse of a circuit is important to proper pulse waveform
reproduction. Pulse circuits must often respond well to a
very wide band of frequencies. Pulse signals are often large
compared to sine-wave signals, and signal levels often change
from cutoff to saturation (from one end of the load line to
the other) almost instantaneously.

TRANSIENT OPERATION

Transient operation describes the way circuits and compo-
nents react to rapid changes in signal level. In radio circuits,
tubes and transistors usually operate along the linear por-
tion of their characteristic curves, and the transient opera-
tion of the tube or transistor is not very important.

On the other hand, pulse-circuit operations normally in-
volve large signals. This means that amplifier operation may
change very rapidly from a nonconducting state to the sat-
urated stage, or vice versa. The transient response of tube
and transistor circuits in either of these extreme states is
most important in pulse-circuit operation.

The time required to turn a tube or transistor on may be
as short as 0.08 to 0.10 microsecond. Turn-off time may be
as short as 0.10 to 0.12 microsecond. But pulses often rise
and fall sharply. Their entire duration may be measured in
microseconds. Therefore, the time it takes for electrons to

LIMITED TRANSIENT RESPONSE OF A
TRANSISTOR

OUTPUT CANNOT

T~INPUT SIGNAL FOLLOW INPUT

CHANGES INSTANTLY

0.1 microsecond

travel from cathode to plate in a vacuum tube is no longer
negligible. For the same reason, the time for holes or elec-
trons to diffuse from emitter to collector in a transistor must
be considered.

Other factors affecting transient performance are the load
impedance, the transistor- or tube-element capacitances, and
the operating conditions before the arrival of the pulse.
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TRANSISTOR TRANSIENT OPERATION

The figure below shows an NPN transistor connected as a
ommon-emitter amplifier. With switch S, as shown, the
mitter-base junction is reverse-biased, and no collector cur-
ent flows. When S, is switched to the other position, the

TRANSIENT RESPONSE OF A CIRCUIT

RISE TRAILING
TIME EDGE
— -

RENT

COLLECTOR

‘H!B
=

ol

m

STORAGE
TIME

[ I, T

roltage of battery B, forward-biases the emitter-base junc-
ion. The base current quickly reaches maximum. The col-
ector current also increases. The time required for it to
nerease from 10 to 90‘¢ of maximum is the rise time.

When S, is returned to its original position, the base cur-
‘ent drops quickly and overshoots. This reversal is due to
he minority carriers stored in the base during the forward-
ias period. The reverse polarity of battery B. causes a
-everse-current flow. The collector current does not change
mmediately during base-voltage cutoff. This delay is called
storage time. It is the time required to collect the minority
‘arriers remaining in the base.

As the current in the base decays, so does the current in
‘he collector. This portion of the waveform is referred to
1s the trailing edge. The time it takes the trailing edge to
lecrease from 90/ to 10% of the maximum collector cur-
ent is the decay time.

Q1. What period might also be called “fall time”?
Q)2. Pulse signals usually have — — . _ _ amplitudes.
()3. A pulse amplifier must have a — —__ bandwidth.
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Your Answers Should Be:

Al. The decay time may also be called fall time.
A2, Pulse signals usually have large amplitudes.
A3. A pulse amplifier must have a wide bandwidth.

TRANSISTOR STATES

A transistor can be operated in the cutoff, active, or satu-
rated state. Consider the circuit below. In the cutoff state,
no collector current flows. This condition exists when there
is no current through the base-emitter junction. The active
state is the operating condition of the transistor in which
it can be used as an amplifier. This is the state you studied
in an earlier chapter. In the saturated state the transistor
has reached a point where an increase in the input can
produce no further increase in the output.

A PULSE-AMPLIFIER CIRCUIT

H
. ﬁ> Ry
& 10 VOLTS K 7
¥ st
|
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With no signal applied to the base in the circuit above, no
collector current flows (neglecting leakage). The transistor
is in the cutoff state. With a large signal applied to the
base, the transistor rapidly passes through the active state
into the saturated state, and maximum current flows. The
collector current rises at a rate that depends on capacitance,
electron-hole diffusion time, and load impedance. The col-
lector voltage decreases due to the voltage drop across R;.
Now collector current is at maximum. The collector voltage

is lower than the 2.5-volt base voltage. Both junctions are
now forward-biased.
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Cutoff occurs at the maximum-voltage end of the tran-
Saturation occurs near the
maximum-current end, although the current at saturation
never reaches the theoretical maximum. The cutoff and sat-

sistor load line

(see below).

TRANSISTOR CHARACTERISTIC CURVES
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COLLECTOR VOLTS

uration regions are called the quiescent and stable states,
respectively. When the emitter-base and collector-base junc-
tions are reverse-biased, the transistor is in the quiescent
state. When both junctions are forward-biased, the tran-
sistor is in the saturated state.

Q4. A transistor can be operated in the
state.

In the circuit just discussed, the collector voltage
when the collector current

Q5.

creases.

in-

. When both junctions are forward-biased, the tran-

sistor is in the state.
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Your Answers Should Be:

Ad. A transistor can be operated in the cutoff, active,
or saturated state.

A5. In the circuit just discussed, the collector voltage
decreases when the collector current increases.

A6. When both junctions are forward-biased, the tran-
sistor is in the saturated state.

PULSE GENERATION

There are many wayvs of generating pulse signals. The
telegraph key and the telephone dial are two common
mechanical devices that are used in the generation of pulses.
Both are simple switches that open and close circuits, thus
generating rectangular pulses.

Sawtooth Generator

Accurately timed and shaped pulses are generated in elec-
tronic circuits. One good example is the sawtooth generator.
Its operating frequency and output waveshape are controlled
by the charging and discharging of an RC, RL, or RCL
circuit.

SAWTOOTH-GENERATOR ACTION

=~ OuTPUT

[l _; Y 2 |
DCSOURCE S ~\ DC SOURCE s% -L OUTPUT

o 0 oO— > - O

CHARGE DISCHARGE

Most sawtooth generators use RC circuits. You have
learned that a capacitor takes a certain amount of time to
charge through a resistor. This time is determined by the
RC time constant of the particular combination. If a capaci-
tor is charged until the voltage across it reaches a given
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level and then allowed to discharge quickly, a sawtooth volt-
age results. The voltage gradually builds up until it reaches
the discharge voltage—then it suddenly decreases to zero.
The three requirements of a sawtooth generator are a power
source, an RC circuit, and a voltage-controlled switch.

A gas-filled tube called a thyratron can act as a voltage-
controlled switch. The thyratron conducts only when its
plate voltage reaches a certain level. The more negative the
grid is with respect to the cathode, the higher the plate
potential must be to start conduction. After firing, the thy-
ratron continues to conduct until its plate voltage has
dropped to a specific lower value, called the extinction poten-
tial. The extinction potential depends mainly on the type of
tube used.

R R R A I8
A THYRATRON SAWTOOTH GENERATOR
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During conduction, the thyatron has practically zero im-
pedance. When not conducting, the thyratron presents a
very high impedance. With power applied to the RC circuit,
the capacitor charges exponentially. When the capacitor
voltage reaches the necessary potential, the thyratron con-
ducts. This discharges the capacitor quickly. When the plate
voltage drops to the extinction potential, the thyratron stops
conducting. This starts the charging cycle over again. The
output voltage varies between the conduction and extinction
voltages at a frequency determined by the time constant of
the RC circuit, the supply voltage, and the grid voltage.

Q7. What factors affect the frequency of a sawtooth
generator?
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Your Answer Should Be:

A7. The frequency of a sawtooth generator is deter-
mined by the charging voltage applied to the RC
circuit, by the R and C values (which determine
the RC time constant), and by the grid voltage of
the thyratron.

Multivibrators

The multivibrator is a circuit used to generate square or
rectangular pulses. Like the sawtooth generator, its fre-
quency is determined by the time constant of an RC circuit.
Like a conventional sine-wave oscillator, it makes use of
positive feedback.

A basic multivibrator is a simple two-stage, RC-coupled
amplifier in which the output of the second stage is coupled
back to the input of the first stage. This forms a closed
loop. The output signal of the first stage (output 1) is RC-
coupled to the grid of the second stage (input 2). The output
signal of the second stage (output 2) is RC-coupled to the
grid of the first stage (input 1).

A MULTIVIBRATOR CIRCUIT
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How does this circuit work? When the B voltage is ap-
plied, both tubes begin to conduct, as in a normal amplifier.
If the current in both tubes were precisely the same, that is
all that would happen. However, because of slight differ-
ences in the tubes or other components, one tube will conduct
a little more than the other.

For example, if V, begins to conduct slightly more than
V., this increase in conduction becomes an input signal to
V., causing V. to conduct less. This decrease in conduction
of V. then becomes an input signal to V. causing it to con-
duct more heavily. This process continues until V, is very
quickly cut off.

IDEAL SWITCHING IN A MULTIVIBRA TOR

CURRENT

VOLTAGE
T ——

TOTIME ! TIME
V) PLATE CURRENT V, PLATE VotTAcE
The entire initial action—one tube reaching maximum
conduction and the other being cut off—occurs almost in-
stantly. If the voltage across V. is used as the output of
this circuit, it will have changed from minimum to maxi-
mum value very quickly.
Q8. If V, begins to conduct slightly more than V., what
happens to the voltage drop across R,?
Q9. The plate of V, becomes (more, less) negative with
respect to B--,

Q10. When this signal is coupled through C, to the grid
of V,, the grid of V. becomes more (positive,
negative).

Q11. This causes the plate currentin Voto— _ __ __ _ __

Q12. This causes the voltage drop across R. to

(013. The plate of V. becomes (more, less) negative with

respect to B,

)14, When this signal is coupled through C., to the grid
of V,, the grid of V, becomes _ _ _ _

Q15. What effect does this have on current through v,?
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A9.

Al0.

All,
Al2,
Al3.

Al4.

Als.

Your Answers Should Be:
AS8.

If V, begins to conduct slightly more than V., the
voltage drop across R, increases.

The plate of V, becomes more negative with re-
spect to B-}-.

When this signal is coupled through C, to the
grid of V., the grid of V. becomes more negative.
This causes the plate current in V. to decrease.
This causes the voltage drop across R. to decrease.
The plate of V. becomes less negative with respect
to B+-.

When the signal is coupled through C. to the grid
of V,, the grid of V, becomes less negative.

This increases the current through V,.

In the first step of the circuit action, V. goes to cutoff and
V, conducts heavily. When the tubes reach this steady state
and the signals are no longer changing, the RC coupling is
no longer effective. The voltage holding V. in its cutoff state

will gradually diminish.

DISCHARGE PATH IN A MULTIVIBRATOR
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It is easy to see what happens if you look at the coupling
between V, and V.. The grid of V. was driven negative by
the changing plate voltage of V,, coupled through C,. When
the plate voltage of V, stops changing, the grid of V. is held
negative by the charge of coupling capacitor C,. But C, dis-
charges gradually through V,, which is conducting heavily,
and R,. When V. begins to conduct, a process exactly like
the first step begins. V, is driven to cutoff, and V. begins to
conduct heavily. Then the coupling capacitor between V.,
and V, will discharge, and the cycle will repeat itself.

THEORETICAL OUTPUT OF A MULTIVIBRATOR

VOLTAGE

TIME

To review, a basic multivibrator is two amplifiers RC-
coupled to each other. When they begin to operate, one is
immediately driven to cutoff and the other conducts heavily.
They continue in this state until the RC coupling network
discharges enough to permit the cut-off amplifier to again
conduct. When this happens, the first amplifier is driven to
cutoff and the second conducts heavily. The two amplifiers
continue to alternate conducting states at a rate determined
by the time constant of the RC coupling networks.

Q16. The rate at which C, discharges is determined

by the - - - = e ———— of the RC coupling
network.

Q17. What happens to the current in V, as C, dis-
charges?

Q18. Draw a schematic of a basic multivibrator. Begin
by drawing a two-stage, RC-coupled amplifier, and
then add the extra coupling circuit.
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Your Answers Should Be:

Al6. The rate at which C, discharges is determined by
the time constant of the RC-coupled network.

A17. As C, discharges, the grid voltage of V., decreases.
When the grid voltage passes the cutoff level, V.
begins to conduct.

A18. Your schematic should look like this.

r

p—

-ll}—u

Bistable Multivibrators

A bistable multivibrator, or flip-flop, is a very useful varia-
tion of the basic multivibrator. As you will see later in this
chapter, it is one of the basic circuits of digital computers.

Like the basic multivibrator, the bistable multivibrator
consists of a two-stage amplifier with its output coupled to
its input. The difference between the two circuits is that the
stages are direct-coupled instead of RC-coupled. Thus, there
are no coupling capacitors to charge and discharge and con-
trol tube conduction. Once the circuit has assumed one
state, it stays that way until an outside signal is applied
to start the changeover process. Then the multivibrator
“flips” or “flops” into the opposite state.
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In the circuit below, a positive pulse at the trigger input
will have no effect on the tube that is already conducting,
but it will cause the cut-off tube to start conducting and thus
initiate the changeover process.

A BISTABLE-MULTIVIBRATOR CIRCUIT

B

o AMA—
OUTPUT 1
OUTPUT 2
-——— ANV O
—/
TRIGGER
INPUT

BISTABLE-MULTIVIBRATOR ACTION

L

Q19. Which tube in a bistable multivibrator will be
affected by a negative pulse? How will it be
affected?

Q20. How many input pulses are required to produce a
single output pulse from a bistable multivibrator?
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Your Answers Should Be:

A19. A negative pulse will cause the conducting tube to
conduct less. This will, in turn, allow the other
tube to start conducting a little, and the change-
over process will take place.

A20. One input pulse is required to turn the cut-off tube
of a bistable multivibrator on and a second input
pulse is required to turn it off. Thus, two input
pulses are required to produce one output pulse
from a bistable multivibrator.

PULSE-CIRCUIT APPLICATIONS

One of the most important uses of pulse circuits is for
various kinds of switching. In these applications, pulse cir-
cuits simply turn each other or other circuits on and off.
Other pulse circuits are used for counting or to change the
shape of waveforms.

Electronic Switches

An ideal switch has infinite resistance when open and zero
resistance when closed. Also, it has a means of being opened
and closed. Vacuum tubes and transistors can act as switches
that are opened and closed electronically. Instead of increas-
ing and decreasing an output signal according to the varia-
tions of an input signal, the output is turned on or off. The
tube or transistor is made to go from cutoff to saturation
and vice versa instead of operating in its linear amplification
region.

Electronic switches operate much faster than mechanical
switches. Using mechanical and relay switches in a device
such as a computer would make it too slow to be useful.
Electronic switches operate rapidly and silently, are more
sensitive than mechanical ones, and have no moving parts
or contacts to wear out.

Vacuum-Tube Switch

The illustration on the next page shows an electronic
switch that can be turned on or off by a single pulse. The
input signal will be amplified only when the electronic switch
is closed.
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The triode is connected to one of the outputs of the
bistable multivibrator. When the multivibrator is in one
state, the triode amplifies in the usual way. This is because
of the voltage applied to the cathode. The amplifier can be
turned off by applving a pulse to the multivibrator, causing
it to change states. Now the multivibrator output applies

SNSRI
A SIMPLE SWITCHING CIRCUIT

B+

SIGNAL
OUTPUT

SIGNAL
INPUT

A

BISTABLE
MULTIVIBRATOR

0005 0900
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e eteeeoototetes et

a large positive voltage to the cathode. This has the same
effect as making the grid negative, and the tube is cut off.
Another pulse to the multivibrator causes it to change states
again, the cathode of the tube is returned to its operating
voltage and the tube is able to amplify.

Q21. In switching circuits, tubes and transistors operate
from — - — - __ ) cocomomaoaomosg

Q22. In the circuit above, switching action depends on
changing the voltage of the - — — - . _ .
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Your Answers Should Be:

A21. In switching circuits, tubes and transistors oper-
ate from cutoff to saturation.

A22, In the circuit above, switching action depends on
changing the voltage of the cathode.

Turning Circuits On and Off Automatically

You have seen how an electronic switch can turn a device
on or off. One practical example of automatic switching is
in television. The picture-tube beam must be turned off and
on 15,750 times a second. To do this, blanking pulses are
sent out by the broadcasting station at this frequency. The
receiver uses these pulses to operate an electronic switch.
Each time a blanking pulse is received, the picture signal is
interrupted to allow the electron beam to return across the
picture tube in order to start a new line. If this arrange-
ment were not used, the returning beam would tend to fill
in the dark areas in the picture.

Gating Signals to Different Destinations

More complicated switching actions are often performed
by gate circuits. A gate circuit allows signals to go through
only when certain conditions are satisfied, but no signals
can pass when these conditions are not satisfied.

Transistor gate circuits are used frequently in computer
applications. They function as gates to direct signal flow to
various points in the overall circuitry. Because they are able
to determine computer operation from their input conditions,
these circuits are referred to as logic circuits. AND gates
and OR gates are two kinds used for logic operations. AND
gates can use tubes, transistors, or semiconductor diodes,
the latter being the most common.

The AND gate shown on the opposite page requires that
both inputs be present before an output is generated. With-
out signals, current flows from the negative battery terminal
through the large resistor (R) and both diodes to ground.

As a result, the output is a constant, small negative volt-
age. A negative pulse at point 1 reverse-biases diode CR,.
But current still flows through diode CR.. Since R is very

214



large compared to the other two resistors, the output re-
mains almost unchanged. To see why this is true, notice
that the total current flow is determined mainly by the re-
sistance of R. Therefore, the voltage drop across R changes
only a small amount when CR, stops conducting.

When negative pulses appear at points 1 and 2 at the same
time, both diodes become reverse-biased. Current flow stops,
and the output voltage becomes the same as the voltage of

AINDRGIANE:
L o
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INPUTS

o
;
Yy

the negative battery terminal for the duration of the input
pulses. Therefore, to produce an output, pulse 1 AND pulse
2 must be present. The condition necessary to produce an
output from this AND gate is that two negative input pulses
must occur at the same time.

QQ23. What is a gate circuit?
Q21. In an AND circuit with two inputs, there is an out-

put only if two input pulses occur at (the same
time, different times).

Q25. The most common type of ANID gate is the
__________________ type.



Your Answers Should Be:

A23. A gate circuit is one which allows signals to go
through only when certain conditions are satisfied.

A24. In an AND circuit with two inputs there is an out-
put only if two input pulses occur at the same
time.

A25. The most common type of AND gate is the semi-
conductor-diode type.

A26. Gate circuits are used in computers.

The OR gate below requires either input 1 OR input 2 to
produce an output. This circuit is used when many inputs
are to be gated into a single circuit.

1 INPUT 2

W& BAVE

OouTPUT

Frequency-Divider Circuits

One of the most common functions of pulse circuits is
counting. A step-counter or a frequency-divider circuit does
this. Such a circuit may be used to count a given number of
input pulses or to divide the frequency of input pulses into
a lower frequency. A step counter is shown below.

A PULSE-COUNTER CIRCUIT

c
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When the first positive pulse is applied, electrons are
removed from the left-hand plate of C,. This causes elec-
trons to move from the top plate of C., through diode V.,
to the right-hand plate of C,. As a result, C, and C. become
charged with the polarities shown. No electrons flow through
V. because its plate is negative with respect to its cathode.
At the end of the pulse, the input voltage returns to zero.
Capacitor C, can now discharge through the pulse source
and V,. The charge on C. makes the cathode of V. positive
with respect to its plate. Therefore, V., cannot conduct, and
capacitor C., cannot discharge.

Each additional pulse causes an additional charge to be
added to C.. As this cycle is repeated, the voltage across
C. builds up in steps.

Now suppose a thyratron or another voltage-sensitive
switching device is connected across the output. When the
voltage across C., reaches the desired value, the switching
device closes and C. is discharged. The switching device then
opens, and the entire process starts over. In this example,
the switching device produces an output pulse for every five
input pulses; the input frequency is divided by five.

VOLTAGE AT MAXIMUM CHARGE

CAPACITOR CHARGING
CHARACTERISTIC

VOLTAGE

! TIME

The figure above shows the way a capacitor charges. The
dots show the voltage increase for each input pulse. The
actual amount of voltage depends on the nature of the pulses
and the circuit. It is not desirable to design the counter sc
that C. discharges near its maximum-charge value. This is
because each additional pulse causes a smaller increase in
voltage, and it is difficult to be sure that the capacitor will
discharge after the desired number of pulses.

Q27. A counter circuit counts pulses by using them to

Q28. Draw a counter circuit that uses solid-state diodes.
29. What is an OR circuit?
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Your Answers Should Be:
A27. A counter circuit counts pulses by using them to
charge a capacitor.

——
Jf |
1

A28,

L

A29. An OR circuit is a éating circuit that produces an
output when a signal is applied to any of its
inputs,

O

Limiters

The simplest limiting circuit is the positive crystal limiter.
The input is a sine wave. The circuit allows only the nega-
tive half of the sine wave to pass. It blocks, or limits, the
positive half—hence its name, positive limiter. Obviously,
negative limiting is obtained by reversing the diode connec-
tions. This type of limiter uses zero voltage as its reference.
However, other reference potentials can be used.

SINE WAVES LIMITED AT ZERO VOLTS
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The vacuum-tube diode can be used to obtain a positive-
limited waveform at a positive potential. In other words,
less than half of the input sine wave is removed. This is
accomplished by keeping the cathode at the limiting value.
The battery in the illustration maintains the cathode at 25
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volts positive with respect to ground. When the sine-wave
input rises to 25 volts, the plate voltage rises to this amount.
The tube then begins to conduct. As the input voltage in-
creases, the plate current also increases. The voltage drop
across R also increases, but the plate voltage cannot fall
below 25 volts. Therefore, the plate voltage remains at 25
volts. When the sine-wave voltage goes below 25 volts posi-
tive, the plate voltage follows the input voltage.

A LIMITER (IR( uir

o AAA- 2e)
R
%

VOLTS

+100 v
0o L INPLJrT i EW

-100 5 o

VOUST OUTPUT
o l O

When a pair of diodes is biased so that one is negative and
the other positive, both positive and negative limiting are
obtained. The output waveform is referred to as a trape-
zoidal waveform.

A POSITIVE AND NEGATIVE LIMITING CIRCUIT

o—

INPUT OUTPUT

(e

Q30. How could the limiter circuit at the top of this
page be used for negative limiting?

Q31. Positive and negative limiting of a waveform can
be obtained by using - — - ______,
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Your Answers Should Be:

A30. If the bhattery and diode connections were re-
versed, negative limiting would occur. In this case
the reference voltage is —25 volts. The output
voltage varies from —25 volts to 100 volts. The
negative portion of the input sine wave is limited
to —25 volts.

A31. Positive and negative limiting of a waveform can
be obtained by using two diodes.

Squaring Circuit

A typical squaring circuit is the Schmitt trigger shown
here. This circuit can convert many input waveforms to a
square-wave output. Note how it resembles a multivibrator
circuit in its action.
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With no input, transistor X, is cut off, and its collector
voltage equals the battery voltage. This voltage is coupled
to the base of X. through R,;. Transistor X. is therefore
saturated. Due to the emitter current of X., the top of
resistor R, is positive.

Now a sine-wave input is placed on the base of X,. The
positive-going signal voltage soon exceeds the emitter volt-
age. This causes X; to conduct. The X,-collector voltage
drops slightly, and this change is coupled to the base of X..
This reduces the X.-emitter current slightly, and the top of
resistor R, becomes less positive. This causes X, to conduct
more. The current in transistor X, increases regeneratively
until X, saturates. This immediately cuts off transistor X.,
and its collector voltage instantly rises to its maximum
positive value.

SCHMITT-
TRIGGER
WAVEFORMS

OUTPUT SIGNAL

This state continues until the input sine wave goes nega-
tive. This reduces the X,-base forward bias to decrease the
collector current. The X;-collector voltage rises. This change
is coupled to the base of X., causing this transistor to con-
duct. This condition is aided by the rising potential at the
top of resistor R,. Transistor X, suddenly cuts off, and
transistor X. suddenly saturates. The X.-collector voltage
drops to its lowest value. Hence a square wave has been
generated from the sine-wave input.

Q32. The Schmitt trigger circuit produces a — — — — — _
— ———output from a sine-wave input.

Q33. The transistors in a Schmitt trigger circuit switch
between — — — — — — and - ———_ _____.
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Your Answers Should Be:

A32. The Schmitt trigger circuit produces a square-
wave output from a sine-wave input.

A33. The transistors in a Schmitt trigger circuit switch
between cutoff and saturation.

DC Restorer

A DC restorer shifts a waveform to a level above or below
a certain voltage. This is accomplished essentially by charg-
ing a capacitor to the desired level. This is also referred to
as clamping the waveform to this level.

A NEGATIVE DC RESTORER

INPUT o© — ' - 0
c

1 MEG

'||I'—'<l

Because of the presence of the diode, electrons can flow
easily into the capacitor when the input voltage is positive,
However, the diode does not conduct in the opposite direc-
tion, so the discharge path is through the high resistance of
R. Capacitor C therefore discharges only slightly between
positive half cycles. This small amount of charge is replaced
during the next positive half cycle. After a few cycles of the
input voltage, capacitor C becomes charged to the peak volt-
age of the input sine wave.

With the capacitor charged as shown on the circuit dia-
gram, the capacitor voltage subtracts from the input voltage
when the input is positive. The voltages add when the input
is negative. The result is that the output voltage is always
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negative, reaching zero only when the input voltage is at

e Tt

R R R AR

In this way the entire waveform has been shifted below
the zero level to clamp the top of the waveform to zero volts.
This circuit is known as a negative DC restorer. A positive
DC restorer can be obtained by reversing the diode. In this

A POSITIVE DC RESTORER

-0V — P~ W

° als ’ t —o
c
R
INPUT OUTPUT
o 4 —0

case the entire waveform is shifted above the zero level to
clamp the bottom of the waveform to zero.
Q34. Another name for shifting a waveform to a level
above or below a certain voltage is — — — — — — _ _,
Q35. Clamping depends primarily on — — — __ _ _ _ a
capacitor.

Q36. A positive DC restorer can be made from a nega-
tive DC restorer by — — — — _ ___ _ _
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A34. Another name for shifting a waveform to a level
above or below a certain voltage is clamping.

A35. Clamping depends primarily on charging a capac-
itor.

A36. A positive DC restorer can be made from a nega-
tive DC restorer by reversing the diode.

WHAT YOU HAVE LEARNED

1. Pulse circuits are operated by large signals that are a
combination of a wide range of sine-wave frequencies.

S

. This kind of operation places a tube or transistor in the

nonlinear portion of its characteristic curve,

3. Tubes and transistors are often driven rapidly from
cutoff to saturation; therefore, their transient response
is quite important to circuit performance.

4. Pulses instead of sinusoidal inputs are usually the pri-
mary signal sources in pulse circuits.

5. Sine waves can be converted to pulses by Schmitt trig-
gers or other shaping circuits.

6. Pulse circuits can be used to count, shape waveforms,
switch circuits on and off rapidly, and perform logical
functions.

7. Pulse circuits are used extensively in computers, radar,
and television, and in applications requiring logic oper-
ations.

8. DC restorers are used to maintain the relationship of a

waveform to some reference voltage.
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Introduction

This fourth volume in the series covers test equipment,
a specialized but highly important part of the field of elec-
tronics. In addition to explaining how each type of measur-
ing equipment works, the text also discusses the proper way
to use the instruments. Examples of practical applications
are given. In this way your interest in the subject is main-
tained, and the learning process is made easier. Your study
is centered around the principles and design of commonly
used test instruments. Thus the knowledge you gain from
this volume can be put to practical use in troubleshooting
electrical and electronic equipment.

WHAT YOU WILL LEARN

The most important types of electronic test equipment are
discussed in considerable detail in this volume. You will
learn the operating principles of the voltmeter, ammeter,
and ohmmeter, and you will see how the functions of these
three instruments are combined in the multimeter. The
operation of the basic meter movement is explained, and a
discussion of meter-scale reading is included. The vacuum-
tube voltmeter is discussed extenstvely.

You will learn that the oscilloscope is able to display
waveforms for study and that for this reason it is a widely
used test instrument. The way in which the oscilloscope
functions is described in detail. The cathode-ray tube, saw-
tooth generator circuits, amplifiers, and other important



parts of the oscilloscope are all discussed. The text explains
the uses of the oscilloscope in making measurements and in
troubleshooting.

Tube and transistor testers are also covered. You will
learn how they work, and you will be shown their capabili-
ties and their limitations.

One chapter is devoted to bridge instruments. The dis-
cussion shows how they can be used to measure resistance,
capacitance, and inductance.

You will learn how signal generators provide a control-
lable signal source for use in troubleshooting and maintain-
ing electronic equipment. Both audio-frequency and radio-
frequency signal generators are discussed, and the text
shows how each type can be effectively used. The proper
way to align a radio receiver is given. The signal-substitu-
tion and signal-tracing methods of troubleshooting are ex-
plained.

One of the most important uses of electronic test equip-
ment is in troubleshooting other electronic equipment. The
final chapter of this volume is devoted to the subject of
logical troubleshooting. You will learn how you can use
test equipment along with your knowledge of electronics
principles to conduct a systematic search for a defect in a
piece of electronic equipment,

WHAT YOU SHOULD KNOW BEFORE YOU START

Before you study this book, it is essential that you have
a good background in the principles of electricity and elec-
tronics, including the fundamentals of tube and transistor
circuits. This background can be obtained by studying the
first three volumes of this series. With the proper back-
ground, however, you should have no trouble understanding
this text. All new terms are carefully defined. Enough math
is used to give precise interpretation to important principles,
but if you know how to add, subtract, multiply, and divide,
the mathematical expressions will give you no trouble.

WHY THE TEXT FORMAT WAS CHOSEN

During the past few years, new concepts of learning have
been developed under the common heading of programmed



instruction. Although there are arguments for and against
each of the several formats or styles of programmed text-
books, the value of programmed instruction itself has been
proved to be sound. Most educators now seem to agree that
the style of programming should be developed to fit the
needs of teaching the particular subject. To help you pro-
gress successfully through this volume, a brief explanation
of the programmed format follows.

Each chapter is divided into small bits of information
presented in a sequence that has proved best for learning
purposes. Some of the information bits are very short—a
single sentence in some cases. Others may include several
paragraphs. The length of each presentation is determined
by the nature of the concept being explained and the knowl-
edge the reader has gained up to that point.

The text is designed around two-page segments. Facing
pages include information on one or more concepts, complete
with illustrations designed to clarify the word descriptions
used. Self-testing questions are included in most of these
two-page segments. Many of these questions are in the form
of statements requiring that you fill in one or more missing
words ; other questions are either multiple-choice or simple
essay types. Answers are given on the succeeding page, so
you will have the opportunity to check the accuracy of your
response and verify what you have or have not learned be-
fore proceeding. When you find that your answer to a ques-
tion does not agree with that given, you should restudy the
information to determine why your answer was incorrect.
As you can see, this method of question-answer program-
ming insures that you will advance through the text as
quickly as you are able to absorb what has been presented.

The beginning of each chapter features a preview of its
contents, and a review of the important points is contained
at the end of the chapter. The preview gives you an idea
of the purpose of the chapter—what you can expect to learn.
This helps to give practical meaning to the information as
it is presented. The review at the completion of the chapter
summarizes its content so that you can locate and restudy
those areas which have escaped your full comprehension.
And, just as important, the review is a definite aid to reten-
tion and recall of what you have learned.



HOW YOU SHOULD STUDY THIS TEXT

Naturally, good study habits are important. You should
set aside a specific time each day to study in an area where
you can concentrate without being disturbed. Select a time
when you are at your mental peak, a period when you feel
most alert.

Here are a few pointers you will find helpful in getting
the most out of this volume,

1. Read each sentence carefully and deliberately. There
are no unnecessary words or phrases ; each sentence pre-
sents or supports a thought which is important to your
understanding of electricity and electronics.

2. When you are referred to or come to an illustration,
stop at the end of the sentence you are reading and
study the illustration. Make sure you have a mental
picture of its general content. Then continue reading,
returning to the illustration each time a detailed
examination is required. The drawings were especially
planned to reinforce your understanding of the subject.

3. At the bottom of most right-hand pages you will find
one or more questions to be answered. Some of these
contain “fill-in” blanks. Since more than one word might
logically fill a given blank, the number of dashes indi-
cates the number of letters in the desired word. In
answering the questions, it is important that you
actually do so in writing, either in the book or on a
separate sheet of paper. The physical act of writing
the answers provides greater retention than merely
thinking the answer. Writing will not become a chore
since most of the required answers are short.

4. Answer all questions in a section before turning the
page to check the accuracy of your responses. Refer to
any of the material you have read if you need help. If
you don’t know the answer even after a quick review
of the related text, finish answering any remaining
questions. If the answers to any questions you skipped
still haven’t come to you, turn the page and check the
answer section.



5. When you have answered a question incorrectly, return
to the appropriate paragraph or page and restudy the
material. Knowing the correct answer to a question is
less important than understanding why it is correct.
Each section of new material is based on previously
presented information. If there is a weak link in this
chain, the later material will be more difficult to
understand.

6. In some instances, the text describes certain principles
in terms of the results of simple experiments. The in-
formation is presented so that you will gain knowledge
whether you perform the experiments or not. However,
you will gain a greater understanding of the subject if
vou do perform the suggested experiments.

7. Carefully study the review, “What You Have Learned,”
at the end of each chapter. This review will help you
gauge your knowledge of the information in the chapter
and actually reinforce your knowledge. When you run
across statements you don’t completely understand,
reread the sections relating to these statements, and
recheck the questions and answers before going to the
next chapter.

This volume has been carefully planned to make the learn-
ing process as easy as possible. Naturally, a certain amount
of effort on your part is required if you are to obtain the
maximum benefit from the book. However, if you follow the
pointers just given, your efforts will be well rewarded, and
you will find that your study of electricity and electronics
will be a pleasant and interesting experience.
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Multimeters

In this chapter you will

What You learn the functions and
. operations of the multi-
Wlll Learn meter, the instrument most

frequently used by all elec-
tronic technicians. After finishing this chapter, you will
be able to measure voltage, current, resistance, and
(with some multimeters) other electrical characteristics.
You will learn how to use this instrument for its in-
tended purpose, the transfer of information from the
circuit to the technician.

TEST EQUIPMENT MOST OFTEN USED

There are several basic classes of test equipment. The
multimeter is an example of one class; oscilloscopes repre-
sent another. There are many types, or models, in each
class. Some types have greater precision than others. Some
instruments are easier to set up or use than others. Equip-
ment may also vary in the type or amount of information
that the instrument can provide.

Types of instruments within a test-equipment class may
vary, but the way they function and the procedures for using
them correctly are basically the same. For this reason there
is no need to learn the step-by-step procedures for using each
of the hundreds of different models. A technician can gain
ability in electronics by first learning a set of underlying
fundamentals and then developing skill through practice in
applying them.
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BASIC CONCEPTS

A multimeter combines the features of a voltmeter, an
ammeter, and an ohmmeter in a single instrument having
but one meter movement.

A MULTIMETER IS SEVERAL METERS IN ONE

~~
~

~

B

OO o o O e e X

o
ZA
.%\ AAA-

AN |

A multimeter can be used to measure voltage, current, and
resistance within the limits of several ranges of values. From
the technician’s point of view, all multimeters consist of
three basic sections—meter, circuitry, and front panel.

The meter coil moves a pointer across a calibrated scale
to a mark that indicates the measurement being taken. The
circuitry is a network of components that determines the
functions (ohmmeter, ammeter, voltmeter) and ranges. The
front panel contains the controls and jacks that permit
operation of the instrument.

Most meters have moving-coil movements. As the name
implies, the movement has a coil of wire that is free to
rotate between the north- and south-seeking poles of a per-
manent magnet. Current flowing through the coil sets up a
magnetic field. This field reacts with the field existing be-
tween the poles of the magnet and causes the coil to rotate.

18



A pointer attached to the coil moves to a position on the
meter scale; the position of the pointer depends on the
amount of current passing through the coil.

BASIC CONSTRUCTION OF A METER

YOKE SUPPORTS POLES AND SCALE DESIGNED TO READ IN STEPS

FORMS PART OF HORSESHOE DIRECTLY PROPORTIONAL TO CURRENT
\ FLOWING THROUGH METER COIL
\

ZERO COIL CURRENT MAXIMUM COIL CURRENT

PINS X e "FH*N\/‘NON ~MAGNETIC MATERIAL

TO LIMIT 7)) ATTACHED TO BOTH POLE
FULL/ PIECES HAS BEARING

MOVEMENT
OF METER SCALE FOR ROTATING COIL AND
_HOLDS ONE END OF SPRING.

7

PERMANENT CALIBRATED SPRING
MAGNET - A9 1S ADJUSTED TO CONTROL
Ve f SMOOTH MOVEMENT OF COIL
STATIONARY METAL /AP . AND POINTER. IT RETURNS COIL
CORE ESTABLISHES ~ / \_ AND POINTER TO ZERO. SPRINGS
UNIFORM MAGNET.C _ {ONE ON EACH END OF COIL)
FIELD BETWEEN POLES.” "FORM PATH OF CURRENT TO COIL.

A
Muliimerer

Q1. What are the ammeter ranges in the above meter?
Q2. What is the maximum voltage measurement?

Q3. How many ohmmeter ranges does it have?

Q4. What is the maximum resistance reading?
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Your Answers Should Be:

Al. 0-10 ma, 0-250 ma, and 0-560 ma
A2. 500 volts

A3. Three

Ad4. Infinity

Meter Torque

When a small current passes through the coil, a weak
magnetic field is produced. This causes a small turning force
(torque) to exist between the coil field and the permanent
field. Thus the coil and pointer rotate a small amount. A
larger current through the coil produces a stronger magnetic
field around the coil, a greater torque, and more rotation of
the coil and pointer.

Meter Coil

The meter coil is formed of fine wire wrapped on a rectan-
gular aluminum frame. The coil frame is mounted so that
it can rotate freely in the gap between the core and the
poles. In some meters a screw on the front panel (just above
the pointer axis) permits accurate adjustment of the pointer
position. The pointer should read zero (ammeter and volt-
meter scales) when no current is flowing through the coil.

Meter Sensitivity

Meter sensitivity is expressed in two ways—current sen-
sitivity and ohms-per-volt sensitivity. Current sensitivity is
determined by the amount of current required by the meter
movement to cause full-scale deflection of the pointer. Ohms-
per-volt sensitivity expresses the amount of resistance (in
ohms) that must be in series with the meter when full-scale
deflection occurs with 1 volt applied.

Current Sensitivity—Current sensitivity depends on the
number of turns in the meter coil. It also depends on
the strength of the permanent-magnet field.

Current sensitivity is expressed as the number of milli-
amps (ma) or microamps (xa) required for full-scale deflec-
tion. Typical meter movements have current sensitivities of
1 ma and 50 pa.
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Ohms-per-Volt Sensitivity—Ohms-per-volt sensitivity is
determined by the total resistance that must be in series in
the meter circuit to obtain full-scale deflection when 1 volt
is applied. The resistance value can be determined by Ohm’s
law :

R (ohms/volt) — . E (1 volt)

I (current sensitivity)

For a 50-pa (0.00005 amp) meter, the resistance is 20,000
ohms, resulting in a sensitivity of 20,000 ohms per volt.

OHMS-PER-VOLT SENSITIVITY

1ma

. lvour L lvoLr
R 0. 00L AMP 1,000Q/vOLT R 000005 AMP 20, 000Q/VOLT

Q5. What causes the meter pointer to move?

Q6. If the permanent magnetic field between the pole
pieces decreases in strength, the meter will give
readings that are (more than, less than, the same
as) those given before.

Q7. Which meter will have a greater number of turns
in its coil, a 40-4a or a 2-ma movement ?

Q8. If the coil rotates, how does current get from the
meter circuitry to the coil?

Q9. What is the ohms-per-volt sensitivity of a meter
with a current sensitivity of 2 ma?

Q10. If the resistance in a DC voltmeter circuit is 10,000
ohms for full-scale deflection at 1 volt, what value
of resistance must be substituted to measure 10
volts full scale?
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Your Answers Should Be:

A5. Torque, resulting from the reaction between the
magnetic fields of the coil and the pole pieces,
causes the meter pointer to move.

A6. A decrease of the magnetic field strength of the
pole pieces will cause the meter to give readings
less than those given before.

A7. The 40-ua meter movement will have a greater
number of turns in its coil.

A8. Calibrated springs, one at each end of the coil,
form the current path to the coil.

A9. A meter movement of 2 ma has a sensitivity of
500 ohms per volt.

A10. 100,000 ohms

Meter Circuitry

A meter is a current-reading device. To provide accurate
readings, the electrical values of its circuit components must
be fairly precise. The circuit design must provide for all of
the types of measurements to be made by the meter.

If a meter measured only one characteristic (voltage, cur-
rent, or resistance) and if it had only a single range (10V,
1 ma, or 1,000 ohms, for example), the design would be rela-
tively simple. Without considering ranges, there are four
basic types of circuits found in multimeters.

DC MILLIAMMETER DC VOLTMETER

AN
F a SHUNT b SERIES
RESISTANCE RESI STANCE

S

6 BATTERY

SERIES
RESISTANCE

22

%W‘“*

SERIES RE
RESISTANCE l{] CTIFIER




Meter-Circuit Components—The figure on the opposite
page shows that multimeter circuitry requires series and/or
shunt resistances, a battery for measuring ohms, and a diode
for limiting current direction when measuring AC voltage.
To obtain different ranges for volts, amps, or ohms, resist-
ances of selected values must be used in the circuit. The
circuits are connected to front-panel controls that provide
means of selecting the desired function and range.

Rotary Wafer Switches—These switches are often used to
provide range selection. As seen in the schematic diagram
below, a metallic wafer can be rotated to one of several posi-
tions. The blade of the wafer engages taps, or contacts, that
are connected to appropriate parts of the circuit.

CIRCUIT WITH A WAFER SWITCH

AN
Ry

AANA———4
av @
o l 10v R2

———0<\ 7 o
P
o | ] o
0
° 40V
° L= AN
100V R3
® + AAA/ - @
Rs

A multimeter may have only a single rotary switch with
enough wafers to select both the function (ohmmeter, mil-
liammeter, DC voltmeter, or AC voltmeter) and the appro-
priate range for each function. In a multimeter having two
rotary switches, one switch usually selects the meter func-
tion, and the other selects the range.

Q11. In the schematic above, to which resistance is the
positive test lead connected?

Q12. What multimeter function does the circuit provide?
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Your Answers Should Be:
All. The test lead is connected to R..

A12. The switch and circuitry indicate that the circuit
can be used to measure DC volts.

Ganged Rotary Switches—The schematic below shows an-
other method of representing rotary switches. It indicates
how a pair of switches (S, and S.) might be used to make
all the necessary connections in a multimeter. The dashed
line shows that the S, switch sections are ganged. That is,
the wafers are mechanically connected to the same shaft
and stacked in decks along the shaft.

GANGED ROTARY SWITCHES

METER FRONT PANEL

The front panel of a multimeter has a scale for reading
values, and provision for setting, or adjusting, the position
of the pointer. Means for selecting the type of measure-
ment to be taken and the desired ranges are also provided.
Jacks for inserting test leads are mounted on the panel.

One means of selecting measurement and range scales was
shown above—rotary wafer switches. In some multimeters
a combination of a rotary switch and pin jacks is used. The
switch selects the desired range. The red test lead is in-
serted in a pin jack marked with the quantity to be meas-
ured, and the black test lead is placed in the pin jack marked
COMMON or —.
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Another method often used employs a number of pin jacks
on the front panel. Test leads are inserted in the desired
positions—one in the jack marked COMMON and the other
in the jack marked with the desired measurement. A sche-
matic diagram of a circuit for DC voltage and current meas-
urement using this arrangement is shown below.

MULTIMETER WITH PIN JACKS

@ : AN —®
R
4 ma ; 6 a
Ry
Ry
@& —WA\——®
40 ma 1-ma METER 10V
3 R
< R8
Oa—— —— M N———@®
/
100 ma 3 PIN JACK 4V
$ ks
Ry
o—it —WNW——®
400 ma S 100V
S Ra
R1o
R | r—— WN\—@
1.000 ma > 400v
Rs
T Rn
! —AMA———@®
® COMMON 1.000v

Whatever the arrangement might be, always check the
settings before taking a measurement. If the switch is posi-
tioned in the wrong function or in too low a range, the meter

could be damaged.

Q13. If the test leads were in the COMMON and 400 ma
jacks in the above schematic, what resistances
would be shunting the meter?

Q14. With the test leads in the COMMON and 1,000V
jacks, current will flow through the meter and
which resistances?

Q15. With the voltage values shown, which resistance
would have the larger value, Rg or Ry?

25



Your Answers Should Be:

A13. R, and R; would be shunted across the meter. R,,
R., and R3; would be in series with the meter.

Al4. Current will flow through R;, R., R;, Ry, Rs, and
R,,.

A15. Ry would be larger than R,.

CURRENT AND VOLTAGE SCALES

Scales on a multimeter are usually calibrated to measure
the quantities marked on the selection switches or jacks. A
single scale can be used for more than one function and
range. If a separate scale were used for each type of meas-
urement and each range, the meter face would be cluttered
and difficult to read. The types of measurements you have
learned about thus far can be made using a meter face with
either two or three scales.

METER FACE WITH TWO SCALES

AC-DC VOLTS B
DC MILLIAMPERES £4

The figure above shows a two-scale meter—one scale for
ohms and the other for AC-DC voltage and DC current. The
lower scale is calibrated so that each mark has two values.
The value to use depends on the selected range. A meter
with three scales would probably have separate scales for
OHMS, DC VOLTS and MILLIAMPS, and AC VOLTS. Each
of the separate scales for the different functions may have
more than one set of numbers for the divisions on the scales.
Thus, it is possible to read values on more than one range
for each function.
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Multimeter scales for reading voltage or current are
usually linear. This means that the divisions on the scale
are spaced equal distances apart. On a scale that measures
from 0 to 100, for example, the halfway mark would be 50.
Midway between 0 and 50 is 25. If major divisions are
marked off in smaller units, the spaces between subdivisions
are also equal.

Reading Linear Scales

A linear scale is not difficult to read if care is taken. To
keep the scale uncluttered, only the major divisions are
numbered. If the pointer rests between numbers or marks,
the correct quantity can easily be estimated by determining
the units in which the subdivisions are calibrated.

Major divisions are 0, 25, 50, 75, and 100 on the scale
below. The magnified portion shows subdivisions of five
units each. There are additional marks halfway between
these subdivisions.

Q16. The solid pointer in the diagram above is between
65 and 70 and slightly beyond the midmark. The
meter reads 68. What is the reading indicated by

the dotted pointer?

%\AO

Q17. The solid pointer reads 78 in the above diagram.
What does the dotted pointer read?
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Your Answers Should Be:
Al6. 58
Al7. 73

Linear-Scale Markings

There is no standard system for marking linear scales.
The left end of the scale is usually zero. On rare occasions,
however, zero may be on the right end. This only means the
pointer will move from right to left. The other end may be
10, 15, 25, 40, 50, 60, 100, or some other number. To use
the scale, determine the quantity contained between num-
bered markings and the values of the indicated subdivisions.
You should have no trouble if you make this determination
with care. Estimating readings between markings will be
no more difficult than your readings on the previous page.

MULTIMETER ACCURACY

The electrical values of components are never precise. You
have learned that resistors vary as much as +=20% of the
stated ohmic value. Better resistors have tolerances of 10
and 5% . The tolerance rating of the resistors used in the
multimeter affects the accuracy of the meter readings.

100, 000

aA%% —®- ~
0 100 —*.T.—
TEST-LEAD JACKS - 00V =

/5\ g

In the diagram above, a 100,000-ohm resistor was selected
to give a full-scale meter reading of 100 volts. If the resistor
had a tolerance of 20 %, the full-scale reading could be off
about 20 volts in either direction. A 10% resistor could
cause readings between the extremes of about 90 volts and
110 volts. A 5% resistor could result in an error of 5 volts
above or below 100 volts. None of these readings would be
close enough for most purposes.
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Most multimeters employ =1% resistors. In the example
given, a 100-volt reading would not be off more than 1 volt,
a 1% error. This is close enough for most measurements.

The meter movement itself may give some error. For
example, its readings might be off 1 volt throughout the
100-volt scale. One volt off at 100 volts is a 1% error, but
a 1-volt difference at 10 volts is a 104 error. For this rea-
son, voltage and current readings should be taken on the
upper half of the scale if possible.

LINEAR-SCALE RANGES

It is sometimes necessary to take measurements as high
as 100 volts or even 1,000 volts; at other times a reading of
only a few volts will be called for. A 1,000-volt scale would
provide any of these readings, but the accuracy of a 6-volt
measurement would be very poor. Also, small differences on
a 1,000-volt scale would be difficult to read. To overcome
these limitations, multimeters have several ranges.

Multiple-Range Scale Reading

The scale below is marked in divisions from 0 through 10.
When the range selector is set for 10V, the exact measure-
ment is read directly from the actual scale markings. If the

1,000V
RANGE SELECTOR

selector is set on 100V, the scale readings are multiplied by
10 to obtain the measured value. If 10 volts were the meas-
ured value, the pointer would show a full-scale reading if the
meter were on the 10V range. On the 100V range the pointer
would come to rest over the 1 mark—10 times 1 equals 10
volts.

Q18. What voltage is being measured with the pointer
and range settings shown in the diagram?

Q19. A multimeter has ranges of 10V, 50V, 100V, and
500V. Which range should be used to read 45V?
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Your Answers Should Be:
A1R. 850V.
A19. The 50V range.

Dual-Marked Scales

Another example is a single scale having two values for
each of its markings. This type is used in multimeters whose
ranges are not multiples of ten times a single full-scale quan-
tity. Study the scale and range settings in the diagram
below. The principles used in the preceding example still

500V
RANGE SELECTOR

apply. With the range shown, the meter reads 32.5 volts.

Multimeasurement Scales

A linear scale can be used to measure more than one elec-
trical characteristic. The preceding examples used voltage
readings. These could have been either AC or DC volts as
far as the scale or range settings were concerned. The same
scale can also be used to read milliamperes. Appropriate
switches on a multimeter might look like the following.

MULTIMETER SWITCHES

FUNCTION
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Measurement Precautions

When making a measurement, make a habit of taking the
reading first on the highest-value range. Such a precaution
prevents damage to the meter. For example, a 500-volt
measurement taken at a 10-volt range setting will cause
excessive current to pass through the meter coil. This will
result in either burning out the coil or bending the pointer
against the retarding pin. Therefore, unless you are abso-
lutely certain of what range to use, set the multimeter for
the highest-value range to take the first reading.

OHMMETER SCALES

The scale and range selection for the resistance-reading
portion of the multimeter are a little different from those
already discussed. The scale reads from 0 to infinity (o)
instead of from 0 to some number. Unlike the volt and mil-
liampere scales, the resistance scale is not linear. Range
selection is indicated by multipliers (R X 1, R x 10, R X
100, etc.) instead of a quantity indicating full-scale deflec-
tion. These differences will become apparent as you examine
the basic ohmmeter circuit shown below.

BASIC OHMMETER CIRCUIT

e
—=|ip~ —® ’

Q20. On which range should a meter be set when mak-
ing the first measurement of a circuit quantity?

Q21. Your meter has range settings of 10V, 50V, 100V,
and 500V. You wish to measure the voltage across
a load and suspect a voltage of 90V. To which
range should you set your meter to read this
voltage?
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Your Answers Should Be:

A20. When taking the first reading, set the meter on
the highest range for the meter function being
used.

A21. The meter should first be set on the 500V range.
This setting will insure against meter damage.

Ohmmeter Circuits

An ohmmeter circuit must supply its own source of cur-
rent. Usually a self-contained battery is used for this pur-
pose. The voltage, of the battery is determined by the
sensitivity of the meter, the arrangement of the series and
shunt resistors in the circuit, and the size of the external
resistance to be measured. Depending on the design of the
ohmmeter, the battery might be from 1.5 to 45 volts.

R;, in the circuit on the preceding page is a current-limit-
ing resistance in series with the meter. Its value is deter-
mined by the amount of current required to cause full-scale
deflection. R, and R« form a shunt across the meter. There-
fore, only a fraction of the total current in the circuit flows
through the meter. The current through the meter is deter-
mined by the ratio of the meter resistance to the shunt
resistance. R,, controlled by the zero-ohms-adjust knob on
the panel, establishes the value of total shunt resistance
that will cause the meter to register accurate readings.

Determining Ohmmeter-Scale Markings

In the diagram below, resistance values in the parallel net-
work—R,, (meter resistance), Rs (shunt resistance), and

32



R, (zero ohms adjust)—are such that full-scale pointer
deflection will occur when 1 ma enters the network. If the
battery voltage is 1.5V and the circuit resistance is 1,500
ohms, 1 ma (I = E/R) will flow when the test leads are
shorted (touched together). The meter will show full-scale
deflection of the pointer, or zero ohms. When the test leads
are parted, no current flows, and the pointer returns to its
normal position. The ohmic reading becomes infinity ().
This is the reason for zero being at the right-hand end on
most ohmmeter scales.

Using Ohm'’s law, plot the value of current and resulting
scale positions when resistances (Ryx) of 500, 1,500, and
4,500 ohms are measured. If Ry is 500Q and the resistance
of the ohmmeter circuit is 1,500Q, the total resistance is
2,0000.

15V
- 2,0000

As far as the meter is concerned, it will receive the same
ratio (or fraction) of any current flowing into the parallel
network. Since 1 ma is required for full-scale deflection, 0.75
ma will move the pointer to three-fourths of full scale. Cal-
culating current for the other values of resistance, you
should be able to plot a chart that looks like this.

= 0.00075 amp, or 0.75 ma

cale
Ry R, L% Ly De?iection
0o 150 1,500 | 1ma | Full |
500 1,500 2,000 0.75 ma 34
1,500 1,500 3,000 0.50 ma 1%
4,500 1,500 6,000 0.25 ma Vy
Inf. 1,500 Inf. 0.00 ma Zero

Q22. What factors determine the voltage of an ohm-
meter battery?

Q23. What factors determine the fraction of the total
current that flows through the meter coil in an
ohmmeter circuit?

Q24. The zero reading is usually on the — — — _ end of
an chmmeter scale.
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Your Answers Should Be:

A22. The sensitivity of the meter, arrangement of the
shunt and series resistors, and size of the external
resistance to be measured.

A23. The ratio of meter resistance to shunt resistance.

A24. The zero reading is usually on the right end of an
ohmmeter scale.

Ohmmeter-Scale Design

Starting at the right, compare deflection and ohmic read-
ings at the quarter points on the ohmmeter scale shown
below. The first quarter covers 500 ohms; the second quar-
ter, 1,000 ohms (1,500-500) ; the third, 8,000; and the fourth,
infinity. Such a scale cannot be calibrated in linear divisions.

HALF

Reading Accuracy

Because of the nonlinearity of ohmmeter scales, readings
should be taken with the pointer in the most readable area
of the scale. A rule used by many technicians is to read
values in the area of the scale bounded by 1/10 and 10 times
the value of the midscale reading.

If only one range is available, such a rule is not practical.
For example, if a meter reads 10 ohms at midscale, all de-
sired resistance measurements will not fall between 1 and
100 ohms. Therefore, several ohms ranges are provided in
a multimeter.

Resistance Ranges

Typical ohmmeter ranges are R x 1, R X 100, and R X
10K. Some multimeters have multipliers as high as R x 10
million. Using the rule mentioned above, the R X 1 range
provides low resistance readings (0 to 100 or 200 ohms).
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The R X 100 range will give useful readings between 100Q
and 10K, and the R X 10K range will be satisfactory for
readings from 10K to 1 megohm. Higher readings may be
estimated with fair accuracy. If an R X 1M range is avail-
able, resistances up to about 100 megohms can be measured.

USING THE OHMMETER

The basic procedures for measuring resistance are the
same for all multimeters. First, set the meter to read OHMS.
Plug the test leads into the proper jacks. Hold the tips of
the test probes together, thus placing a short (zero ohms)
across the internal circuit. Turn the zero ohms adjust
(sometimes labeled zero adjust) control until the meter
pointer rests at zero on the ohms scale.

Each time the meter is set for reading ohms and each
time it is switched to a new range, short the test probes and
zero the pointer with the ohms adjust control.

CAUTION

Never use an ohmmeter to take a resistance read-
ing across an energized circuit. The internal circuit
is designed to carry only the current developed by
its own battery. Its voltage is usually between 1.5
and 9 volts. Voltage from an external source will
usually be larger than this value and will damage
either the meter coil or the pointer.

© ~4————— READABLE RANGE ————

Q25. Using the above diagram, which range setting
should be used to measure an estimated 1,500
ohms?
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Your Answer Should Be:
A25. The range selector should be set on R X 100.

MULTIMETER CIRCUITS

Understanding how function and range circuits work is
important in learning how to use a multimeter properly.
Studying these circuits will also help develop your skill in
analyzing electronic circuits. For these reasons, multimeter
circuits will be studied a portion at a time. As each is dis-
cussed, it will be added to the preceding portions until a
typical multimeter is developed. Each portion will be dia-
gramed first with a rotary range switch, and then as it
might appear employing pin jacks.

Milliammeters

The following schematic diagram shows a typical DC mil-
liammeter circuit with rotary-switch connections. Resistor
values are not shown. They will vary according to the

multimeter.
DC MILLIAMMETER

+ -
Notice that the arrangement is a parallel circuit in which
the resistance can be changed in both branches by rotating
a switch. Since the meter has a 50-xa movement (full-scale
deflection), the ratio of resistances must be such that 50 ua
will be the maximum current flowing in the meter branch at
each switch setting. Redrawing the circuit for each switch
position may help make this clear.
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o CIRCYIT
%R FOR
9.5MA

R2+R3+Ryg+Rsg

0.5MA

How much of the total current (0.5 ma) must flow through
the shunt? 500 pxa (0.5 ma) minus 50 pa (maximum meter
current) equals 450 pa. This means that the ratio of shunt
current to meter current must be maintained at 9 to 1.
Therefore, the shunt resistance must be 1/9 of the resist-
ance in the meter branch. With some meters, resistor R, is
included as a part of the basic meter movement to increase
its resistance. This is sometimes necessary so that the
shunt resistance for the high-current ranges will not be
unreasonably small.

Q26. What is the ratio of shunt current to meter cur-
rent in this circuit?

CIRCYIT
FOR
10 MA

R3+Rgq+Rs

Ry+R2
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Your Answer Should Be:

I (shunt) 9,950 pa 199

A26. — —
I (meter) 50 pa 1

Shunt Ohmmeters

In the illustration below, R, represents meter resistance.
R, is the ohms adjust control and is used to set the pointer
to zero reading (full-scale deflection). In the R X 1 range,
Ry, Ry, Rs, R;, and Ry form one branch of a parallel net-
work ; R, forms the other.

CIRCUIT FOR R X I RANGE

l% O COMMON—1

Rg 2

<

E AN ——Oe—o—13]= o OHMS

& = 1
Rg + R7 + Rg SW 1,5V

The shunt permits external resistances of low values to
be read with reasonable accuracy. Without it, the measured
resistance would be in series with the resistance in the meter
branch, and the same current would flow through all resist-
ances. The total resistance would thus have to be large to
limit current flow to the maximum level of 50 pa. As a con-
sequence, slight changes of current due to small changes in
measured resistances would cause only tiny changes in
pointer movement. Markings would be very close together.

An external resistance equal to the internal circuit resist-
ance would bring the pointer to midscale. With a 50-pa
meter and a 1.5-volt battery, Ohm’s law shows that the
internal resistance must be 30,000 ohms for full-scale deflec-
tion, or zero reading. 30,000 ohms of external resistance
would halve the current flow and provide a midscale read-
ing. On the R X 1 range, measurements between 0 and
30,000 ohms would be distributed on one half of the scale
and readings would be difficult to estimate with accuracy.
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Placing a shunt in the circuit provides a low-resistance
curre